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Microendoscopes are vital for disease detection and clinical diagnosis. The essential issue for microendoscopes is
to achieve minimally invasive and high-resolution observations of soft tissue structures inside deep body cavities.
Obviously, the microscope objective is a must with the capabilities of both high lateral resolution in a wide field of
view (FOV) and miniaturization in size. Here, we propose a meta-objective, i.e., microscope objective based on
cascaded metalenses. The two metalenses, with the optical diameters of 400 pm and 180 pm, respectively, are
mounted on both sides of a 500-um-thick silica film. Sub-micrometer lateral resolution reaches as high as 775 nm
in such a naked meta-objective, with monochromatic aberration correction in a 125 pm full FOV and near dif-
fraction limit imaging. Combined with a fiber bundle microscope system, the single cell contour of biological
tissue (e.g., water lily leaf) can be clearly observed, compared to the indistinguishable features in other conven-

tional lens-based fiber bundle systems, such as plano—convex and gradient refractive index (GRIN) cases. ~ ©2021
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1. INTRODUCTION

Endoscopy, in the basic forms of modern endoscopy, was ini-
tiated by Dr. Philipp Bozzini in the early 19th century [1,2]. In
recent years, the fiber bundle-based microendoscope [3,4] has
become one of the most important tools for early cancer screen-
ing, composed of a miniature microscope objective and external
instruments, such as confocal reflectance and fluorescence
[5,6], multi- and two-photon [7-10], and structured illumina-
tion [11,12] systems. Due to the limitations of the diameter
and spacing of the fiber cores in the fiber bundle, it is difficult
to achieve single cell resolution. Therefore, the fiber bundle
microendoscope is usually integrated with a miniature micro-
scope objective in order to provide sufficient resolution to ob-
serve the cellular structure of tissue without any scanning
equipment. It can deeply penetrate into the body cavity for his-
topathological diagnosis, including in lung cancer [13], gastric
tumors [14], and colorectal cancer [15].

High resolution and miniaturization are two important
issues of endoscopic imaging. The miniature microscope objec-
tive forms the first inverted intermediate image, playing a de-
cisive role in the resolution of endoscopic imaging. In order to
reduce the discomfort of patients and make conventional diag-
nosis and treatment more efficient, the size of the endoscope

2327-9125/21/020106-10 Journal © 2021 Chinese Laser Press

probe is also limited. Miniature microscope objectives used in
conventional fiber bundle microendoscope systems typically
consist of optical refractive lenses [16-18] [Fig. 1(a)], gradient
refractive index (GRIN) lenses [19-21] [Fig. 1(b)], or other
hybrid microlenses [22]. Unfortunately, due to the limitations
of sophisticated fabrication processes (such as polishing, mold-
ing, and diamond-turning), conventional optical refractive
lenses are usually complex in structure and bulky in volume.
In addition, it is quite difficult for optical lenses to realize a
complicated phase profile. For example, as shown in Fig. 1(a),
the optical plano—convex lens can only eliminate on-axis aber-
rations, but it is difficult to restrain complex off-axis aberration,
resulting in blurred imaging at the exit of the fiber bundle.
In addition, its outer diameter is on the order of centimeters,
which is obviously unsuitable for endoscopic imaging technol-
ogy that has strict restrictions on the size and performance of
the probe. Compared with the conventional ones, the GRIN
lens has a smaller volume on the order of millimeters in diam-
eter and a higher but still distorted imaging quality after passing
through the optical fiber bundle, as shown in Fig. 1(b). The
optical size of the current GRIN lens can be made smaller
to 0.35 mm [23] or even 0.25 mm [24] to realize the minia-
turization of the probe, but a more optimized imaging
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Fig. 1. Schematics of microscope objectives for fiber bundle microendoscopes with different sizes and image qualities. (a) Plano—convex lens-
based probe with centimeter diameter. (b) Graded index (GRIN) lens-based probe with millimeter diameter. (c) Probe based on the meta-objective
with micrometer diameter, greatly reducing the size of the probe compared with (a) plano—convex lenses and (b) GRIN lenses. The dotted line
enlarged section in (c) illustrates that meta-objective can eliminate monochromatic aberrations in full field of view (FOV) of both on- and off-axis,
while the plano—convex lens and GRIN lens can only achieve on-axis aberration correction. The solid line magnified parts (rightmost) show the
images transmitted through fiber bundles. Obviously, the use of the metalens-based objective produces aberration-free pictures.

performance cannot be simultaneously achieved. Specifically,
the off-axis aberration at the edge of the imaging field is
extremely difficult to correct. Regardless of various technolo-
gies, the microscope objective in most approaches is to pursue
the trade-off between miniaturization of the endoscope probes
and the imaging performance.

In recent years, along with the rapid development of micro-
nano fabrication processing technologies, metalenses, with the
ability of manipulating the amplitude, polarization, and phase
of an incident beam, exhibit outstanding optical functionalities
and have attracted widespread attention [25-29]. Compared
with conventional lenses, metalenses are extremely compact
and show superior optical performance. A single metalens
has been reported to achieve diffraction-limited focusing per-
formance in both near-infrared [30,31] and visible regions
[32,33]. Moreover, considerable efforts have been made to-
ward eliminating aberrations of a single metalens. Chromatic

aberration is reduced by either the group delay method or
the plasmonic resonance method [34—37]. Spherical aberration
and astigmatism are eliminated by designing the phase profiles,
respectively [38,39]. Third-order Seidel aberrations are cor-
rected by using a front aperture stop that limits the wide beam
and a single metalens with optimized phase distribution [40].
However, off-axis aberration cannot be completely corrected
through a single metalens, limiting its applications in optical
imaging.

Cascaded metalenses can correct the monochromatic aber-
rations including spherical aberration, comatic aberration, as-
tigmatism, field curvature, and distortion simultaneously
[41,42]. Furthermore, they can achieve high-resolution imag-
ing in a large field of view (FOV) [41,42]. Recently, the cas-
caded metalens has been widely studied and applied to
miniaturized optical systems with infinite conjugate imaging
[41-46], such as the metalens doublet integrated with a camera
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[41], monolithic planar metalens retroreflectors [43], micro-
electro-mechanically tunable metalens doublets [44], and spec-
trometers [45]. On the other hand, there are very few reports
on finite conjugate imaging systems, one of which has been
proposed in a cascaded metalens for a three-dimensional quan-
titative phase microscope with micrometer level resolution
[47]. Higher resolution is a consistent issue in medical detec-
tion and cancer analysis. As shown in Fig. 1(c), the cascaded
metalens is used to observe objects at a finite object distance,
with the correction of off-axis aberration taken into account in
the design process, showing high-resolution imaging quality in
a relatively large FOV at the exit of the fiber bundle. At the
same time, it can greatly reduce the size of the endoscope probe
to several hundred microns. Obviously, the cascaded metalens
has great potential to be employed as a miniature microscope
objective for the fiber bundle endoscope to achieve high-
resolution observation in the limited space of the body cavity.
Here, we comprehensively consider the requirements of fi-
ber bundle endoscopes and propose a meta-objective based on
the finite conjugate imaging system of cascaded metalenses.
The meta-objective is designed with NA of 0.4, and can correct
monochromatic aberrations of 125 pm FOV at the operating
wavelength of 525 nm. The meta-objective can achieve 4 times
magnification imaging at the designed working distance of
200 pm, and its maximum effective optical diameter is only
400 pm. As shown in Fig. 1(c), the meta-objective is placed
in front of the fiber bundle, which can be seen as a simplified
fiber bundle microendoscope probe. The proposed meta-
objective represents a new direction for the development of
high-performance miniaturized fiber bundle endoscopes.

2. RESULTS

A. Design and Fabrication

In order to realize the meta-objective matching the optical fiber
bundle endoscopy device, we introduce a miniaturized finite
conjugate imaging system based on cascaded metalenses.
The working distance and the NA in the object space of the
meta-objective are designed as 200 pm and 0.4 respectively,
adapting to the penetration depth and sub-micrometer resolu-
tion of endoscopic imaging in gastrointestinal tissue. The en-
larged section inside the dotted lines in Fig. 1(c) shows a
schematic of the meta-objective based on the cascaded metal-
ens, consisting of two metalenses mounted on both sides of a
transparent silica film.

As the meta-objective is a finite conjugate imaging system,
the aperture stop is placed at the front so that the chief rays in
the image space are parallel to the optical axis, ensuring the
coupling efficiency of the off-axis rays into the fiber bundle
[48]. Generally, optical systems are usually composed of two
separate lenses to achieve a large FOV. The front lens has a
negative refractive power, catching the strongly refracting chief
ray, while the rear group usually has a positive refractive
power [48].

We designed two types of optical systems based on a single
or cascaded metalens to compare their performances. To reduce
the effects of geometric aberrations, the phase profiles of the
single metalens and cascaded metalens with NA of 0.4 are opti-
mized over the 125 pm FOV by the ray tracing method (Zemax

OpticStudio), as schematically shown in Fig. 2(a). Before opti-
mization, all phase coefficients 4, were set as variables with the
initial value of 0. At the same time, it was necessary to define
default merit function surface [e.g., root mean square (RMS)
spot radius centroid Gaussian quadrature] in the figure of merit
listing. The algorithms of orthogonal descent (OD) algorithm
and damped least square (DLS) were used for optimization. As
a result, the image heights of the single and cascaded metalens
on the image plane are 250 pm and 500 pm, respectively, due
to their different magnifications. The red, green, and blue rays,
respectively, refer to the rays from three radial normalized
FOVs: 0.0 Field (F), 0.5 F, and 1.0 F. The three normalized
FOVs correspond to on-axis, 62.5 pm FOV, and 125 pm
FOV, respectively. For the cascaded metalens case, rays from
three FOVs all converge on the same image plane, while the
single metalens case exhibits the effect of off-axis aberration,
indicating that the cascaded metalens has the ability to elimi-
nate monochromatic aberrations. Comparing the spot diagrams
of the single metalens [Fig. 2(b)] and cascaded metalens
[Fig. 2(c)], it can be found that the focal spots of the cas-
caded metalens at 0.5 F and 1.0 F are well limited to the range
of the Airy disk, but the single metalens only shows near dif-
fraction limit property in the central FOV, demonstrating
that the single metalens cannot eliminate off-axis aberrations.
Although only three fields have been drawn in the spot dia-
grams, it is enough to demonstrate that cascaded metalenses
have diffraction-limited performance with negligible mono-
chromatic aberrations on full field, as the RMS spot sizes of
each field are within the radius of the diffraction-limited Airy
disks. Under off-axis incidences, the cascaded metalens can cor-
rect the aberrations, which is hard for the single metalens. The
superiority of this performance can be more intuitively dis-
played through imaging.

As a result, we employed the cascaded metalens case as the
meta-objective to achieve macro-magnification imaging at the
incident wavelength of 525 nm. In our case, the incident light
from the object at 200 pm distance passes through metalens I
(operates as the stop aperture and a transmissive negative lens)
and then metalens II (acts as a transmissive positive lens) sep-
arated by a 500-pm-thick fused silica substrate. The phase pro-
files of metalens I and metalens II were modeled as cylindrical
coordinate radially symmetric polynomials (Binary 2) [42] of
the radial coordinate p as

5 p 2n
o) = a, (—) : (1)
n=1 R
where R is the radius of the metalens and 4, is the optimized
coefficients. By optimizing the focal spot with the ray tracing
technique, the phase profiles of the two metalenses were ob-
tained. The calculated depth of focus (DOF) of the cascaded
metalens is 118 pm on-axis for the image plane, as shown in
Fig. 2(d).

To implement the two transmissive metalenses, we use a
meta-atom to express the subwavelength structure as shown
schematically in Fig. 2(e). The meta-atoms consist of nanoposts
with a square cross section, depositing on a fused silica sub-
strate. Silicon nitride was selected as the dielectric material
of nanoposts, because its refractive index for 525 nm
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Fig. 2. Ray optics design and sample of the meta-objective without monochromatic aberration. (a) Ray tracing simulation results of the single
(top) and cascaded metalens (bottom) of 125 pm FOV at the working distance of 200 pm. The image heights of the single and cascaded metalens on
the image plane are about 125 pm and 250 pm, respectively, due to their different magnifications. The blue/green/red rays (referring, respectively, to
three normalized FOVs, 0.0 F, 0.5 F, and 1.0 F) have three crossing points at the same image plane in the cascaded case, compared to that of the
single case. The three normalized FOVs correspond to on-axis, 62.5 pm FOV, and 125 pm FOV, respectively. (b), (c) Spot diagrams of three
normalized FOVs for the two metalenses. The diffuse spot in 1.0 F (blue) is outside/inside the Airy circle (black solid) for the single/cascaded case,
respectively. Similar behaviors appear in 0.5 F (green). It indicates that the cascaded metalenses have predominate advantage of eliminating mono-
chromatic aberrations in the full FOV. (d) The calculated normalized intensity distribution of the meta-objective for 0.0 F along the propagation
direction in the y-z plane at 4 = 525 nm. Schematic of a meta-atom of the cascaded metalens, consisting of a silicon nitride nanopost on a silica
substrate. (¢) The nanoposts with the height of 610 nm are arranged in a square lattice with the lattice constant of 380 nm for metalens I, while the
corresponding values are 600 and 360 nm for metalens II. The diameters (D) of the nanoposts are variable according to phase distributions. (f),
(g) Optical images and side-view SEM images (insets) of the two metalenses.

wavelength is 2 and it has low absorption in the visible spec- metalenses are chosen to achieve full 2z phase coverage and
trum [49]. The height of nanoposts and lattice constant of met- have average transmission of 94% [50]. The simulation results
alens I were chosen to be 610 nm and 400 nm, respectively. of the transmission and phase spectra for y-polarized normal
And for metalens II, they were 600 nm and 360 nm, respec- incidence light calculated by rigorous coupled-wave analysis

tively. The nanopost heights and lattice constants of both (RCWA) [31,37,49,50] correspond to metalenses I and II,



- — 4 .
110  Vol. 9, No. 2 / February 2021 / Photonics Research O _ , [ Research Article

respectively. It is worth noting that the heights and lattice con-
stants for two metalenses are different due to the different me-
dia of the incident and outgoing light at the interface of the two
transmissive metalenses.

The fabrication of the cascaded metalens involves fine
micro-nano processing technology. Figures 2(f) and 2(g) show
the optical images and side-view scanning electron microscope
(SEM) images (insets) of the two metalenses. Since the cas-
caded metalens we designed is a finite conjugate imaging sys-
tem, the center deviation of the two metalenses on both sides of
the same substrate is strictly limited. What is worth mentioning
is that the center deviation of the cascaded metalens we pre-
pared is within 1 pm. Compared with the size of the metalens,
this deviation introduces very small errors into the optical con-
jugate system.

B. Characterization

In order to characterize the performance of the meta-objective
based on the cascaded metalens, we experimentally measured
the focal spots in different FOVs. In the experiment, we used
the objective lens to focus the normally incident collimated
beam from a tunable continuous wave laser and employed
the focal spot as the incidence point source for tests.

Figure 3(a) shows the simulated and measured focal spots
intensity profiles of 0.0 F, 0.5 F, and 1.0 F at the incidence
with a center wavelength of 525 nm and a bandwidth of
5 nm. The measured focal spot is 4 times magnified relative
to the incidence point source. The related x direction cross sec-
tions are shown on the right in Fig. 3. The measurement result
(blue poin) is close to the simulation result (green point). The
focal spots in 0.5 F and 1.0 F are similar to the size of the focal
spot in 0.0 F, indicating that the meta-objective has the same
performance both on and off axis. Fitting the measured focal
plane horizontal intensity distributions with the diffraction-
limited Airy disk (solid red line), the calculated full widths
at halfmaximum (FWHMs) are 3.30 pm for 0.0 F,
3.41 pm for 0.5 F, and 3.62 pm for 1.0 F. MTF curves calcu-
lated by taking the Fourier transform of the measured focal
plane horizontal and vertical intensity distributions from the
measurement are displayed in Fig. 3(b). The MTF curves at
different fields are close to the diffraction limit (black dashed
line), illustrating the excellent monochromatic aberration cor-
rection performance of the meta-objective. The MTF curve of
1.0 F along the y direction is slightly deviated. The measured
focusing efficiencies of the cascaded metalens are only about
21.6%, 21.5%, and 18.8% for 0.0 F, 0.5 F, and 1.0 F respec-
tively, while the simulated focusing efficiencies are 38.2%,
37.0%, and 35.5%. The measured focusing efficiencies are
lower than those obtained in the simulation. That is because
of the reflection and scattering caused by excessive oblique in-
cident rays on the rough and non-vertical sidewall of the nano-
posts, internal reflection between two metalenses, and the air/
substrate interface, and inevitable measurement errors [41].

The resolution of the meta-objective was measured by im-
aging the negative 1951 USAF target. The light source is from a
mercury lamp through bandpass filters with a central wave-
length of 525 nm (15 nm bandwidth) and other wavelengths
(10 nm bandwidth). As shown in Fig. 3(c) in the middle,
element 1 in group 9 (0.977 pm linewidth and gap) and

element 3 in group 9 (0.775 pm linewidth and gap) both have
more than 20% contrast measurement, indicating that the
meta-objective has a sub-micrometer resolution at the designed
wavelength of 525 nm. As a finite distance optical imaging sys-
tem with an NA of 0.4 at 525 nm, the corresponding resolution
limit (Rayleigh criterion) of the meta-objective is 0.8 pm. The
measurement result is also close to the theoretical limit. In ad-
dition to 525 nm, USAF imaging tests were also performed at
other wavelengths of visible light. As shown in Fig. 3(c), in the
range of 430 nm to 680 nm (the bandpass filters with band-
width of 10 nm), the resolution of the meta-objective is approx-
imately 775 nm. The imaging contrast results of element 3 in
group 9 show that the near diffraction limit image can be ob-
tained not only at the designed wavelength of 525 nm, but also
in several other visible regions. It should be pointed out that in
order to obtain the images with a magnification of 4, we imaged
the USAF resolution target at different wavelengths at different
object distances.

In order to measure the magnification ability of the meta-
objective, we designed and fabricated the object (letter “F”) with
the height of 100 pm for imaging. According to the test results,
4 times magnification imaging was achieved, meeting the design
requirements. Further, images of different magnification rates
can also be obtained by changing object distance. As shown
in Fig. 4(a), in the range of 430 nm to 680 nm, 4 times mag-
nification “F” images can be obtained at certain object distances.
In addition, as shown in Fig. 4(b), imaging with different mag-
nification rates can be obtained at different object distances. The
magnification decreases gradually as the object distance increases.
The insets in Fig. 4(b) are images of different magnifications of
“F” obtained in experiments, noting that their scale bars are dif-
ferent. And the magnification rates obtained by the experiment
(blue hollow circles) are in perfect agreement with the curve ob-
tained by simulation (red solid line). This flexible magnification
characteristic reduces the strict constrains on the working dis-
tance in application. All magnified images are clear and undis-
torted. This is due to the design of the meta-objective to
eliminate monochromatic aberrations.

To compare the imaging performance of the meta-objective
and other optical lenses, the water lily slice and the Bacillus
cereus were also observed. Here we employed the plano—convex
lens (Thorlabs, LA1805-A) and a GRIN lens (GoFoton, ILW-
200-ZSU01) to image the same area for contrast. As shown in
Fig. 4(c), when observing the water lily slice, an image with
clearer texture of the cell walls (yellow dotted boxes) of the mes-
ophyll tissue can be acquired by using a meta-objective than
with other optical lenses. The plant slice has a certain thickness,
and we can obtain more depth information by observing with
the meta-objective. Furthermore, when observing Bacillus
cereus, more details can be gathered by using the meta-objec-
tive. It is obvious that there are no large numbers of bacterial
groups in the two positions indicated by the white and red dot-
ted boxes. This situation is not so apparent for the GRIN lens
and completely indistinguishable for the plano—convex lens.
The visualizations of the cell walls of water lily and the clear
delineation of Bacillus cereus with rod shape in countless colo-
nies further emphasize the superior imaging quality of the
meta-objective over other conventional optical elements.
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Fig. 3. Near diffraction limit sub-micrometer resolution characterization of the meta-objective at different incident wavelengths. (a) Simulated
and measured focal spot diagrams and focal spot intensity profiles in 0.0 F, 0.5 F, 1.0 F of the meta-objective at 525 nm wavelength. The measured
focal spot is 4 times magnified relative to the incidence point source. The experimental results of focal spots are in good agreement with their
simulation results. The focal spots in 0.5 F and 1.0 F are similar to the focal spot in 0.0 F in size, indicating the performance of the meta-objective to
eliminate monochromatic aberration. Fitting with Airy function, the full widths at half-maximum (FWHDMs) of the measured focal spots along the x
direction are 3.30 pm for 0.0 F, 3.41 pm for 0.5 F, and 3.62 pm for 1.0 F. (b) Corresponding to (a), the MTF curves in 0.0 F, 0.5 F, 1.0 F obtained
by experiments. MTF curves in three fields of view are close to the MTF curve of the diffraction limit (black dotted line), further illustrating the
high-resolution performance of the meta-objective. (c) Resolution tests by imaging a negative 1951 United States Air Force (USAF) target at wave-
lengths of 430 nm, 525 nm, and 680 nm. For 525 nm, the element 3 in group 9 (645 lp/mm, 0.775 pm linewidth, yellow line) and element 1 in
group 9 (512 Ip/mm, 0.977 pm linewidth, blue line) both have a contrast ratio of more than 20%, indicating that the meta-objective can resolve sub-
micrometer details. Similar properties are also shown for 430 nm, 680 nm, and other more incident wavelengths.

C. Imaging with Fiber Bundle Microendoscope

We applied the meta-objective to the fiber bundle microscope
imaging system to explore the possibility of using it as an endo-
scope objective. To demonstrate the imaging quality of the
meta-objective, we compared it with several other conventional
optical elements including a plano—convex lens and a GRIN
lens by using the measurement setup shown in Fig. 5(a).
The incoherent light from a white light source device
(Thorlabs, OSL2) passed through a pinhole and a bandpass
filter with 525 nm central wavelengths (Edmund, bandpass fil-
ter, bandwidth 15 nm) in turn before illuminating the test ob-
ject. The resolution test was performed using the 1951 USAF
target (Edmund, Hi-Resolution Negative Target). Through the
meta-objective, a plano—convex lens (Thorlabs, LA1805-A), or

a GRIN lens (GoFoton, ILW-200-ZSU01), the object can
form equal or magnified images. A customized 30-cm-long fi-
ber bundle of more than 3900 fiber cores with a core diameter
of 8 pm was placed before a 10x objective (Olympus,
MPLFLN10xBD), a tube lens (Thorlabs, ITL200), and a color
charge-coupled device (CCD) camera (Mshot, MC20), which
formed a fiber bundle microendoscope imaging system.

The combination with the fiber bundle and meta-objective
or the conventional optical elements can be regarded as a primi-
tive fiber bundle microendoscope probe. After imaging with the
probes, pixelated original pictures are obtained. Since the most
prominent feature in all original images is the honeycomb
structures, Gaussian filter and edge detection algorithm are ap-
plied to all raw images [4,21]. The lensless fiber bundle probe is
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with the plano—convex lens. The white and red dotted boxes indicate the gaps between the communities of Bacillus cereus. Similarly, the tiny spacing
between bacterial groups can be identified with meta-objective, not obvious enough with a GRIN lens, and totally indistinguishable with a plano—

convex lens.

only capable of 12.41 pm resolution (element 3 in group 5).
In Fig. 5(b), the transverse resolutions of the microscope im-
aging system using different fiber bundle probes with the meta-
objective, plano—convex lens, or GRIN lens are 2.19 pm
(element 6 in group 7), 8.77 pm (element 6 in group 5),
and 4.39 pm (element 6 in group 6), respectively. It can be
seen that the meta-objective-based fiber bundle probe shows
better imaging performance than others.

In addition, we demonstrated the biological slice of water
lily by using the fiber bundle probe based on the meta-objective
and other conventional lens-based fiber bundle probes as
shown in Fig. 5(c). Images were processed to increase the
visibility. We used the fiber bundle microendoscope imaging
system to observe the cells in the area (red circle) near the pal-
isade tissue. Clearer images of a greater magnification can be
obtained with a lens placed in front of the fiber bundle in ex-
periment. In contrast to the images formed by using a plano—
convex lens or GRIN lens, the image with a higher resolution

can be achieved by using the meta-objective. In Fig. 5(c), the
outlines of the mesophyll cells (orange arrows) are more ob-
vious, and the spacing between their cell walls (white arrows)
is better to be distinguished with the probe based on the meta-
objective, proving that it has superior performance over other
conventional optical probes as mentioned above. In our case,
the lateral resolution of the fiber bundle microendoscope is lim-
ited by the fiber bundle, not the meta-objective we designed.

3. DISCUSSION

High resolution and miniaturization have always been the focus
of research on the fiber bundle microendoscope. In terms of
resolution, the meta-objective we designed has sub-micrometer
resolution. Compared with a plano—convex lens and a minia-
turized GRIN lens, higher quality images can be achieved with
the meta-objective when observing plant and bacterial slices.
However, although the resolution of the fiber bundle probe
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Fig. 5. Fiber bundle microendoscope with a meta-objective. (a) Schematic of the measurement setup. A customized 30-cm-long fiber bundle of
more than 3900 fiber cores with a core diameter of 8 pm was employed here, combined with optical lenses for use as the probes of fiber bundle
microendoscopes. (b) Resolution tests by imaging a negative 1951 USAF target using the fiber bundle microscope imaging system. The resolvable
linewidths are 2.19 pm (element 6 in group 7, 228 lp/mm) with the meta-objective, 8.77 pm (element 6 in group 5, 57 lp/mm) with the plano—
convex lens, and 4.39 pm (element 6 in group 6, 114 Ip/mm) with the GRIN lens. The intrinsic resolution of the system without a lens is 12.41 pm
(elements 3 in group 5, 40 lp/mm), provided as a reference. (c) Imaging of biological slice (water lily). Compared with the image directly transmitted
through the fiber bundle only, the resolution is improved after introducing optical lenses as objectives placed in front of the fiber bundle. The orange
arrows and the white arrows indicate the mesophyll cells and the cell wall, respectively. A more realistic image can be obtained with the meta-
objective, while the image acquired with a GRIN lens will be distorted and even worse with the plano—convex lens. The displayed pictures in (b) and
(c) are processed with the image post-processing technique to improve visualization.

based on the meta-objective has been improved dramatically, it
is still limited by the monofilament diameter and core spacing
of the fiber bundle, which is difficult to reduce below 1 pm.
The monofilament diameter of the fiber bundle we used here is
only 8 pm. If a fiber bundle with a smaller monofilament diam-
eter is employed, the imaging quality of the microendoscope
will be further improved. At present, the FOV of the meta-
objective we designed is still not large enough. That is because
the FOV and resolution of meta-objective are mutually
restricted in the design principle and it is difficult to further

increase the FOV while ensuring the high resolution of the
meta-objective. In addition, the proposed meta-objective only
eliminates monochromatic aberration, but not chromatic aber-
ration. If possible, we can realize broadband functionality by
designing nanoposts with a wider equivalent refractive index
to form the meta-objective.

For flat optics, we should note that many functions of the
above mentioned metalenses could be realized equally well by
conventional multilevel diffractive lenses (MDLs) [51,52]. As a
new technology in the last two decades, metalenses have more
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degrees of freedom than MDLs [52], for example, high-NA
capability with high efficiency [31,33], polarization selectivity
[52], tunability [53], and some other unexplored advantages in
terms of future metalens applications. However, we also suggest
that the metalenses do not replace MDLs since MDLs have
their own advantages, for example, cost effectiveness and sim-
plicity to manufacture. In this paper, the meta-objective de-
signed by us is fixed and insensitive to polarization. Although
it has not brought the unique advantages of metalenses into full
play yet, it cannot hinder the efforts of metalenses in imaging
applications. We believe such metalenses could be mass fabri-
cated in the foundry of complementary metal oxide semicon-
ductor (CMOS)-compatible semiconductor manufacturers in
the near future.

When it comes to miniaturization and integration, the
meta-objective with the effective optical diameter of only
400 pm can match the fiber bundle with the diameter of
500 pm, and there is a certain air gap between them.
Unique flat properties of the meta-objective can ease the tight
tolerance requirement for both optical and mechanical compo-
nents, dramatically reducing the time for assembly [48].
Moreover, considering the processing of the connector and
the cutting process of the substrate, it is not difficult to prepare
a hundred micron-level fiber bundle endoscope probe.

In conclusion, we have developed a meta-objective based on
cascaded metalenses, acting as a miniature microscope objective
at the distal end of a fiber bundle. We experimentally demon-
strated that the meta-objective within 0.5 mm?® volume has the
ability to achieve near diffraction-limited resolution imaging
over 125 pm FOV. According to the proposed capabilities,
the fiber bundle microendoscope based on the meta-objective
has superior resolution and miniaturization of structure, and
works intrinsically with incoherent illumination in a single shot
without scanning. In the present study, although we only dem-
onstrated the performance of the meta-objective combined
with a fiber bundle without pasting them, there is no essential
limitation on the development of the miniature endoscope
probe based on the meta-objective.

Arising from minimally invasive and superior resolution bio-
logical imaging in the application of the meta-objective to fiber
bundle microendoscope, we believe that the most promising
benefit is the possibility of combination with the fluorescence
confocal microscopy. In addition, we aim to overcome limita-
tions and enhance the performances of the endoscope for port-
able minimally invasive detection and surgery, depending on
fundamental properties of metalenses and advanced nano-
fabrication techniques. Overall, the presented meta-objective
indicates an alternative design to ultrathin micro-optical ele-
ments with great potential for biomedical applications.
Although further work is needed to develop the optimal ap-
proach for in vive imaging and even clinical application, it
could provide a more effective alternative to microminiaturiza-
tion of bio-optical devices.
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