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A Supercritical Lens Optical Label-Free Microscopy:
Sub-Diffraction Resolution and Ultra-Long Working Distance

Fei Qin, Kun Huang, Jianfeng Wu, Jinghua Teng, Cheng-Wei Qiu, and Minghui Hong*

The optical microscope is widely employed in both scientific
researches and industrial communities. Its resolving power
is limited by the Rayleigh diffraction limit 0.61A/NA (where
NA is numerical aperture), even for the ideal optical system
without any imperfection or aberration.l!l During the past dec-
ades, great efforts have been devoted to breaking the diffraction
limit, which could be categorized into near-field and far-field
operations in general. The near-field approaches, such as super-
lens, 23 hyperlens,*] microsphere assist imaging,’! and near-
field scanning optical microscopy,®! use the evanescent waves
containing high spatial frequencies to solve fine objects. So
the imaging process needs to be performed very close to the
sample, which brings significant challenges in practical appli-
cations. Stimulated emission depletion microscopy (STED),
photo-activated localization microscopy (PALM), and stochastic
optical reconstruction microscopy (STORM) are able to provide
the resolution at tens of nanometer in far-field by selectively
activating or deactivating fluorophores.’1!l However, the pre-
processing and labeling of samples by specific dyes make these
techniques only valid for imaging biology specimen.

Recently, a non-invasive universal imaging technique,
called as super-oscillatory lens (SOL) optical microscopy, was
invented. This technology provides a promising way to achieve
pure optical super-resolution imaging in far-field, could be
used at any wavelength, and does not depend on the lumines-
cence of object. However, it is still struggling against several
intractable issues:'>7] (i) image distortion and small field of
view caused Dby the inevitable side-lobes of a super-oscillatory
spot; (ii) complicated nano-lithographic technique required in
fabrication due to the sub-wavelength features sizes; (iii) short
working distance leading to a low tolerance of optical mis-
alignment and environmental disturbance; (iv) short depth of
focus (DOF), then consequently, a tiny bit of deviation in the
object position resulting in huge degradation of super-resolu-
tion property. To surmount these inherent barriers and bring
the academic concept into practical applications is always a
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big challenge.'¥! The farfield sub-wavelength focusing has
also been demonstrated by other nano-structured lenses, such
as photon nanosieve meta-lens and graphene oxide flat meta-
lens, which unfortunately suffer from similar problems like
SOL.I%20 Furthermore, although a sub-wavelength optical
needle can be obtained by focusing the radially polarized (RP)
beam, its undetectable longitudinal component by the usual
optical system severely limits its applications.21:22]

In this Communication, we propose a non-invasive micros-
copy based on a concept of supercritical lens (SCL), and experi-
mentally recognize a pattern with the minimal feature size
of 65 nm (0.164) in air under the illumination wavelength of
405 nm. This microscopy exhibits an ultra-long working dis-
tance of 55 um (135A), one order improvement compared to the
reported SOL results, providing sufficient space for samples’
adjustment. The focusing spot of such lens has a lateral width
of 0.407A without significant side-lobes, and shows an =124
needle-like focal region along the light propagation, ensuring
high tolerance in axial positioning. All these benefits enable us
to achieve a high-quality image for a large-area object at a high
scanning speed. Our SCL microscopy makes the first attempt
to map the horizontal detail of a 3D object, which significantly
extends the scope to the regimes that are unexploited in other
microscopies.

For a planar diffraction lens, the lateral size and axial posi-
tion of its focal spot, in principle, can be customized by opti-
mizing the lens (i.e., width and radial position of each belt).
The traditional Fresnel zone plate (FZP) usually focuses light
into an Airy spot of [Jo(krNA) + J,(krNA)|> with the size of
0.61A/NA, which is the same as the Rayleigh criterion (RC)
defined in the spherical-lens-based optical imaging system,?*!
accompanied by a very weak side-lobe with a mere 1.75% inten-
sity of main spot. Sub-diffraction limit focusing is feasible but
needs to pay the cost of the increasing side-lobes. Adjusting
the proportion of high and low spatial frequencies should be
elaborately considered in the optimization, because the light
with higher spatial frequencies corresponds to a smaller main
spot. The extreme case is that, light with only the maximum
spatial frequency is focused into a hotspot of |Jo(krNA)|?, which
is named as maximum-frequency spot,** where ], is the zero-
order Bessel function of the first kind, r is the radial position in
polar coordinates, k = 2m/A and A is the wavelength, as shown
in Figure 1a. This maximum-frequency spot has a main-lobe
of 0.384/NA and comes with moderate side-lobes. The peak-
intensity ratio between the strongest side-lobe and central
main-lobe is 16.2%, which is usually acceptable in practical
applications. The DOF could be extended into a needle-like
focal region while the main-lobe size is slightly larger than
0.384/NA. The focal spot certainly can be further reduced so
that the light in the main-lobe region oscillates faster than the
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Figure 1. Design and characterization of the supercritical lens. a) Possible intensity patterns of focal spots by planar lens. By Rayleigh criterion (RC)
and super-oscillation criterion (SOC), the focal spots are categorized into three gradually variant ranges. From the range of above-resolution to super-
oscillation, the size of main-lobe decreases smoothly, accompanied by the gradually increasing side-lobes, as the inset field patterns shown. Rsc:
Radius of supercritical hotspot. b) Schematic configuration of the 405 nm supercritical lens. R, represents the radius of the central circle (dashed) in
the nth belt, and the width Ad is fixed at 1.2 um for all belts. c) SEM image of the fabricated supercritical lens. The zoom-in view of the dashed box
is shown in the upper-left corner. d) Comparison of the line intensity profiles along x-axis of the focal spot between the simulated and experimental
results. €) Measured intensity profile of the optical needle along the propagation distance in the region from z = 44 to 64 um.

maximum-frequency hotspot, which is termed as super-oscil-
lation in mathematics.”®! Correspondingly, 0.381/NA kept in
maximum-frequency spot is taken as super-oscillation crite-
rion (SOC).2*26] However, the cost is that the side-lobe inten-
sity increases exponentially, and the depth of focus is extremely
short, which imposes a big challenge on its applications,
although it holds the promise for an infinitesimal main spot.!'’l

The terminology of supercritical is usually used to describe
a physical state above a critical threshold, leading to some
intriguing properties, such as supercritical fluid in condensed
matter physics, supercritical aerofoil in aerodynamics field,
supercritical mass in nuclear physics, etc. From the above anal-
yses, it is found that the sub-diffraction limit focal spot with a
long DOF could be achieved when the optimization target is
set in the range from RC to SOC. To emphasize this point, as
depicted in Figure la, we define the SCL as a planar diffrac-
tion component which has a focusing spot slightly larger than
SOC (0.384/NA), and a needle-like focal region with its DOF
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Az > 2A/NA? that differs from traditional spherical lens,
FZP, SOL, and others.?3] The threshold in our case is the
super-oscillation criterion, and the unique properties are its
sub-diffraction-limited focal spot, weak side-lobe, ultra-long
focal length, and needle-like focal region.

Figure 1b presents the sketch of the 405 nm SCL composed of
a series of concentric transparent belts. The focal length of this
SCL is chosen at z = 1354 for a large operation space in subse-
quent imaging process. Distinguished from SOL with destruc-
tive interference, our SCL employs the constructive interfer-
ence, which allows more light with high spatial frequencies
to obtain the required sub-wavelength needle light. Therefore,
through tuning the positions of each belt, the designed lens
has 64 transparent belts with the largest radius Rgy = 299.4 um,
and the smallest radius R; = 120 um which filters out the lower
spatial frequencies of light. All the belts have a fixed non-sub-
wavelength width Ad = 1.2 um for facile fabrication, and the
smallest gap between two neighboring belts is 1.4 um, also in
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Figure 2. Super-resolution imaging of SCL microscopy. a) Schematic of SCL microscopy. When the SCL is illuminated by a 405 nm circular polarized
(CP) beam, a sub-wavelength optical needle with 121 long is formed at 1354 away from the SCL plane. The imaging sample is placed in the needle
range and raster scanning in x-y plane. The transmitted signal is collected by an objective. b) SEM of nanoscale Big Dipper used for the resolution
demonstration. ¢) Imaging result by a normal transmission-mode (T-mode) microscope with an NA = 0.9 objective lens under the illumination of
405 nm wavelength. d) Imaging result by the laser scanning confocal microscopy (LSCM) with the same wavelength and objective lens. For the better
comparison, LSCM image is presented with inverted color from the source image, since the LSCM is working in reflection mode which differs from
others. e) Imaging result by SCL microscopy which shows that the 65 nm space between the stars € and { can be clearly distinguished. These images are
presented by pseudo-color for a better view. Insets are the line intensity profiles through the center of stars € and § for each image. Scale bars: 500 nm.

non-sub-wavelength scale. By utilizing the conventional laser
pattern generator, we patterned the SCL directly on a standard
chrome photo-plate by precisely controlling the parameters of
the fabrication process (see the Supporting Information for
more details about the design and fabrication of SCL). The
scanning electron microscopy (SEM) image of the fabricated
SCL, as shown in Figure 1c, indicates that the fabrication error
can be controlled under +50 nm to guarantee the focusing
performance of SCL without significant deviation. The optical
image of the entire SCL is shown in Figure S1 (Supporting
Information). In order to characterize its focusing properties,
a 405 nm wavelength circular polarized beam is used to illumi-
nate the SCL from the substrate side. A focal spot with its full-
width-half-maximum (FWHM) of 165 nm (0.407A) in lateral
size is experimentally obtained at a distance of 55 um (=1354)
away from the SCL. The line intensity profiles of the focal spot
are plotted in Figure 1d, which witnesses excellent agreement
between the simulated and measured results. A 3D view of
the measured intensity profile shows that the intensity pat-
tern is dominated by the central main-spot without significant
side-lobes (see Figure S2, Supporting Information). Moreover,
as depicted in Figure 1le, the focal spot could stably maintain
and form the required needle-like focal region from z = 53 to
58 um in experiment, which would greatly benefit the imaging
performance.

Based on the SCL, a customized microscope system working
in scanning scheme was built for the demonstration of super-
resolution imaging. The imaging sample is placed at the focal
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region of SCL, and scanned in x-y plane by a piezo-stage during
the imaging process, as illustrated in Figure 2a for the working
principle. The light scattered from the object is collected by
an objective lens and finally projected onto a photomulti-
plier tube (PMT). For its further details and image of the real
apparatus, see Figure S3 (Supporting Information). In order
to filter out the halo effect caused by the side-lobes, a 10 pm
diameter pinhole is employed and placed at the position that is
conjugated with the object plane. In fact, the pinhole can also
slightly improve the imaging resolution of the whole system,
but it is more desired to enhance the imaging contrast in terms
of eliminating the halos beyond the central spot region (see
Figure S4, Supporting Information). In addition, working as a
purely focusing element in such a scanning scheme, our SCL is
able to avoid the complicated aberration correction that must be
involved for the high-quality imaging in a conventional projec-
tion scheme.

To demonstrate its resolving capability, we use the SCL
microscope to image a nanoscale Big Dipper with stars taken
as nanoholes with 163 nm diameter in average, which are
fabricated on a 100 nm thick chromium film by focused ion
beam (FIB) milling. As the SEM image shown in Figure 2b,
the smallest gap between stars € and { is only 65 nm, which
is far beyond the diffraction limit for visible light. When this
pattern is examined by a conventional microscope with a
NA 0.9 objective in transmission-mode (T-mode), the signal
of stars € and { are mapped into a blob, and cannot be
resolved at all (Figure 2c). Whereas the 405 nm wavelength
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laser scanning confocal microscopy (LSCM) also fails to resolve
them (Figure 2d). In comparison, our SCL microscopy reveals
all fine topology of the nanoscale Big Dipper, including the
stars € and § with 65 nm gap in between (Figure 2e). In addi-
tion, the reconstructed image by our SCL-based system shows
decent contrast performance, saving any further modification
or image post-processing (see the Supporting Information for
movie of the scanning process). The line profiles through the
center of stars € and { for each image are depicted in the insets
of Figure 2c—e, which evidences the dramatic improvement of
the SCL imaging resolution. Moreover, as shown in the inset of
Figure 2e, the contrast between the peak and valley of the SCL
profile is around 30%-40%, which is larger than 20% defined
in Rayleigh resolving criterion for distinguishing two neigh-
boring points in an image.l'l It means that the real resolving
ability of our system should be even better than 65 nm. The
reconstructed images of the 163 nm diameter holes also show
that our SCL microscopy could achieve a high-quality image
and reveal the objects with smaller distortion than other tech-
niques. It is worth mentioning that, besides the gap size,[*27-28]
the point spread function (PSF) convolution is also another fre-
quently used methodology to evaluate the resolving power of
an imaging system.?*-32 Based on the procedure proposed by
Allen et al. in refs. [30] and [32], we performed the image fit-
ting by PSF convolution method. Adopting the Gaussian PSF
with a FWHM of =1/3.3, the fitted image matches well with the
experimental one of our SCL microscopy. Therefore, it is the
first far-field microscopy that has such resolving capability in
air without any pre-processing of samples.

Imaging a large-size object is usually limited by an inevitable
obliquity between the sample and lens plane, which leads to the
out-of-focus of samples and therefore limits the field of view
for an imaging system with a short DOF. To test the capability,
the proposed SCL-based system is employed to reconstruct a
large-scale non-periodic sample, as shown in Figure 3a, which

(a) (b)
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is outlined by several closed curves with the overall footprint of
10 x 12 um?. The imaging results by the T-mode microscopy
and LSCM are provided in Figure 3b,c, respectively. Although
both microscopies can map the rough contour profiles of the
Lion Head, all these fine details are lost. Figure 3d shows the
imaging results of our SCL-based system that can clearly distin-
guish all sophisticated details of this sample. More importantly,
all the curves in the entire pattern are shown with nearly equal
sharpness, which is mainly attributed to the needle-like focal
field with good uniformity of the sub-diffraction limit lateral
size in the axial direction (see the Supporting Information for
movie of the scanning process).

Another unique advantage of the SCL microscopy is the capa-
bility of mapping the horizontal details of a 3D object at one go.
Figure 4a schematically shows a 3D fishnet wedge composed
of transparent holes array surrounding by the opaque back-
ground. This fishnet wedge has an oblique angle o = 42.5 mrad
and results in an =800 nm height difference between its top and
bottom surfaces from left side to right side. The SEM image
of the fabricated 3D fishnet wedge is shown in Figure 4b, with
18.8 X 9.4 um? in size. T-mode microscopy and LSCM can only
image the partial object at a certain z-cut plane because their
short DOF cannot cover all the holes with different depths, as
shown in Figure 4c,d. Therefore, for T-mode microscopy and
LSCM, multiple scanning must be performed to reconstruct
all the horizontal (x-y plane) details of this 3D object. In con-
trast, the imaging result by our SCL microscopy presented in
Figure 4e shows the clear mapping of this array by precisely
addressing the positions of each hole.

It has been long captivated that sub-wavelength imaging
requires sub-wavelength features of the lens.['3203334 The
remarkable difference between our SCL with those reported
planar lenses is that the smallest feature of our SCL is three
times of the working wavelength 405 nm. This translates to
the possibility of using conventional laser pattern fabrication

Figure 3. Imaging of a large-scale non-periodic pattern. a) SEM image of a fabricated Lion Head with the overall footprint of 10 X 12 um?. The size of
displayed region is 13.5 X 13.5 um? b—d) Imaging results by transmission mode microscopy (T-mode), laser scanning confocal microscopy (LSCM),
and SCL microscopy. The pictures in the upper row are the whole images, and the corresponding zoom-in views of the dashed boxes are shown in the

lower row. Scale bar: 3 um.
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Figure 4. Mapping the horizontal details of a 3D object. a) Sketch of a 3D fishnet wedge composed of an etched array of rectangular holes with the
size of 340 x 640 nm?. Inset: x-z plane cross section of the fishnet wedge. b) Top-view (x-y plane) SEM image of the fishnet wedge with a size of
18.8 X 9.4 um?. c—e) The imaging results of this wedge by transmission mode microscopy (T-mode), laser scanning confocal microscopy (LSCM), and

SCL microscopy. Scale bar: 3 um.

techniques to make the large-scale lens with high NA, which
essentially leads to the deep-sub-wavelength imaging resolu-
tion and ultra-long working distance simultaneously. Further-
more, we define a figure of merit FoM = (s/8)!, which could
be the evaluation indicator of “return on investment (ROI)” for
the super-resolution imaging devices, where s is the achieved
imaging resolution and & denotes the smallest feature size of
lens that stands for the difficulty level of the lens fabrication.
Larger FoM means a higher yield. Our SCL microscopy has the
FoM value of =18.5, which is enhanced by one order in com-
parison to =1.9 of the previous SOL microscopy.!®!

Another distinct property of our SCL imaging system is
the high-speed image reconstruction process. The image
with 65536 pixels, as shown in Figure 2e, is acquired within
794 s by our SCL imaging system (82 px s7!), which is 16 times
faster than the reported SOL imaging.'}! Benefiting from this
property, we can achieve the large-area scanning without sac-
rificing the resolution of the reconstructed image in terms of
reducing pixel number. Notably, although the PMT possesses
much higher quantum efficiency and dynamic range with the
response time in the level of nanoseconds, the reconstruction
speed is still limited by the low-performance data acquisition
(DAQ) card and the long response time of the piezo-stage being
used in our current system. If a high-performance DAQ device,
such as FPGA (NI, USB-7845R) or other better one, is applied
and the working scheme of the piezo-stage is changed from
step-by-step mode to continuous scanning mode, the imaging
speed can be further increased to 2400 px s~! or even higher
(see the Supporting Information for more details, Figure S5,
Supporting Information).
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In summary, we experimentally demonstrated a SCL optical
label-free microscopy which clearly distinguishes a pattern with
the minimal feature size of 65 nm in air with a 55 um working
distance. The imaging process is purely physical and captured
in real time, does not need any pre-processing to the samples
and mathematical post-processing to the imaging results. Such
SCL microscopy is able to map the horizontal details of a 3D
object at one time scanning, which is impossible for other
planar lenses. It overturns a normal captivation that the sub-
wavelength imaging requires sub-wavelength features of the
lens. This work greatly alleviates those intrinsic problems faced
by other planar lenses, and makes the universal super-resolu-
tion imaging technique practically applicable. We foresee that
the supercritical lens microscopy would open a road for mass
production of the high-performance and cost-effective nano-
imaging and nano-fabrication technologies.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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