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Far-Field Superresolution Imaging via Spatial

Frequency Modulation

Mingwei Tang, Xiaowei Liu, Zhong Wen, Feihong Lin, Chao Meng, Xu Liu,*

Yaoguang Ma,* and Qing Yang*

The diffraction limit substantially impedes the resolution of the conventional
optical microscope. Under traditional illumination, the high-spatial-frequency
light corresponding to the subwavelength information of objects is located in
the near-field in the form of evanescent waves, and thus not detectable by
conventional far-field objectives. Recent advances in nanomaterials and
metamaterials provide new approaches to break this limitation by utilizing
large-wavevector evanescent waves. Here, a comprehensive review of this
emerging and fast-growing field is presented. The current superresolution
imaging techniques based on evanescent-wave-assisted spatial frequency
modaulation, including hyperlens, microsphere lens, and evanescent
field-illuminated spatial frequency shift microscopy, are illustrated. They are
promising in investigating unobserved details and processes in fields such as
medicine, biology, and material research. Some current challenges and future
possibilities of these superresolution methods are also discussed.

1. Introduction

Optical microscopy is probably one of the most significant tech-
nical accomplishments in the history of humankind. Since its
first invention by Hans Lippershey and Zacharias Janssen around
1590, optical microscopy has revolutionized many aspects of sci-
ence and technology, especially in life sciences, for its superiori-
ties in minimal invasiveness and excellent compatibility with live-
cell imaging. However, classical linear optical microscopy is still
restrained by the optical resolution limitation formulated by Abbe
in his revolutionary paper published in 1873.1'1 von Helmholtz
derived a more general expression of this concept, that resolu-
tion under conventional illumination is described by the illumi-
nation wavelength (4,) and the numerical aperture (NA) of the
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system: R= -2 [2] The resolution of

a traditional optical microscope (i.e.,
the smallest distance at which two
point-like objects could be discrimi-
nated) under visible light illumination
can only reach ~200 nm in the lateral
dimensions and ~500 nm in the ax-
ial dimension using an objective lens
(NA = 1.4) at 550 nm wavelength. These
values are fundamentally restricted by
optical diffraction (or uncertainty prin-
ciple in the perspective of quantum
physics), which leads to the absence of
subwavelength information of the object.
The increasing demand for improved
resolution has been inspiring numerous
attempts to break the resolution limit.
However, it was not until recently that
fruitful developments emerged. In this
review, we focus on the discussion of
lateral superresolution microscopy.

The confocal laser scanning microscopy (CLSM) invented in
the 1960s utilizes focused laser for excitation and a pinhole for
detection to shape the point-spread function (PSF) of the sys-
tem and increases the resolution of a microscope down to around

1/4/2 of the diffraction limit.*5) The combination of CLSM and
fluorescent microscopy has become a powerful indispensable
tool for life science and material science since its invention.[®!
By further advancing the confocal system, superresolution
fluorescent microscopy circumvents the diffraction limit by
distinguishing the fluorescent emission of different areas or
fluorophores in an additional dimension, e.g., spectroscopic char-
acteristics or time.l”] Reversible saturable optical fluorescence
transitions (RESOLFT) microscopy represents a typical class
of this absolute far-field strategy, which reversely silences fluo-
rophores at the predefined diffraction-limited region and shrink
the PSF.[514] Several newly invented methods share this princi-
ple, e.g., stimulated emission depletion (STED) microscopy,#1°!
ground state depletion (GSD) microscopy,!*>'®] saturated pattern
excitation (SPE) microscopy,!'’! and dynamic saturation optical
microscopy (DSOM).I'8] Another category of the method relies
on the precise location of the single emitter by activating individ-
ual molecules stochastically within the diffraction-limited region
at different time intervals. Such single-molecule localization mi-
croscopy (SMLM) includes stochastic optical reconstruction mi-
croscopy (STORM),1*2°] photoactivated localization microscopy
(PALM),211 and fluorescence photoactivation localization
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microscopy (FPALM), etc.?2] The method mentioned above

relies heavily on special fluorescent markers, thus limits
their employment in label-free and fluorescent-probe-limited
scenarios.[*2] A detailed description of these methods will not
be covered in this paper and can be found in other reviews.[26-33
Another intriguing attempt worth noting is to employ the
carefully designed amplitude or phase zone plate to achieve
subdiffraction-limit focusing in the far-field, that is so called
superoscillatory lens.3*38 Through the judiciously designed
diffractive unit, the focal spot size in a certain region of the
target plane is controllable in lateral (from infinite small to
0.38 4/NA) B9 and longitudinal directions.!*®] Combined with
the confocal technique, both labeled and label-free superres-
olution microscopy could be realized in a purely noninvasive
manner.3***41l However, the decreased focus spot is usually
accompanied by increased sidelobes, which imposes practical
difficulties in its applications in superresolution imaging. For
more information on this planer diffractive lens, please refer to
the latest reviews.3>#2!

To enhance the lateral resolution in far-field microscopy
without the slow scanning process, people innovatively turn to
manipulation in the spatial frequency (SF) domain instead of
the spatial domain. This method, termed as spatial frequency
modulation (SFM), can realize a high-speed and wide-field
high-resolution imaging. The classical technique is structured
illumination microscopy (SIM), which uses the Moiré effect to
improve the imaging resolution by illuminating the sample with
patterned light.[*~*%] Limited by the pattern periodicity realized
Dby the interference of two free-space light, the lateral resolution
can only reach down to ~A/4. Another way of increasing the res-
olution is Fourier ptychographic microscopy (FPM),[*7~*1 which
recovers high-resolution images from multiple low-resolution
images taken under oblique illuminations.>*2] By shifting the
high spatial-frequency information into the collectible area in
the SF space defined by the objective NA, these methods oper-
ate in SF space stitching together several variably illuminated
low-resolution images. Although these methods have many
advantages including low illumination density, good biocompati-
bility, simple sample preparation process, fastimaging speed and
wide field of view (FOV) compared with other superresolution
imaging methods,[”33° deep-subwavelength superresolving
ability was not provided due to the limited spatial-frequency-shift
range restricted by free-space light illumination. Thus, evanes-
cent wave illumination, instead of free-space light, is necessary
to further break the diffraction limit in order to cover larger
spatial-frequency range in the SF space.

Evanescent waves were first employed by the microscopy com-
munity in the 1940s.1] The in-plane wavevector of an evanescent
wave is larger than that of a propagating wave and corresponds
to finer details of the object. In other words, the subdiffraction-
limited details could be visualized once evanescent waves are col-
lected. Near-field scanning optical microscopy (NSOM) is the first
technique invented to capture the evanescent waves in the near-
field region, which uses the nanometer-sized probes to scan point
by point and collect the corresponding evanescent waves on the
specimen’s surface.l®~%°] However, this technique has relatively
low throughput and requires post-processing of massive scan-
ning data. In the past decades, a series of superresolution tech-
niques exploiting SF modulation of evanescent waves have been
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reported, including hyperlens!”*7’1 and microsphere lens.[75-%]

These methods enable the one-shot collection of evanescent
waves via spatial frequency compression (SFC) method to trans-
form large-wavevector evanescent waves into propagating light.
Besides the SFC method, superresolution microscopy also ben-
efits from evanescent wave illumination combined with spa-
tial frequency shift (SFS) method. Generally speaking, super-
resolution microscopy utilizes mainly two kinds of evanescent
waves for illumination, evanescent fields at dielectric waveguide
boundaries,[”! and surface plasmon polaritons (SPPs) or local-
ized plasmons (LPs) at metal/dielectric interfaces.®®! Several
papers have reported evanescent-wave-assisted SFS methods us-
ing delicately designed structures, including evanescent fields il-
luminated SFS label-free microscopy,°*'® evanescent fields il-
luminated SFS labeled microscopy,!'"1% plasmonic structured
illumination microscopy (PSIM),[P2193-1%] and localized plas-
monic structured illumination microscopy (LPSIM).[106:107]

This review aims to provide a systematic discussion on the
evanescent-wave-assisted SFM superresolution microscopy
techniques (Figure 1) since other reviews only have covered
parts of this promising research area.’®1%-110 A summary of
the principles, developments, features, performances of differ-
ent superresolution techniques is listed in Table 1. It should
be noted that some techniques, such as nonlinear effects are
beyond the scope of this paper, although they are very prospec-
tive methods that can fundamentally break the diffraction
limit.[44:46]

2. Principles of Superresolution Imaging by SFM

The foundation of superresolution imaging by SFM lies in the
collection of evanescent waves in the near-field region of the
specimen’s surface. A perfect optical imaging process can be de-
scribed as the collection of an infinite number of plane waves
with different spatial frequencies ranging from —oco to co. When
an object O(x, y,2) in the plane of z = z, was illuminated by a
plane wave vertically, the electrical amplitude in the plane can be
expressed in Equation (1)

E(x,y) = / / F (£, ) et ag df M)

where F(f,, f,) represents the spatial spectrum of the object in the
lateral directions. Waves with lateral spatial frequencies (2zf,)? +
(2xf))* > Z correspond to the evanescent waves as they can only
locate in the near-field region and decay exponentially in the z-
direction. It follows that the lateral component of the evanescent
wave will be larger than a propagating wave and corresponds to
the information of finer details. A conventional microscope acts
as a low-pass SF filter that detects the light signal limited by its
NA

- -

E(k) = F, (k) - TF(k) 2)

where k = (2xf,, 2xf,) represents the spatial frequency in the lat-

eral plane, FO(E) and TF(E) are the Fourier spectrum of the ob-
ject and the transfer function (TF) of the imaging system. Here,
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Figure 1. Experimental demonstration of the evanescent-wave-assisted SFM superresolution microscopy techniques discussed in this review. The FOV
and the resolution of hyperlens, microsphere lens, evanescent fields illuminated SFS microscopy, and PSIM are compared in this diagram. (a—j) corre-

spond to refs. [79,51,205,107,102,48,103,81,70,71].

22NA

p
coherent imaging and k, = for incoherent imaging. Thus,
large-wavevector waves, especially the evanescent waves, cannot
be collected by objectives. This filtering effect leads to a loss of
finer-detail information and hence the diffraction limit, as shown
in Figure 2, where the blue circle represents the detected SF do-
main of a diffraction-limited microscope. In the imaging media
with a refractive index of n, the theoretical resolution limit is 2.
SFM method was then proposed to overcome the low-pass fil-
tering effect. This method can be mainly categorized into two
groups: SFC method and SFS method.

TF(E) is a circular filter centered at 0 with a radius of k, = for

47NA

2.1. Principle of SFC Method

The SFC method uses a near-field-contacting lens to adiabat-
ically compress the wavevector of evanescent waves on the
specimens’ surface. The imaging process involves collecting the
near-field large-wavevector evanescent waves and converting it
into propagating waves, which, in the view of imaging, provides
magnified images of the objects. Therefore, an ordinary micro-
scope objective lens could pick up the magnified images and
discern the subdiffraction-limited structures. In other words,
the spatial spectra of objects are compressed to fit the observable
region of the imaging system, as depicted in Figure 2a. In
this case, the detected spatial spectrum of the objects can be
described as

Fi (k) = F,(Mk) - TF(k) (3)

where k represents the spatial frequency, F, (E) and TF(E) are the
Fourier spectra of the object and the TF of the imaging system, M
is the compression factor of the spatial frequency. And the resolu-
tion of SFC methods is Ry, = ;j—’;, k. is the cutoff spatial frequency

of the optical system.
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2.2. Principle of SFS Method

On the other hand, for SFS methods, evanescent wave illumina-
tion provides a significant spatial frequency shift of the object’s
spatial spectrum, as shown in Figure 2b.

The detected spatial spectrum of objects can be described in a
similar way

Fy (k) = F,(k—k,) - TE(k) (4)

where F, (k), TF (k) are the Fourier spectrum of the object and the
TF of the imaging systemjc’S is the spatial frequency shift pro-
vided by the evanescent-wave illumination. It should be noted
that the TF should be adapted to optical transfer function (OTF)
or coherent transfer function (CTF) in different imaging systems,
e.g., we use the CTF in evanescent fields illuminated SFS label-
free microscopy, while in the case of evanescent fields illumi-
nated SFS labeled microscopy we use the OTF. As shown in Fig-

ure 2b, the spatial spectrum centered by ES will be shifted to the
lower SF region and transferred to propagating modes, thereby
presenting superresolution information to the far-field. The final

resolution of SFS methods is then Ry, = szk .

It should be noted that SFC and SFS methods differ in their
imaging process. While the SFC method provides a one-shot
imaging process, the SFC-based lenses are usually tiny (in mi-
crometer scale) and require a scanning technique to obtain a
large FOV. The SFS method could obtain a large FOV while
it requires iterations of the shifted spectrum repeatedly in the
SF space. With the development of powerful computers and ad-
vanced algorithms, the SFS iteration speed could be accelerated,
and high frame-rate imaging can be achieved.

2.3. Quantifying the Resolution

The definition of the spatial resolution appears to be a little am-
biguous among some reported papers and should be identified
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Table 1. Summary of the principles, features, performances of different superresolution techniques introduced in this review. Notation: MRF, minimally

resolved features.

Category Technique Lateral FOV [pum?] or speed Label Detection Data Limitation Ref.
resolution [nm] [pm? min~"] fluorophore mode processing
Near-field NSOM ~1-120 16 pm? No need Scanning Need Low throughput 63,66-69]
Superlens 60-145 ~23pm? No need Wide-field No need Near-sighted (251,301)
PSF engi- STED 10-80 ~126pm? 57! Restricted Scanning Need Strong light illumination 1302]
neering Superoscillatory lens 65 (4/6) 0.36 pm? min~! No need Scanning Need Slow scanning 140]
SMLM STORM. PALM. FPALM 10-50 169—2500 pm? Restricted ~ Wide-field Need Restricted fluorescent 1303]
(31 ms—40's) probes
Nonlinear SSIM ~50 ~ 700 pm? Restricted ~ Wide-field Need Strong light illumination 144]
SIM NL-SIM 42 ~ 1000pm? Restricted ~ Wide-field Need Restricted fluorescent 146]
probes
SFC method Resonant hyperlens 160(4/2.6) ~1pm? No need Wide-field No need Resolution is limited by 170]
a material loss in
metal; small FOV
Nonresonant hyperlens 250(4/3.1) - No need Wide-field No need Small FOV 171
Wide-field microsphere 50(A/14-4/8) ~0.1 pm? No need Wide-field No need Small FOV 128]
MRF
(m)SIL microsphere 45(4/10.4) ~33pm? No need Wide-field No need Small FOV 181]
MRF
Scanning superlens 87(1/6.3-4/8.4)  ~3000 pm? min~! No need Wide-field Need Complex configuration 179]
microscopy (SSUM) 2D and
convolution scanning
SFS method SPP-based FPM 240 (A/2.7) ~80 pm? No need Wide-field Need Optical propagation loss 148]
Period of
gratings
Evanescent fields ~120(4/4.3) ~6000 pm? No need Wide-field Need The refractive index of [31.119]
illuminated FPM the waveguide limits
the resolution.
(TIRF-) SIM 80-130(A/4~ ~2000 pm? Broad Wide-field Need Restricted resolution 1205]
4/6)
cSIM 55-117 ~400 pm? Broad Wide-field Need Complex chip fabrication 102]
(4/5.6-4/10)
PSIM ~120(4/4.8) ~20 pm? Broad Wide-field Need Optical propagation loss (103]
LPSIM ~50 (A/17) ~800 ym? Broad Wide-field Need Complex chip fabrication ~ [106:107:200]

before we introduce various microscopies. Traditionally, the res-
olution was determined by using the classical resolution theory.
Since the objective lens behaves like a circular aperture, the im-
age of a point source passing through will appear as a central
brightest disk (airy disk) accompanied by concentric rings. The
size of the airy disk determines the actual resolution. According
to the Rayleigh criterion, the resolution for the imaging system
can be described by the distance from the central maximum of
the PSF to its first root.'"!] Practically, due to the difficulty of de-
termining the minimum of the intensity diffraction pattern in
Rayleigh’s definition, the full width at half-maximum (FWHM)
of the PSF can, in a sense, be used to define the resolution of the
actual system. The detected pattern in the image space could be
described as the convolution between the object and the imaging
system’s PSF

I(x,y)://mO(u,v)PSF(A—’;—u,]\l/j—v)dudv 5)
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where I, O are the image and object described in the two
dimensions, M is the magnification factor of the imaging
system.

Inlabeled microscopy, the detected images are emission inten-
sity distribution of the fluorescent markers, which can be con-
sidered as independent point sources. The collected image of a
single point source is determined as the optical system’s PSF.
The resolution can be easily determined by using the minimum
central distance between two points or the FWHM of a single
emitting point.

Compared with labeled imaging, the quantification of resolu-
tion in label-free imaging is more complicated due to the lack of
suitable “point” sources. The mechanisms of label-free imaging
rely on subtler light-scattering processes in nanoplasmonic
or biomedical objects that result in lower sufficient contrast
of images. Several experimental quantification methods have
been reported in the literature to determine the resolution
in their label-free microscopy systems. One method relies on
the assumption that the resolution of a microscope can be

© 2020 Wiley-VCH GmbH
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Spatial frequency compression Spatial frequency shift

Figure 2. Mechanisms of evanescent-wave-assisted SFM method. a) SFC
methods compress the spatial spectrum of objects using a specially de-
signed lens. Thus a conventional objective can detect more subdiffraction-
limited details. The blue circle represents the SF space detected by the con-
ventional objective, while the orange one represents the SF space detected
by the SFC method. b) SFS methods shift the high spatial spectrum of ob-
jects step by step to the detectable region of the objective and stitch them
together in the SF space with the reconstruction algorithm. The blue circle
represents the SF space detected by the conventional objective, while the
orange one represents the SF space detected by the SFS method.

determined as the minimal spatial feature that it can be dis-
cerned, which are usually represented by the edge-to-edge gap of
closely spaced nanodimers,[°*%112113] diameters of nanocylin-
ders (or holes),33%] width of nanolines.[8895:112114-116] Although
this method is straightforward, it usually results in overestimated
resolution values, mainly because the sizes of these nanostruc-
tures are not small enough to be discerned as the point sources.
Fabricating nanostructures with reduced dimensions is one
possible solution but also leads to decreased optical contrast and
visibility, which is harmful to the resolution quantification.

Instead, the center-to-center distance of nanodots or nanograt-
ings could be used, which is more rigorous compared with the
edge-to-edge gaps. This method has been demonstrated in the
experiment to agree with the PSF theory result.[>1:100.117-119]

Very recently, some reports exploit Equation (5) to inversely
calculate the PSF of the label-free imaging system,8¢120:121] for
example in microsphere lens imaging, in which the integration
is performed in the object plane where the coordinates (x,, y,) are
linearly related to the image plane via the magnification M as (x,,
Yo) = (%:/M, y;/M). The Gaussian function is used to describe the
PSF (x,, y,), with the FWHM being a fitting parameter. Based on
the Houston criterion,!'??! fitted values of FWHM in the object
plane are considered as the resolution of the system.

3. Superresolution Imaging Based on SFC Methods

One direct approach to enhance the resolution is using the
immersion technique to extend the NA of the imaging lens,
which, however, is restrained by the low refractive index of
natural materials.?! The developments of metamaterials and
nanofabrication techniques enable new opportunities for sophis-
ticated lens design to increase the NA and, thus, resolution
improvement.’%10812¢127] Among these different lenses, hyper-
lens and microsphere lens are mostly studied. In this section, we
will mainly discuss the theory underlying, as well as recent ad-
vances of these two kinds of superresolution microscopy.
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3.1. SFC through Hyperlens

Hyperbolic metamaterial (HMM) is a kind of metamaterial with
hyperbolic dispersion relationship, that is £, = ¢, and ¢, tak-
ing opposite signs.'?”128] Their hyperbolic anisotropic disper-
sion naturally supports large wavevector components. One of the
most prominent applications of HMM is the hyperlens,[12:12]
which usually takes the form of concentrically curved layers bent
from a stack of flat layers.

The dispersion of electromagnetic wave in HMM with curved
geometry can be expressed in cylindrical coordinates by

2B 2
RCAC (6)

2
€ €, C

where, k_and k, are wavevectors, £, and ¢, represent the permit-
tivity along the radial and tangential directions, w is the angular
frequency, and c is the speed of light in the vacuum. For hyper-
lens with £,(0 and ¢,)0, the dispersion becomes g - % = 0:—22
This hyperbolic dispersion essentially determines that ‘evanes-
cent waves with large wavevector could be transferred along the
radial direction in a hyperlens due to the unbounded wavevec-
tor values or very large wavevector cutoff. The accessible range
k,, which determines the imaging resolution, could extend to a
broader range compared with the isotropic case where the maxi-
mum of k, is restricted by the refractive index of the material. The
curved geometry results in the compression of k, due to the con-
servation of angular momentum, thus a magnified image will be
formed at the outer boundary. In other words, the high-spatial-
frequency information, which is undetectable for conventional
objectives, can now be transferred to low SF space and resolved
in the far-field. The compression factor M is the radii ratio be-
tween the outer surface and the inner surface of the hyperlens.
To realize a working hyperlens, subwavelength metal-dielectric
multilayered metamaterials, i.e., plasmonic multilayers, are per-
fect options.[13%] When the layer thickness is much smaller than
the probing wavelength, the effective permittivity of the medium
can be calculated as: &, = pe,, + (1 — p)ey, €, = (1_;)“:;‘;,% , where
€,, and g, are the permittivity of metal and dielectric, p is the fill-
ing ratio of the metal.[3!]

The most commonly used design to realize hyperlens is
a concentric-ring multilayer structure, including the cylindri-
cal/spherical/planer multilayer configurations. The cylindrical
structure is the first experimental implement of hyperlens but
limited to one-dimensional (1D) superresolution imaging (Fig-
ure 32).7¢] The spherical structure was designed and realized for
two-dimensional (2D) superresolution in visible frequency (Fig-
ure 3b).[7l However, general imaging samples are not compatible
with curved structures. As an alternative, planar configurations
were proposed with parallel planes by using transformation op-
tics techniques (Figure 3c¢).[”®! This scheme has not been exper-
imentally demonstrated, mainly due to the complexity of fabri-
cation. One limitation of these previously implemented hyper-
lenses is the requirement of the curved geometry, which limits
the imaging FOV. Besides, to realize a significant SF compres-
sion, the large radius ratio is required, which will inevitably lead
to low transmission efficiency for the existence of material loss.

© 2020 Wiley-VCH GmbH
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Figure 3. Typical configurations and spatial frequency compression principle of hyperlenses. a) Cylindrical configurations. The high spatial-frequency
fields of the sample propagate along the radial direction of the hyperlens. Due to the conservation of angular momentum, these high spatial-frequency
fields will be compressed, forming the magnified image on the other side of the hyperlens, which could be discerned by the conventional objective.
Reproduced with permission.[”®] Copyright 2007, Springer Nature. b) Spherical configurations. Reproduced with permission.7%! Copyright 2010, Springer
Nature. ) Planar configurations. Reproduced with permission.l”>] Copyright 2008, American Chemical Society. d) The demagnification hyperlens system
applied in photolithography. e) Intensity distributions at the outer surface right after the mask (red) and inner surface inside the photoresist (blue)
obtained in numerical simulations, as indicated in (d). (c,d) Reproduced with permission.l'4°] Copyright 2017, American Chemical Society.

To compensate for the material loss and further improve the
resolution, the idea of active HMM has been proposed.[*?] The-
oretical studies have predicted the resolution improvement of
hyperlens using organic dyes to compensate for the propagation
loss.132133) Another direction to surmount the material loss is
designing the new structure. Different from the concentric-ring
multilayer hyperlenses relying strongly on the resonance and
leading to limited bandwidth and high losses, another success-
ful structure with negative permittivity along with the metal
layers and positive permittivity in the perpendicular direction
circumventing this problem was proposed.'3*13¢ Based on
this principle, a nonresonant waveguide-integrated hyperlens
with a radially oriented layered structure working in a longer
wavelength of 780 nm was designed. The inner and outer radii of
the hyperlens are 800 and 2400 nm, respectively, enabling three
times magnification. Using this design, two nanoslits in the
gold blocking layer with 250 nm center-to-center separation was
experimentally resolved.’!! This nonresonant nature endows
this hyperlens a low-loss performance in the visible frequency.

To circumvent the material loss and small FOV of hyperlens,
another method based on the structured illumination from type
II planer HMM, also termed as hyperstructured illumination mi-
croscopy (HSIM), was proposed by Narimanov in 2016.1'3] The
HSIM uses the strong material dispersion inherent to this kind
of HMM to sweep the entire object plane. The subwavelength
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localization of the electromagnetic field near the object and a dra-
matic difference in the intensity distribution for different wave-
lengths allow us to resolve distinct details of the specimen de-
spite their close spacing. The ultimate spatial resolution of HSIM
is limited by the unit pair size of the layer of HMM, which has
been demonstrated to reach the scale of a few nanometers using
epitaxial growth technique. Therefore, the HSIM method has the
potential to resolve sub-10 nm structures, to the point of resolv-
ing large individual molecules, which is essential for biological
and material sciences.

In 2018, Ma et al.['38) experimentally demonstrated the hyper-
structured illumination by using an Ag/SiO, multilayer HMM.
With a pair of nanoslits as a point source on HMM, the HMM can
perform a 1D mapping from spatial locations in a subdiffraction
scale to a spectrum. The far-field-collected spectral data were used
to reconstruct superresolution images, achieving a resolution of
~84 nm (the center-to-center distance), which is far beyond the
diffraction limit (0.61 A/NA: from 561 to 854 nm).

Apart from superresolution imaging, hyperlens could also
be used to demagnify a diffraction-limited mask down to the
subwavelength scale according to the reciprocity theorem (Fig-
ure 3d,e).[1321%] The demagnifying effect of hyperlens was
demonstrated experimentally in 2016."*1] A cylindrical hyper-
lens constituted by 13 alternating layers of Ag (30 nm) and
Ti;O; (30 nm) was fabricated in this work, generating a pattern

© 2020 Wiley-VCH GmbH
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Figure 4. Configurations of microsphere nanoscopy. a) Direct imaging configuration. b) The intensity distributions calculated for the sphere (left image)
and particle on the surface (right image) of a 40 nm thick gold film for the sphere with radius a = 2.37 pm and refractive index n = 1.46 at the wavelength
A =600 nm. With the presence of a substrate, the focus at the particle-substrate contact region generally becomes sharper. The white dash rectangle
shows the evanescent-wave contacting region. c) Calculated distribution of Poynting vector for a SiO, particle on a glass substrate. The particle size
is 4.7 pm and the incident radiation wavelength A = 600 nm. d) Distribution of the light intensity in the same situation as (c). (a—d) Reproduced with
permission.["#] Copyright 2016, The Royal Society of Chemistry. e) Microsphere superlens reflection mode imaging of a commercial Blu-ray DVD disk.
The subdiffraction-limited 100 nm lines (top left SEM image) are resolved by the microsphere superlens (a = 2.37 pm). f) Microsphere superlens
transmission mode imaging of a gold-coated fishnet AAO sample with a microsphere superlens (a = 2.37 pm, borders of two spheres are shown by
white lines). The nanoscope clearly resolves the pores that are 50 nm in diameter and spaced 50 nm apart (top left SEM image). Scale bar, 5 pm. (e,f)
Reproduced with permission.!38] Copyright 2011, Springer Nature. g) Experimental imaging performance of different biomagnifiers. Reproduced with

permission.['1] Copyright 2019, Springer Nature.

featuring around 170 nm (300 nm linewidth milled on the out-
side of the hyperlens) in the photoresist layer inside the hyper-
lens.

Although with the ability to realize far-field superresolution in
a single shot, hyperlens superresolution microscopy still has a
long way toward practical applications. First, the nanometer ac-
curacy in controlling both thickness and geometric shape during
the deposition of alternating metal and dielectric films of hyper-
lens requires complex and expensive fabrication processes. Sec-
ond, to effectively collect the evanescent waves scattered by the
observed object, the sample should be placed at specific posi-
tions in the active imaging region and near the surface of the
hyperlens, which substantially restricts the preparation process
of observed samples. In previously demonstrated experiments,
the observable patterns are inscribed on the surface of hyperlens,
which is unrealistic for practical application. Third, the hyperlens
also has the shortcoming of small-batch fabrication. Recently,
nanoimprint lithography has been applied in the fabrication of
hyperlens arrays and realized a high-throughput subdiffraction-
limited imaging system.[”273]

3.2. SFC through Microsphere Lens
Aside from hyperlens configurations, the microsphere lens has

also been demonstrated as an appropriate tool for superresolu-
tion imaging using the SFC method. In microsphere nanoscopy,
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micrometer-scale spheres are placed on top of the target sam-
ple, where they collect the underlying sample’s near-field large-
wavevector evanescent information and form magnified images
that are subsequently projected to the conventional objective lens.
The combination of a microscope’s objective lens and a micro-
sphere lens forms a compound-imaging lens system, as illus-
trated in Figure 4a. Microsphere nanoscopy has distinct fea-
tures of easy to implement, label-free, and supporting white
light illumination.”>8%142] Experiments show that it can resolve
~50 nm features under white light illumination, which corre-
sponds to a calibrated resolution of ~ % - g based on rigorous
PSF convolution.[86:121]

Attempts are trying to clarify the superresolution princi-
ple of the microsphere lens, but theories fully explaining this
phenomenon remain controversial. Although the underlying
details are still vague, we can understand the microsphere-
based superresolution imaging qualitatively from a classical
optics’ perspective.*3] The microsphere lens effectively inter-
acts with the near-field evanescent waves, decouples, com-
presses their wavevectors, and then turns them into propagating
waves that would reach the objective lens in the far-field (Fig-
ure 4c,d).[1%14414] Here the wavevectors satisfy: k, > k, >k,
where k, is the wavevector of sample’s evanescent wave, k, is
wavevector of propagating waves in the microsphere lens, and k¢
is the wavevector of propagating waves in the far-field. Compared
with the case of merely using the objective lens, an objective lens
combined with a microsphere lens can obtain both the high- and
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low-spatial frequency of the sample simultaneously, i.e., an en-
larged image with resolution better than the optical diffraction
limit.

In the early experiments, the resolution was quantified using
the semiquantitative resolution criteria, i.e., the minimum fea-
ture size that can be resolved.[®#92113] However, this approach
can provide overestimated resolution values, claiming about g -

A A . .
—=1892] or even =.1'3] Therefore, a more rigorous quantifica-

tion method was developed by inversely calculating the PSF of the
superresolution imaging process, as stated in Section 2.3. For ex-
ample, in Allen’s work, they used the microsphere lens to image
bowties with a gap of 15 nm.[3%] With the more rigorous resolu-
tion quantification method, the resolution of this system should
be determined as 74 instead of 15 nm.

3.2.1. Theories Underlying the Superresolving Capability of the
Microsphere Lens

During the past years, scientists have come up with several the-
ories attempting to account for this peculiar phenomenon. Nev-
ertheless, other yet unknown factors are still needed to fully un-
derstand the process.[108:147.148]

Nanojet Explanation: Microsphere can focus light beyond
the diffraction limit forming the so-called “nanojet” (Fig-
ure 4b).[80149-152] For a long time, the theoretical explanation of
the superresolution ability of the microsphere lens was based on
a notion that focusing and imaging are fundamentally related by
the reciprocity principle.'®}] Yang et al.[®% systematically studied
the relationship between the resolution of the microsphere lens
with different sizes (diameters: 3-21 um) and the focal width
of the nanojet obtained by FEM simulation. The resolution of
the microsphere lens, determined as the width of the PSF (o), is
then related to the width of the nanojet (w) with a fitting function:

= —=—. The best resolution of #100 nm (~4/6) was obtained

o = W

when the diameter of the microsphere is #6-7 ym. However, the
formation of nanojet could not quantitatively explain the super-
resolution capability of the microsphere lens because it is chal-
lenging to anticipate how the high-spatial-frequency components
are superposed during the imaging process.

Near-Field-Modified Geometric Optics Explanation: The mag-
nification effect of the microsphere lens can be explained
by the geometric optics theory with modifications consider-
ing the near-field impact, which has been reported in many
works.[79868889113] The magnification factor of a microsphere
with tens of micrometer diameter is described by geomet-
ric optics as!®Mag= f/(f—r—4d), n, = :—; where f =d/

(sin{2sin~!(£) — 2sin~'[(m, /n.)(d/7)]}), n, and n, are the refrac-
tive indices of the spherical lens and background medium, re-
spectively; r is the radius of the spherical lens, d is the distance
between the object and the spherical lens surface, fis the fo-
cal length of the microsphere from the sphere center. Consid-
ering the near field effect, simulation shows a new focal length
fand a fitting factor k give rise to a modified magnification
factor:7113] Mag = fk/(f — r — d). For the BaTiO; microsphere
lens immersed in water, a factor k = 1.2 is found by fitting with
the experimental results, which corresponds well with the experi-
mental results obtained with different microsphere sizes.[”®! The
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magnification factor only denotes the enlargement of the sam-
ple’s image. It does not equal to resolution enhancement, which
is an appropriate parameter to quantize the superresolution abil-
ity of different setups. Recent work demonstrates a theory exploit-
ing complex Snell’s law!!*®] to explain the process of converting
evanescent waves into propagating waves in microsphere lens
superresolution imaging. The SF compression factor can be ex-
)
of evanescent waves and n,k, is the maximal lateral wavevector
of propagating waves in the background medium.

Although this theory could explain the superresolution ability
of the microsphere lens to some extent, it is still difficult to ac-
quire the compression factor without experiments.

Diffractive Optics Explanation: To fully understand the mi-
crosphere lens imaging process, images of point emitters at
the vicinity of the microsphere can be simulated by solving the
Maxwell equations. Previously, the problem was solved using
full-wave simulation methods(**] or expansions methods.[1*] Re-
cently, Maslov and Astratov compared the focusing and imaging
ability of the microsphere lens by using the exact numerical so-
lution of Maxwell equations.['>>1%8] In their 2D model, the point
source emitter put just outside the microsphere lens was used to
calculate the impulse response of the system (also termed as the
PSF). In this result, the resolution w/(M4) is around 0.42-0.45
and is comparable for small D/4 = 3.5 and larger D/A = 6.85,
9.8 particles. Here we mainly analyze the theory from the per-
spective of the SFM method. The reader can refer to ref [1°8] for
more detailed information. With the immersion background in-
dex of n=1.3-1.5(with an index contrast of 1.4), the diffractive op-
tics theory successfully explains the resolution down to 4/5.6 less
than the /7 reported in other works.[8¢121l The small mismatch
arises from the fact that experimental conditions are complex
processes, which include some physical mechanism that might
not be accounted for in this theory, such as the illumination con-
dition (the microsphere lens may focus the illumination into a
localized light spot).

pressed by M = , where

k2 + k% is the lateral wavevector

3.2.2. Experimental Discoveries of Superresolution Microsphere Lens

The most frequently used microsphere microscopy configura-
tion is the so-called contact mode by merely putting a micro-
sphere lens on top of nanoscale samples and observing from the
top using incoherent sources illumination from a conventional
miCrOSCOpe.[80'88'114’121]

In 2011, Wang et al.® reported a 50 nm resolution optical
nanoscope that uses ordinary glass microspheres (n = 1.46, 2 pm
< diameter <9 pm) to overcome the white-light diffraction limit,
attaining a magnification of x 4.17 (Figure 4e, gratings) and x 8
(Figure 4f, gold-coated fishnet AAO sample) when imaging dif-
ferent samples. The resolution of 50 nm is 4-8 times enhance-
ment compared with that only uses objective lens (NA = 0.9) in
visible wavelength (400 to 700 nm), which corresponds to the res-
olution from 222 to 389 nm.[®8! They attribute the outsized mag-
nification factor to the near-field interaction of the sphere with
the sample and proposed a fitting formula based on maximal field
enhancement: M ~ (I, /I,)?, where I , /I, is the field enhance-

max

ment, and f is the fitting exponential parameter. The increase
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of the imaging magnification and sharpness for nanostructures
samples, as in the AAO case, originates from the plasmonic field
enhancement effect.®”] They concluded that the superresolution
strength maximized at n = 1.8. However, later it was demon-
strated microspheres with a higher refractive index (n ~ 1.9-
2.1) could also be applied in superresolution imaging by totally
immersing them in the liquids.['?! They used barium titanate
glass (BTG) microspheres for imaging arrays of gold nanopar-
ticle dimers and discerned the minimum feature sizes of ~4/7.
The proposal of a high-index liquid-immersed microsphere lens
made possible the inspiring application of this technique for
imaging biomedical and chemical samples.

Although the first demonstration of the microsphere lens
has attracted considerable scientific interests, the lack of con-
trol in the microsphere position makes it difficult for practi-
cal application. Besides, the sub-100 nm penetration depth Z,,
of the evanescent field limits the FOV, as shown in the white
dash rectangular of Figure 4b. To obtain a large FOV, self-
assembled particle arrays can be used to stitch neighboring unit
images. Moreover, a large FOV is also possible when incorpo-
rating precise position control of the microsphere for large-area
scanning.78798687)

Recently, it was demonstrated the high refractive-index micro-
sphere lens could be embedded in the transparent solidified film
(such as PMMA and PDMS) for superresolution imaging, which
opens a way of scanning microsphere lens imaging by integrating
the system with a conventional objective lens.[##¢91] Compared
with air- or liquid-immersed configurations, this amelioration
brings in better image quality and robustness to environmen-
tal change.*1%5] Another scanning method is integrating micro-
sphere lens with an atomic force microscope (AFM) technique
for scanning imaging with a height control of the microsphere
above the sample. In 2016 Wang et al.l”®! tactfully used a micro-
sphere mounted on an AFM cantilever and achieved superresolu-
tion imaging of blue-ray disk surface with a FOV of %96 x 96 ym?
in 3 min. The scanning superlens microscopy (SSUM) collects
larger FOV in a single collection, providing ~200 times acquisi-
tion efficiency compared with ordinary AFM. Then, the scanning
process can be realized by moving the sample precisely along the
predesigned path. Other interesting scanning methods also in-
clude: attaching microsphere to the glass micropipette,[*! using
optical tweezers!’! or chemical reaction forces!”! to drive the
microsphere lens.

Several works have been reported on increasing the contrast
and resolution of microsphere microscopy. One exemplary ef-
fort to enhance the imaging contrast is to immerse the micro-
spheres in liquid partially.l®>°*11] In 2014, Yan et al.”?l demon-
strated a microsphere-coupled scanning laser confocal micro-
scope (mSLCM), which can discern the gold nanodots with a
minimum distance of 25 nm (4/16.3) under 408 nm wavelength
illumination using fused silica and polystyrene microspheres.
The resolution was quantified to be ~4/7 using the more rig-
orous PSF convolution method.[>>! The combination of micro-
sphere microscopy with confocal scanning technique boosted the
resolution of mSLCM by a factor of = V2 comparing with the
direct imaging setup.[*1%] Although possessing high imaging
resolution, near-field interactions of particle and substrate un-
der a coherent laser illumination will cause multiple ring-shaped
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patterns reducing the image quality collected by mSLCM.
However, precalculation and erasing the rings from the fi-
nal image is possible using advanced image processing
algorithms.

Recently, it is also found that the natural biomaterials, which
can be easily fabricated, could be used as a superlens. The study
demonstrated that spider silks spun from the Nephila spider can
resolve 100 nm (x4/6) features under a white-light illuminated
microscope.®”) Besides, the living cells with spherical geometry
were proved applicable in the superresolution imaging, forming
the so-called “bio-magnifier” (Figure 4g).l"'! The relatively small
refractive index contrast and weak focusing ability could be im-
proved by immersing the cell in water and using a mirror reflec-
tion configuration. Cells (such as yeast cells) with smooth sur-
faces and spherical shapes were chosen to minimize the imaging
aberration. The bio-magnifiers have the best magnification factor
of 4 and show a resolving ability of 100 nm (sample: nanogap)
under white light illumination.

In contrast to biological materials, metamaterial solid im-
mersion lenses (mSIL) were assembled by spherical dielectric
nanoparticles using the nanosolid-fluid assembly method. Ex-
ploiting 15 nm TiO, (refractive index n = 2.55) as building
blocks, Fan et al.B! fabricated TiO, mSIL with widths of 10—
20 pm and demonstrated the assembled 3D all-dielectric mSIL
possesses the ability to discern the gold nanodots with the
edge-to-edge distance of 45 nm (x4/12) under white light il-
lumination. The mechanism is a little different from that ob-
tained by a single microsphere lens. For the tightly stacked
nanoscale particles (15 nm), the near-field coupling between
neighboring particles can effectively transform the propagat-
ing wave into patterned evanescent spots for illumination (with
a FWHM of ~8 nm) and convert samples’ evanescent infor-
mation into propagating waves. Theoretically, the resolution
can be further enhanced by using nanoparticles with smaller
size or higher refractive index. The magnification factor varies
from 1.8 to 5.3, influenced by the shape (height-to-width ra-
tio) of the mSIL. Similar works have been reported using other
materials like ZrO, (n = 2.2) to replace TiO, mixing with
polymers, obtaining a resolution of 50 nm under white light
illumination.®?]

At last, we conclude from the experimental data and list fac-
tors that influence the imaging property of the microsphere lens:
1) Refractive index of the microsphere lens and surrounding
medium: Optimal index contrast for virtual imaging is within
1.3-1.7 range, but higher background index can facilitate higher
resolution. 2) Refractive index of the sample and substrates: The
optical properties of the sample can play a significant role, as
well. These include a possibility of excitation of LPs in nanos-
tructured metals as well as SPPs in semiconductor and dielectric
structures.[88160-162] [t was also shown that substrates play an im-
portant role in imaging magnification and resolution. Theoreti-
cal research shows the imaging resolution and the magnification
factor are both relative to the refractive index of the substrate.!'>*]
3)Types of illumination: The excitation of Mie resonances in mi-
crospheres and the use of oblique or coherent illumination can
favor higher resolution.”! Besides, confocal illumination can
provide a better signal-to-noise ratio compared to wide-field il-
lumination.
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Figure 5. Evanescent wave illumination SFS microscopy. a) Schematic of the configuration and imaging process. b) Evanescent wave illumination SFS
images (bottom left) and SEM (bottom right) of an arbitrary ZJU pattern on an Al,O5 film. NA = 0.85. c) The underlying mechanism of the evanescent
wave illumination SFS method represented in the spatial frequency space. The blue and yellow solid circles in (c) indicate the optical transfer function
(OTF) of the conventional microscope system and that of the evanescent wave illumination SFS microscopy. Reproduced with permission.[>'] Copyright

2017, American Physical Society.

4. Superresolution Imaging Based on SFS Methods

The employment of evanescent wave’s illumination allows the
superresolution imaging based on SFS method. To date, a vari-
ety of approaches utilizing specially designed substrates to gen-
erate evanescent waves for illumination and shift undetectable
spatial-frequency signal into the passband of conventional micro-
scope have been proposed.[#34>:°1:5255,119,163-167] Eyanescent waves
illumination SFS microscopy can be easily constructed by using
on-chip techniques and have excellent potential for practical ap-
plications.

4.1. SFS with Evanescent Waves Generated by
High-Refractive-Index Dielectric Materials

The typical implementation of the SFS method is FPM.[4749.168]
But, to achieve superresolution microscopy, the introduction
of evanescent waves becomes the key.1%%17% Evanescent fields
occupy the near-field region of dielectric waveguides due to
the imaginary transverse wavevector.['’!! The magnitude of the
in-plane wavevector can be tuned by the waveguide geometry
and can thus provide the spatial frequency required to break
the diffraction limit for SFS-based new microscopy techniques.
Evanescent waves are also used in total internal reflection fluores-
cence (TIRF) microscopy for enhanced vertical resolution!'72175]
and have found full applications in other areas including, cou-
pling devices,['7%] sensors, 777189 and optical tweezers.['81-183] In
Section 4.1, we will discuss the SFS superresolution microscopy,
which is divided into label-free and labeled methods.

4.1.1. Evanescent Fields llluminated SFS Label-Free Microscopy

In 2013, Hao et al.['!#] utilized evanescent fields along a microop-
tical fiber as a near-field illumination source and achieved super-
resolution imaging. The laser guiding microfiber was precisely
positioned on the sample surface using a piezoelectric position-
ing stage. It provided a spatial frequency shift proportional to the
effective refractive index of the guided mode. Based on the SFS
effect, a slot pair structure of 225 nm central width was success-
fully resolved under 600 nm wavelength light illumination using
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a 0.8 NA objective (0.61 4/NA = 457 nm). However, the 1D ge-
ometry limits the practical 2D imaging due to the difficulty in
microfiber positioning.

In 2017, Liu et al.®! proposed an on-chip evanescent illu-
mination design for label-free 2D subdiffraction-limited imag-
ing with a large FOV. This nanowire (NW) ring illumination
microscopy (NWRIM) configuration, enables omnidirectional
evanescent wave illumination and is compatible with standard
microscopes for efficient superresolution imaging.

Figure 5a shows the schematic of the NWRIM, in which a
CdS NW serves as the local light source.['¥186] When the NW
is pumped by a 405 nm continuous-wave laser, the excited flu-
orescent light (center wavelength of ~#520 nm) could efficiently
couple into the 200 nm thick TiO, film waveguide beneath the
NW and illuminate the samples on the waveguide. Thus, scat-
tered light can be collected by a far-field objective, contributing
subdiffraction-limited spatial information to the final image. As
shown in Figure 5b, the system successively resolved predefined
line patterns with 152 nm center-to-center distance slots using
a 0.85 NA objective (0.61 4/NA = 373 nm). Figure 5c shows the
detectable spatial frequency components in NWRIM and conven-
tional microscopy, respectively. For conventional microscopy, the
wavevector of illumination and detection are both confined by the
NA of the objective. Consequently, the detectable Fourier compo-
nents in far-field are limited to a circle with a radius of 2 NA X k.
While in NWRIM with an illumination wavevector of k, the high-
est detectable Fourier components are expanded to k, + NA X k;,
where the illumination wavevector is expressed as

ks = kO X Neff (7)

Here N,g is the effective refractive index of the evanescent illu-
mination waves, which could be larger than the NA of the ob-
jective lens if a high-refractive-index waveguide is adopted, so
that a higher resolution can be achieved correspondingly. They
have also employed an Al,0,-SiO, double-layer waveguide fur-
ther to extend the propagation length of the evanescent wave
and thus the FOV. Later, by optimizing the fabrication process
of both the TiO, waveguide and the CdS nanowire, they realized
an NWRIM with #6000 pm? FOV and 122 nm center-to-center
resolving ability.''?! However, frequency-aliasing is inevitable in
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the nanowire-ring illumination arrangement due to the lack of
control on the illuminating directions. The same group!’®! re-
ported an upgraded set up in 2019, by using a polygonal-geometry
waveguide chip to reduce the frequency aliasing problem. A flu-
orescent polymer film beneath the TiO, waveguide illuminates
the sample with evanescent waves traveling along 16 precisely
controlled directions. A 2D distortion-less image over ~#200 pm?
FOVs can be reconstructed due to the combination of oblique
illumination and multi-wavelengths evanescent wave illumina-
tion, which ensures wide coverage of the SF space. In the future,
the evanescent wave illumination source could be integrated into
the waveguide platform. Recently, a simulation!'®”] and the initial
experiment!®8] using Si;N, waveguide have been demonstrated.
The fabrication of waveguides is compatible with semiconductor
manufacture technologies, which makes the device suitable for
practical applications in biological, medical imaging, and diag-
nostic kits.

4.1.2. Evanescent Fields Illuminated SFS Labeled Microscopy

Among the existing optical superresolution methodologies, the
SIM method [109165189-191] ig one of the most commonly im-
plemented optical superresolution techniques for studying the
dynamic biological process at high speed, based on its wide-
field implement. In SIM, the sample is illuminated with spa-
tially structured excitation light to visualize normally inaccessible
high-resolution information in the form of moiré fringes. The-
oretically, structured light can be applied into both incoherent
imaging (such as fluorescent samples) ['%] and coherent imag-
ing (such as scattering samples)'?>1%3] Here, we mainly discuss
the incoherent SIM.

Usually, a sample is illuminated with a sinusoidal light pattern
formed by interference expressed as

i(x) =iy [1+ mcos (2zkx + )| )

where i, is the initial intensity, m is the pattern modulation depth,
k, is the spatial frequency of the interference pattern, and ¢ is the
phase constant.

If we think of the imaging process in SF space, the Fourier
transform of the final image can be expressed as

Fo (k) = [F,(k) ® I(K)] - OTF (k)

-1, [F () + 267 F, (k—k,)
+ ZeF, (k+ks)] - OTF (k) 9)

where I(k) is the Fourier transform of illumination patterns i(x).
F,(k), Fg(k) are the Fourier spectra of the fluorescence distri-
bution of the sample and the detected image. Thus, the de-
tected spatial spectrum is the superposition of the low-spatial-
frequency and two high-spatial-frequency parts of the object. In
SF space, the only detectable information resides within a circu-
lar region of radius k. (i.e., 2 NA/A) around the origin (Figure 6).
Structured illumination does not alter the observable region
physically; instead, it shifts information into the region inward

Laser Photonics Rev. 2020, 14, 1900011

1900011 (11 of 22)

www.lpr-journal.org

/§‘ p Odd mode

B

=1 Photon

5]

= fosp

g

2 -

=

Even mode
/ Wavevector(1 /&)
ke &
k air k di ksp k ev

Figure 6. Concept of resolution enhancement by structured illumination.
Resolution improvement representation in SF space of SIM, evanescent
fields illuminated SIM, and PSIM. Typical dispersion curves of SPPs on
a thick-metal-film/dielectric interface (pink curve) and a dielectric/thin-
metal-film/dielectric interface (orange curve). The SPP of dielectric/thin-
metal-film/dielectric interface splits into the odd mode and even mode
when the thickness of the metal decreases to around 50 nm. The pink
circle corresponds to the spatial information within the passband of con-
ventional microscopy with k. representing its cutoff wavevector. The max-
imum resolution in conventional SIM, as defined by the sum of the cutoff
frequency k. and the spatial-frequency shift k,;, is approximately twice that
of wide-field imaging (The red line represents the dispersion curve of pho-
tons in the air.) The evanescent fields illuminated SIM, either TIRF-SIM
or cSIM, has a spatial-frequency shift defined by the ky;, exceeding that of
conventional SIM (The green line represents the dispersion curve of pho-
tons in dielectric materials). The wavevector of SPPs is nonlinear with the
photon energy. Thus, it is possible to recover information from an area
more than twice the size of the normally observable region using PSIM.
Kyirs kgi» ksp, ke, represent the spatial-frequency shift obtained in air, di-
electric material, single interface SPPs and the even-mode SPPs. wg; is
the surface plasmon frequency.

and thereby makes that information observable. In the recon-
struction process, to unmix three spatial frequency components:
F,(k) - OTF(k), F,(k—k.)- OTF(k), F,(k+k,) - OTF(k), at least
three changes in the phase ¢ of the illumination pattern are re-
quired. Also, multiple illumination orientations are favored for
full coverage of the 2D SF domain of the planar sample. De-
tailed reconstruction algorisms can be found in other referenced
papers.[1941%]

Here, the SFS effectin SIM is essentially induced by the convo-
lution between the illumination pattern I(k) and the spatial spec-
trum of the sample F (k). The spatial frequency k, in the illumina-
tion pattern determines the highest obtainable SF: kg, = k. + k..
Thus, the innovations on illumination method led to many vari-
ants based on SIM with higher resolution, such as SSIM,[*4] NL-
SIM,[46] PSTM (52103 [ PSTM,[106,107,159199.200] apd ¢STM.[192] The
theory also applies to any illumination patterns with high spa-
tial frequencies, such as confocal microscopy and the related spot
scanning SIM, which exploit a diffraction-limited excitation fo-
cus (or multi-foci) to scan the sample. The excitation focus con-
tains all spatial frequencies up to the cutoff frequency of the con-
denser objective, enabling a doubled resolution. Some examples
of spot scanning SIM include ISM, /2011 OPRA, 1202 MSIM, 2] and
instant SIM.5¢] Table 2 summaries some SIM-based techniques
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Table 2. Comparison of various SIM methods.
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Methods Resolution Objective lens used Excitation Speed per color Excitation intensity Ref.
wavelength

2D-SIM 100 nm (x, y) 100x/1.49 488 nm 0.09 s 5-10 W cm~2 101,205,304]

High-NA SIM 84 nm (x,y) 100x/1.7 488 nm 0.8s 30-100 W cm~2 1205]

Hessian-SIM 88 nm (x,y) 100x/1.7 488 nm 0.005 s 187 W cm™2 [165]

3D-SIM 120 nm (x, y) 60x/1.2 488 nm 5-25s ~5 W cm™2 [305,306]
360 nm (2)

ISM 150 nm (x, y) 60x/1.2 640 nm 25s ~1.5% 10° W cm—2 1201]

OPRA 327 nm (x, y) 63%/0.7 488 nm 10s - 202]

MSIM 145 nm (x, y) 60x/1.45 488 nm/561 nm 1s - [203]
400 nm (z)

instant SIM 145 nm (x,y) 100x/1.45 488 nm 0.01s ~5-50 W cm~2 156]
356 nm (2)

SSIM 48.8 nm (x, y) 100x/1.4 532 nm 16s 1% 107 W em™2 [44]

NL-SIM 42 nm (x, y) 100x/1.46 488 nm 100 s 1-10 W cm™2 146]

PSIM 123 nm (x, y) 63x/1.0 532 nm - - [52,103]

LPSIM 50-74 nm (x, y) 60x/1.2 405 nm/488 nm /532 0.025-1s 5-150 W cm~2 [106,107,159,199,200

100x/1.65 nm
cSIM 117 nm (x,y) 60x/1.2 660 nm - - [10z]
SIQCM me+/m fold” - - - - 1307)

) The parameter m is the quantum correlation order.

proposed further to improve the resolution as well as other pa-
rameters.

TIRF-SIM: The TIRF-SIM method is proposed by using a
high-NA objective lens to further extend the lateral resolution of

2nsing

the SIM. The spatial-frequency shift becomes k, = ==, where n

is the refractive index of the matching liquid, 6 is the incident an-
gle. Compared with conventional SIM, the illumination pattern
now becomes the evanescent waves and can further provide very
low background noise and the reduced phototoxicity.

The idea of TIRF-SIM is proposed almost as early as the SIM
method!'%! but not realized until six years later, where a 1.45 NA
objective lens was used, and an ~100 nm lateral resolution was
achieved.?® In recent work, an ultrahigh 1.7 NA objective was
used to achieve a lateral resolution of 84 nm, which allows two-
color imaging at intensities of only 30 to 100 W cm™2 in a to-
tal acquisition time of 1.67 5.12%%) The authors used this high-NA
TIRF-SIM to study the dynamic associations between proteins
with 80-100 time points.

For live-cell imaging, the time resolution is critical. The firstin
vivo images obtained with TIRF-SIM achieved a #110 nm (NA =
1.49, 4., = 488 nm) resolution at frame rates up to 11 Hz for 180
time points. Later, an imaging speed of 7-20 Hz was reported
in several works by using the spatial light modulator.!2°¢2%7] Re-
cently, “instant SIM,” a multi-spot analog SIM with TIRFM
implementation, offers a ~145 nm lateral and 356 nm axial res-
olution(NA = 1.45, 4., = 488 nm) and ~100 Hz frame rate, dra-
matically improved the time resolution compared with conven-
tionally TIRF-SIM.[5® Another work, Hessian-SIM, uses the con-
tinuity of biological structures in the x, y and time axes as a priori
knowledge to guide the reconstruction process, which can obtain
artifact-minimized SR images with an 88 nm lateral resolution
(NA =1.7, A, = 488 nm) and a 188 Hz ultrahigh frame rate.[1**]
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The penetration depth of TIRF microscopy can be tuned by
changing the incident angle 6, providing a 3D superresolution
imaging technique. The typical penetration depth of the evanes-
cent wave is from ~100 to ~#700 nm,!'8%2%] depending on the re-
fractive index contrast and the chosen incident angle. By combin-
ing this exponential decay leveraging method with TIRE-SIM, the
multi-angle interference microscopy (MAIM) can provide a sub-
100 nm lateral resolution and 40 nm axial resolution over 600 nm
depth range.[¥]

Chip-Based SIM (cSIM): In conventional SIM and TIRF-
SIM, a large FOV and high resolution cannot be simultaneously
obtained. Besides, the commercial liquid immersion objective
lens has a limited NA of 1.7, which restricts the resolution of
TIRF-SIM to around 80 nm.[?%] The chip-based SIM break this
limitation by using a waveguide to generate standing evanescent-
wave interference pattern for SIM. The spatial-frequency shift is
no longer limited by the objective lens, but rather depending on
the effective refractive index of the waveguide (usually larger than
2.0), and a larger FOV can be obtained by choosing a low-NA ob-
jective lens. The spatial-frequency shift in ¢SIM can be expressed
as: k, = 2ngsin? /A, where 4_, is the excitation wavelength, n, is
the effective refractive index of the guided mode and 6 is the angle
of interference. The effective refractive index of the guided mode
is usually a little less than the refractive index of the waveguide
material. By using natural dielectric material with a high refrac-
tive index, like Si;N, (n = 2), Ta, O, (n = 2.1), TiO, (n = 2.6), SiC
(n = 2.6) or even GaP (n = 3.4),12% the resolution of cSIM can be
potentially reduced to ~50 nm (TiO, waveguide, NA = 1.7, 4., =
405 nm).

Helle et al.l'% reported a ¢SIM demonstration using Si;N,
waveguide (n; = 1.7). It reported a 1.2 times resolution en-
hancement compared with TIRF-SIM, corresponding to a lateral
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resolution of 117 nm (NA = 1.2, A, = 660 nm). To obtain
uniform illumination over a large FOV, a single-mode waveg-
uide is adiabatically tapered?1%211] to a wide waveguide (theoret-
ically applies for waveguides with over several mm? areas). By
integrating phase modulation (such as on-chip thermo-optical
modulation),!?] ¢SIM may have opened an avenue for high-
throughput, large-producible, and miniaturized superresolution
imaging.

4.2. SFS with Plasmonic Structures

To further increase the resolution, illumination with higher
spatial frequency is needed. High-refractive-index dielectric
materials have demonstrated a successful choice to enhance
the resolution by generating evanescent waves illumination
in SFS microscopy, as aforementioned. Plasmonic material
is another excellent candidate to form excitation illumination
with a large spatial frequency, i.e., the SPPs and LPs. SPPs
and LPs are demonstrated electromagnetic oscillations gener-
ated by collective oscillations of electrons in resonance with
a light wave at a conductor/dielectric interface.?12213] Once
excited, SPPs and LPs can be confined to a deep subwave-
length scale, leading to a remarkable enhancement of the lo-
cal field and allowing the manipulation of light far below the
diffraction limit.?'* They are attractive for wide-ranging applica-
tions, including subwavelength imaging,21>-2'7] sensing,218-228]
subwavelength waveguides,[22°-233] plasmonic lithography, 234236
photovoltaics,!237-24%1 optical tweezer,2#1-24 and optical analog
computing.[2#7-20]

SPPs were employed in superlens experiments for the SES
based superresolution microscopy as early as 2007.11%1%7] [n the
near-field superlens, the large-wavevector evanescent waves of
the sample are resonantly enhanced by the plasmonic superlens
slab, thereby generating a superresolution image on the other
side.[!] To bring the near-field information into the propagat-
ing far-field regime, the far-field superlens was designed with a
subwavelength grating on top to downshift the spatial spectrum
of the sample.[**61¢7] Plasmonic waves could also be applied in
FPM to provide a better resolution.[*®! In this work, SPPs are ex-
cited by Kretschmann setup using a 1.4 NA objective and a 2D su-
perresolution imaging is realized (sample: grating structure with
240 nm period width) under 640 nm wavelength light illumina-
tion (0.61 4/NA = 279 nm). Recently, methods using patterned
surface plasmons to illuminate the samples have been theoreti-
cally proposed and experimentally demonstrated, like PSIM[52103]
and LPSIM.[1%199] The principle, as well as detailed experimental
implements of PSIM and LPSIM has been discussed in a book
edited by Zhaowei Liu.[??] These methods, combined with fluo-
rescent imaging, demonstrate the biocompatibility and will find
applications in future research in biomedical study.

4.2.1. PSIM

Sharing a similar mechanism with SIM, PSIM uses surface plas-
mon interference (SPI)[?>] instead of conventional laser inter-
ference to illuminate the sample. Generally, PSIM has a better
resolution compared with SIM due to the much smaller period
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of SPI, which can bring a higher spatial frequency shift in the
spatial frequency space. The spatial frequency shift k; of PSIM
is determined by k,,, which can be tuned by the permittivity of
metal and the surrounding dielectric at a specific illumination
wavelength. For a metal/dielectric interface, the dispersion rela-
tionship of SPPs can be described as

£ €
k| = [k md 10
spp | 0| £, + £, ( )
where |k,,| and |ky| represent wavevectors of SPPs and free-

space light propagating in vacuum, ¢,, and ¢, are the permittivity
of metal and dielectric. A comparison of the typical dispersion
curves of the SPPs and photons in air and dielectric materials,
as plotted in Figure 6, shows that k,,, is always greater than k,,
and can be extremely large at the surface plasmon resonant fre-
quency @,. Thus, this large wavevector of SPPs can provide a
more substantial spatial frequency shift and a higher resolution
compared with conventional SIM and evanescent fields illumi-
nated SIM. For insulator-metal-insulator (IMI), the coupling of
propagating modes on different interfaces will split the disper-
sion relationship of SPPs into odd modes and even modes as
the metal thickness decreases to tens of nanometers.['3124] It is
worth noting that the |k, | of even modes will increase inversely
with the metal thickness, which is advantageous for superresolu-
tion imaging applications. Different modes can be excited indi-
vidually or simultaneously to form large-wavevector interference
patterns that can be used in PSIM.

To launch SPPs, the momentum mismatch between excita-
tion photons and plasmons should be compensated. Existing
SPP excitation methods include prism coupling, grating cou-
pling, edge/slit coupling, objective coupling, and near-field
excitation.l?!?] Among these methods, grating coupling,?>]
edge/slit coupling,'®3] and objective coupling excitationl25¢-2>8]
are mostly used in PSIM configuration for their convenience in
implementation and possibility of generating regular SPP inter-
ference patterns, which is superior to irregular ones in terms of
resolution and signal-to-noise improvement in the imaging.[>!

The implement of PSIM requires illumination patterns to be
tuned with multiple directions and multiple phase shifts. Al-
though the coupling structure geometry is fixed, the SPI direc-
tion can be tuned by the illumination polarization, since the
SPP coupling efficiency for polarization perpendicular to the cou-
pling structure is more significant than that parallel the coupling
structure.2% To realize the multiple phase shifts in the SPI, con-
trolling the optical delay in individual excitation beams,**>] and
controlling optical vortices with topological charges for objective
coupling!?*®] are possible solutions. For edge/slit excitation with
multiple periods on the order of micrometers, it is more practical
to adjust the angle of incident light to introduce a phase differ-
ence ¢(0) between two adjacent edges/slits. This angle variance
could translate to a phase difference in the excited SPP waves and
thus lateral shift of the interference patterns.

Metal/Dielectric Multilayer Meta-Substrate PSIM: The sub-
strate of PSIM is mainly composed of metal/dielectric multilayer
films. In 2012, Wang et al.[?%] first experimentally demonstrated
the superresolution imaging of nanoparticles using plasmonic
standing waves. A 2D PSF FWHM of 172 nm was demonstrated
with a fluorescence centered at 645 nm under a 1.42 NA objective
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Figure 7. Demonstration of resolution improvement in PSIM and LPSIM. a) Schematic of the PSIM. Green patterns on the top of the substrate are
near-field intensity patterns on an object plane generated by p-polarized laser beams in two orthogonal directions. b) Conventional fluorescence image.
) Reconstructed PSIM image. Fourier spectra are shown in the top-left corner of (b,c), respectively. The yellow dashed circles in (b,c) indicate the optical
transfer function (OTF) of the conventional microscope system and that of the PSIM system. (a—c) Reproduced with permission.['%] Copyright 2014,
American Chemical Society. d) Schematic of the LPSIM. Generated near-field intensity patterns on an object plane created by TM-polarized laser beam
incident to the 60 nm hexagonal silver disk array on the sapphire substrate at angles of —60°, 0°, and 60°, along one of the three symmetry axes. e)
Diffraction-limited image of green microtubules. f) Corresponding LPSIM image of (e) with significantly improved resolution. Fourier spectra are shown
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in the bottom-left corner of (e,f), respectively. (d—f) Reproduced with permission.['9] Copyright 2018, American Chemical Society.

lens. In 2014, Wei et al.[1%] completed another demonstration of
PSIM using a silver film with a thickness of 250 nm and peri-
odic slits array spaced by 7.6 pm to launch counter-propagating
SPPs. The propagating SPPs form interference patterns and ex-
cite the fluorescence beads with diameters of 100 nm distribut-
ing randomly on the silver film surface. Six images with different
illumination polarization and angles were recorded and spliced
in the SF space to form a large Fourier domain. The FWHM of
a single 100 nm diameter fluorescent bead decreases from 327
to 123 nm after SFS processing, yielding a ~2.6-fold resolution
improvement (Figure 7a—c).

Further efforts have been devoted to improving the resolution
of PSIM with more complex substrates, e.g., the metal-dielectric
multilayer. Modes in a metal-dielectric multilayer can be repre-
sented by the linear combination of individual surface modes.
Thus, as the number of metal films increases, the maximum of
the modal index will increase accordingly.[?!] The usage of metal-
dielectric multilayer to launch deep-subwavelength patterns can
be applied in photolithography.?62] Similarly, the metal-dielectric
multilayers can also be adopted in PSIM for the generation of
large wavevector |k, |.

However, the energy transmission rate is limited due to the
significant loss of multilayered metal films. To overcome this
problem, Yu and co-workers(?®] proposed a six-layer structure
(with 1 pm? cross-section area) consisting of Ag-Al,0,-Ag—
SiO,—Ag-H, 0 to decrease the number of metal films. Finite-
difference time-domain (FDTD) Simulation and theoretical cal-
culation demonstrated an interference SPP pattern with a period
of 84 nm could be generated at the surface of the substrate. The
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postprocess includes illumination with different incident angles
and polarizations controls. Finally, the image of a 10 nm diam-
eter quantum dot was reconstructed as a spot with FWHM of
41 nm, which translates to a 5.3-fold improvement compared
with conventional epifluorescence microscopy. Different from
this work, in ref.[2%4] the symmetrical coupling of two short-range
SPP modes in the dielectric film is used and therefore generating
SPPs with ultralarge wavevector. The simulation shows the pro-
posed Ag/Al,O,/Ag/H, O multilayer films could have a high res-
olution of 16 nm when applied in PSIM, which is 13.6 fold com-
pared with conventional epifluorescent microscopy. The multi-
layer structure also has an excellent tunability of SPPs by varying
the thickness and permittivity of dielectrics.

Graphene-Assisted PSIM: Graphene has been widely in-
vestigated for its several unique properties, such as ultrahigh
carrier mobility and excellent tunability in conductivity.265-272]
Similar to noble metals supporting collective free electron oscil-
lations, the electrons in the doped graphene can also respond
to the electromagnetic field resonantly leading to graphene
plasmons (GPs). Comparing with the metal case, the energy
loss of the tightly confined GPs is lower, and the propagation
length is about a few dozens of wavelengths of the excited mode.
Most importantly, the propagation length and the effective
refractive index can be dynamically tuned by adjustment of the
chemical potential of graphene through applying temperature
field,?*l magnetic field,”’# or electrical field.[?’°) Thanks to
these inherent properties, researches on GPs have made re-
markable progress!?’>?7%l and found comprehensive applications
in transformation optics,!?”7%8] nanoimaging,'%>?7-2811 and
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tunable metamaterials.[?>282283] Besides, the developments on

upconversion fluorescent nanoparticles, that converse near-
infrared (NIR) light to visible wavelengths, 242851 have made
it more easier to facilitate the visible superresolution imaging
using GPs in the NIR range. Graphene can be combined with
designed substrates to realize ultrahigh-resolution PSIM.

For the graphene layer, the surface conductivity o, can be cal-
culated

ietky T U _ ke
=B (e (e T 41
% ﬂhz(w+i/r)(kBT+ n(en+ ))

+

ie? ‘ZMC —hlw+i/7) 1)

4 | 2u + (0 +i/7)

where e represents electron charge, kj is the Boltzmann constant,
T is the Kelvin temperature, / is the reduced Planck constant, @
is the radian frequency, p_ is the chemical potential, and 7 is the
electron—phonon relaxation time, respectively. The relative per-
mittivity e, can be represented as

%
(12)
gowA

8g=1+l

where ¢, is the permittivity of vacuum, and A denotes the
graphene thickness. From Equations (11) and (12), the permit-
tivity of graphene depends on the chemical potential, which can
be externally tuned by the bias voltage, thus leads to wavevector
tunable GPs.

The graphene-assisted PSIM was first proposed by Zubairy
and co-workers(!®! In their scheme, GPs were launched by the
grating on a dielectric-monolayer graphene-dielectric substrate
and a wavevector of 45.7k, was obtained. By optimizing the pa-
rameters like the Fermi energy, wavelength of the incident light,
and permittivity of the dielectrics, they obtained a 10 nm resolu-
tion compared with conventional microscopy.

To further increase the resolution and make it suitable for
practical application, another scheme termed as hybrid graphene
on metasurface structure (GMS) was proposed.!?*"] The physical
mechanism of GMS is based on localized surface plasmon en-
hancement and GPs. The GMS structure consists of a single layer
of graphene deposited on a SiO, /Ag/SiO, multilayer. The 10 nm
thick silver film enables a highly localized SPP as the excitation
source to GPs lying above. FDTD simulation finds that standing
wave GPs with a period of 11 nm can be achieved on graphene
for 980 nm wavelength excitation light, and the resolution could
reach 6 nm theoretically.

4.2.2. LPSIM

Different from PSIM using propagating SPPs, the LP-
SIM wuses patterned LPs to illuminate the sample (Fig-
ure 7d).[106:107:159.199.200] The illumination patterns are generated
by an array of localized plasmon antenna fabricated by electron-
beam lithography. Different from SIM or PSIM, whose spatial
frequency shift is limited by the free-space or propagating SPP
dispersion relations, the period of the structured illumination
patterns in LPSIM is only limited by the antenna size geometry
thus an arbitrary spatial frequency shift in the Fourier space
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could be obtained. Suppose the pitch of the antenna array is p,
then the spatial frequency shift k, can be described as: k, = 2z /p.

In 2017, Ponsetto et al.l'%] first experimentally confirmed the
superresolution ability of LPSIM. The chip is silver nanodisks
hexagonally distributed on silica or sapphire substrates. A thin
protective layer covered on the silver nanodisks was used to pro-
tect the silver from oxidation and separate the silver from the
biological samples while the thickness should be small enough
to keep the sample in the range of the evanescent plasmonic
field. The size and pitch of nanodisks were optimized by sim-
ulation. In the experiment, the antenna has a diameter of 60 nm
and a pitch of 150 nm. They used this chip to image the fluo-
rescent polystyrene beads (emission wavelength of 500 nm) and
achieved a resolution of 74 nm (4/(5.6 NA)). The collected im-
ages are far-field fluorescent emission modulated by the local-
ized plasmon generated near-field patterns. To reconstruct the
final image, the near-field illuminating patterns should be var-
ied by changing the incident angle. Also, to excite the LPs in the
desired direction, the polarization of the incident light should be
controlled correspondingly. In 2018, Bezryadina et al.'*”] demon-
strated a wide-field LPSIM with 50 nm (1/(6 NA)) spatial resolu-
tion at video rate speed (30-40 Hz) with comparatively low light
intensity (100-150 W cm™2). The 60 nm diameter silver disks
with 125 nm pitches were used to achieve the best resolution.
The microtubules stained with green fluorescence were imaged
in transmission mode with a 100 X 1.65 NA high-index oil im-
mersion objective, demonstrating the compatibility with live-cell
imaging (Figure 7e,f). To further improve the resolution, the LP-
SIM could be combined with the spatial frequency compression
method. Bezryadina et al.'*! employed optical tweezers to con-
trol the microsphere lens on top of the LPSIM substrate with flu-
orescent objects and obtained a resolution of 57 nm (1/10) with
a low NA objective lens.

The LPSIM can provide a large shift in the SF space by using
nanoantenna arrays with further decreasing the pitch. However,
when the pitch is smaller than ——, a missing gap will appear in
the SF space, which leads to distortion in the final reconstructed
image. Recently, it is demonstrated the blind-SIM algorithm is
superior to the standard SIM algorithm in the case of informa-
tion missing in SF space;?® however, an oversampling should
be sacrificed. The blind-SIM algorithm reconstructs the super-
resolution image in the real space using a cost-minimization ap-
proach. With more information provided, the resolution of the
reconstructed image will be better. Nevertheless, it is still hard to
achieve the theoretical resolution beyond A/(6 NA). In the experi-
ment, they used 27 subimages in six directions to obtain an imag-
ing resolution of 81 nm (4/(5.8 NA)), while the theoretical reso-
lution is 52 nm using an array pith of 135 nm with a collecting
objective lens of 1.2 NA. Further, the missing spatial frequency
could also be filled by designing quasi-periodic structures, each
excited by a different illumination wavelength.

Compared with PSIM, the spatial frequency shift of LPSIM
is independent of the wavelength and permittivity character.
However, to improve the SNR and the imaging speed, the wave-
length and permittivity should be carefully chosen to ensure the
resonant plasmonic enhancement. The illumination of LPSIM
is a paralleled point scanning using nanoantenna fields, sepa-
rating the illumination and detection lens; thus, a large spatial
frequency shift imaging with a large FOV could be obtained at
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Figure 8. SFS method with tunable spatial frequency. To reconstruct a su-
perresolution image with high fidelity, tuning wavevector in an extensive
range is necessary.

high speeds. The limit of the LPSIM is the large-scale fabrica-
tion, the imperfection of which will bring wrong sampling and
generate a distorted image. Similar to other near-field illumina-
tion superresolution imaging methods, LPSIM can only detect
the sample structures with a thickness within the depth of the
evanescent waves. From another point of view, the sectioning
ability will bring a better imaging contrast by cutting off the out-
of-focus noise.

4.3. SFS with Tunable Spatial Frequency

For SFS methods, the existing problem remains in the acquire-
ment of evanescent wave illumination with large and tunable
wavevectors. Like in other superresolution imaging methods that
operate in the SF domain, the spatial frequency stitching is a crit-
ical step to achieve the final image for SFS methods. A recon-
struction image with higher resolution and fidelity requires mul-
tiple spatial frequency shifts with an overlap between adjacent
shifted domains.**'%”] Thus, a large and continuously tunable
wavevector is a necessity (Figure 8). The large-wavevector evanes-
cent waves could be provided by a high-refractive-index waveg-
uide or HMMs without wavevector cutoff.[%138.286:287] Various re-
searches have been done to continuously tune the wavevector. For
dielectric waveguides, one direct way is to adapt the wavevector
of evanescent waves by varying the wavelength of the incident
light. For metal/dielectric substrates, the wavevector of launched
SPPs could be dynamically tuned by externally controlling
the hyperbolic dispersion. Various approaches, such as optical
excitation, electrical gating, and external temperature variation,
have been combined with tunable constituent materials to launch
wavevector-tunable evanescent waves.[?8]

Another scheme is to use specially designed substrate to gener-
ate multiple spatial frequencies simultaneously, which is similar
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to that in saturated structured illumination (SSIM)*# and non-
linear structured-illumination microscopy (NL-SIM).[¢]

The tunable spatial frequency has not attracted enough atten-
tion. In future research, deep and tunable frequency shift will be
an essential and useful approach to obtain sub-50 nm wide-field
far-field resolution superresolution imaging, which is necessary
for nanoscale imaging and analysis in biology and materials.

5. Future Perspectives/Outlook

Just a few years after the first implementation, superresolu-
tion techniques are transforming our understanding of opti-
cal physics along with the microscopic biology world. Ongo-
ing developments suggest that an impressive diversity of bio-
logical and medical questions could be answered using optical
nanoscopy. As complementary techniques of existing far-field
nanoscopy like STED and STORM, evanescent wave assisted su-
perresolution methods have shown us their power in resolution,
imaging speed, and FOV. Compared with conventional imaging
methods used for the detection of subwavelength details rely-
ing on relatively sophisticated, cumbersome, and expensive mi-
croscopy systems, chip-based superresolution methods provide
new avenues toward cost-effective and easy-to-use superresolu-
tion imaging. Besides, superresolution methods based on large-
wavevector electromagnetic evanescent waves put less require-
ment on special fluorescent dyes and will find wide applications
in biology, medicine, and semiconductor industry.

Although we have addressed many benefits gained from these
superresolution techniques, it is worth noting that there is still
no ideal method to possess all advantages simultaneously. For
instance, NWRIM can have a large FOV and fast imaging speed
but sacrifices the resolution improvement, while for microsphere
nanoscopy, the resolution and the scanning imaging speed are
contradictory. Besides, methods based on SFM are typically as-
sociated with evanescent waves, requiring near-field interactions
with samples, either with an evanescent-wave-generating sub-
strate or a superlens. Therefore, the application of these super-
resolution methods is highly dependent on the comprehensive
understanding of the requirements of the end-user. As nascent
technologies, these superresolution methods also face challenges
from other techniques and require new technology advance-
ments.

Resolution and imaging quality are the priorities of a super-
resolution system. For surface-wave based superresolution meth-
ods, the key to improving the resolution and image quality is
finding new materials with high refractive index and low opti-
cal loss. Metamaterials fill in the gaps by providing the ability
to generate large-wavevector evanescent waves or collect evanes-
cent waves efficiently. The realization of a theoretical perfect
superresolution device is possible with judicious design pro-
cesses. However, the limit in fabrication accuracy and through-
put of current technologies, e.g., electron beam lithography!2%]
and focused ion beams,?®! should be further enhanced to
meet the ever-increasing demand for precision and large-scale
fabrication.!! Another promising direction is the combination
with other nanoscopy methods, which is termed as correlative
superresolution microscopy.[22%1 Typical ideas of chip-based
correlative superresolution microscopy are SSUM (combining
microsphere lens with AFM system),l””l mSLCM (combining
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microspheres with scanning laser confocal microscope),®? and
chip-based dSTORM.?*!] Such combined approaches either pro-
vide valuable contextual information or improve imaging perfor-
mance such as resolution, FOV, or speed. In addition, all these
imaging methods could be combined with the recently devel-
oped deep-learning approaches to improve the resolution and
the imaging quality further.[?>-?’] Finally, the chip-based super-
resolution imaging method will give full play to its superiority
if combined with integrated technologies. For example, a field-
portable superresolution imaging device can be obtained if we
can develop a lightweight and compact optomechanical adaptor
to make the superresolution chip adapt to the existing camera
module of a cell phone.[2%! Further, the chip-based superresolu-
tion methods could develop into diagnostic tools for use at the
point of care (POC) if combined with other sensing or detecting
technologies.[299300]

As the microsphere nanoscopy is now becoming commercially
available, it is exhilarating to expect more commercialized super-
resolution microscopy and their applications in research or in-
dustry in the near future.
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