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ABSTRACT: Fluorescence microscopy with optical sectioning
capabilities is extensively utilized in biological research to obtain
three-dimensional structural images of volumetric samples.
Tunable lenses have been applied in microscopy for axial scanning
to acquire multiplane images. However, images acquired by
conventional tunable lenses suffer from spherical aberration and
distortions. Here, we design, fabricate, and implement a dielectric
Moiré metalens for fluorescence imaging. The Moiré metalens
consists of two complementary phase metasurfaces, with variable
focal length, ranging from ~10 to ~125 mm at 532 nm by tuning
mutual angles. In addition, a telecentric configuration using the
Moiré metalens is designed for high-contrast multiplane
fluorescence imaging. The performance of our system is evaluated
by optically sectioned images obtained from HiLo illumination of fluorescently labeled beads, as well as ex vivo mice intestine tissue
samples. The compact design of the varifocal metalens may find important applications in fluorescence microscopy and endoscopy
for clinical purposes.
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Wide-ﬁeld fluorescence microscopy is a fundamental physical mechanisms, a few tunable focal lenses (TFLs) have

technique to investigate structural details of biological been proposed.””*" Most recently used TFLs include liquid
specimens for various imaging applications.' > However, wide- crystal and elastomeric membrane lenses. The former has
field microscopy suffers from poor image contrast because out- limitations of nonimmediate response, spherical aberration,
of-focus background noise degrades image quality. Various and distortion from nonideal spherical profiles.”” The latter has
optical sectioning methods have been introduced to obtain not only the above-described limitations but also can be barely
three-dimensional fluorescence images with high-contrast."~” used in a vertical direction due to gravity effects. Dynamic
Among optical sectioning microscopes, confocal microscopy8’9 devices, such as spatial light modulators (SLMs) and
is the most commonly utilized but has limitation of point-by- deformable mirrors, are bulky, and their pixelated structures
point scanning.'’ Alternative techniques to the confocal result in low resolution and unwanted diffraction orders.
microscopy, optical sectioning capability can be achieved Bernet et al. proposed a Moiré lens composed of two paired

computationally using structured illumination imaging.”'"'* A

simple and effective way to achieve fine optical sectioning
capability in wide-field detection is through HilLo imag-
ing.">~" HiLo microscopy is a structured illumination
technique where optically sectioned images are computation-
ally acquired from pairwise images.'®”'® Although HilLo
microscopy can provide high contrast multiplane images, it
still requires scanning samples in the axial direction. However,
maintaining high contrast up to long scanning range is not
straightforward. A tunable lens in microscopy provides remote
focusin§ to avoid shift disturbance and increase axial scanning
speed.” In general, to maintain constant magnification in
optical systems, axial displacements of conventional zoom
lenses have been used. Miniaturization of zoom lenses is
difficult because of the requirement of complicated wavefront
compensation to reduce aberrations. Based on different

phase plates with complementary phase profiles.”>~>> The
combined phase of the two plates is equivalent to a focusing
lens, the focal length of which can be adjusted by tuning
mutual angles rather than lateral or axial shift. Traditional
optics shape the light wavefront by phase accumulation in the
propagation path, which inevitably leads to thick optical
components and bulky optical systems. In recent years, many
efforts have been made to miniaturize optical modules with
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Figure 1. Design principle of variable focus Moiré metalens. (a) Schematic diagram of the Moiré metalens. The focal length (f;) can be adjusted by
changing relative angles of the paired metasurfaces. (b) Designed phase distribution of a metasurface for the varifocal lens. (c) Unit cell consisting
of GaN nanopillars with a height of 800 nm (H) and a period of 250 nm (P) on a sapphire substrate. The corresponding transmission and phase

shift of GaN nanopillars with different diameters.

diffractive optics and computational methods to optimize their
performance by novel fabrication processes to directly reduce
the size of optical components.””>” However, the fabrication of
miniature optical elements with curved surfaces with
sophisticated phase distribution and their integration with
optical systems are still challenging. Metasurfaces are emerging
techniques and have attracted many interests because of their
exceptional abilities to create various optical components on
demand, such as lenses,”*” polarization optical components,*
holograms,®" and spectral filters.”” The ability to manipulate
optical properties at the nanoscale, such optical elements are
suitable for materials applications, includin§ quantum state
generation,}3 biomedical imaging or sensing,3 3% and light field
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36,37 N .
imaging.””" The realization of nanophotonic components

relies on the engineering phase, amplitude, and polarization of
electromagnetic waves by using the optical resonance of
subwavelength structures.”® Low-loss high-refractive-index
dielectric materials are commonly used to improve the
efficiency of metasurfaces. Recently, near or middle infrared
varifocal metalens has been implemented by using the Alvarez
method,*”*® MEMS system,41 Moiré effect,*** and stretch-
able material.**

In this work, we introduce a dielectric Moiré metalens,
which is composed of two complementary flat GaN metasur-
face phase plates, to perform fluorescence bioimaging
applications in visible regions. Because of its natural material

https://doi.org/10.1021/acs.nanolett.1c01114
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Figure 2. Optical characteristics of the Moiré metalens. (a) Scanning electron microscope (SEM) images of the fabricated metasurface with
diameter of 1.6 mm. Scale bar: 200 ym. Top-view (red square) and tiled-view (blue square) zoomed-in SEM image of unit cells of the metasurface.
Scale bar: 1 ym. (b) Experimentally measured focusing behavior of the Moiré metalens and corresponding focal spots (bottom images) at different
relative rotation angles (6 = 180—350°) of the paired metasurfaces at A = 532 nm. Scale bar: 100 ym. (c) Experimental and theoretical focal length
and measured efficiency of Moiré metalens (at 4 = 532 nm) at different relative rotation angles (6 = 30—350°).

characteristics of low loss and high refractive index in visible

45,46
spectrum,

GaN is suitable for fabricating metalens.
Different diameters of cylindrical nanopillars are used to
construct a Moiré metalens to provide a full 27 phase
requirement without polarization dependence. The
length of our metalens can be tuned from ~10 mm to ~125

mm with an average efficiency of ~40% at a wavelength of 532

focal

nm by changing the mutual angles between two phase plates.
In addition, we experimentally demonstrate optically sectioned
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multiplane images of ex vivo mice villi tissue samples through
HiLo microscopy, based on telecentric design, as well as the
variable focus metalens. To the best of our knowledge, this is
the first report on applications of the variable focus metalens
for optical sectioning fluorescence microscopy. The wide range
of tunability with constant magnification offered by our
method will help in multiplane bioimaging of various biological

samples.
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Figure 3. Invariant magnification images in the Moiré metalens based microscope, with telecentric design. (a) Experimental setup for invariant
magnification imaging during focus adjustment. In the telecentric setup, our Moiré metalens is positioned at the Fourier plane of the objective to
obtain uniform magnification and contrast images. (b) Three in-focus images of the 1951 United States Air Force resolution chart at different focal

planes (Az = 0, 30, and 60 um) by adjusting relative angles of the Moiré metalens. (c) Normalized intensity of cross sections along the dashed lines

at Az = 0 ym (left), Az = 30 ym (middle), and Az = 60 um (right), respectively. The MTF, which is defined as (I, —
) is the maximum (minimum) intensity along the cross-section profiles.

green, and red curves are 0.28, 0.28, and 0.23, respectively. I, (Iin

Imin)/(Imax + Imin)l Of blue}

B RESULTS AND DISCUSSION

A schematic of the Moiré metalens, which is composed of a
pair of planar metasurfaces, is illustrated in Figure 1a. The focal
length of the Moiré metalens can be adjusted by changing
relative angles between paired metasurfaces. Phase distribution
of the metasurfaces is designed by the principle of the Moiré
lens method.”” GaN nanopillars with different diameters are
arranged on a sapphire surface to satisfy phase requirements.
On the basis of the Moiré lens method, two identical
metasurfaces are designed and placed face to face such that

D(r, 6,) = round(%FOrz]Ho

(1)

where A is the operation wavelength, F, represents the
reference focal length, r is the radial coordinate on metasurface,
and 6, denotes the reference rotation angle. The round(e)
function transforms the value of the operand to the nearest
integer to avoid the sectoring effect.”” The phase modulated
light passing through the paired metasurfaces can be described

one is upside down with respect to other."” The phase as

distribution of the metasurface is shown in Figure 1b according )

to the following equation: q)i“tegral = ®(r, 6y) + (=0(r, 6, — 0)) = ar’d (2)
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where a is a constant and 8 denotes the relative angle between
the paired metasurfaces. To realize the phase requirement of
the focus lens, a can be adopted as 1/1F,. Here, we set a = 100
mm 2 The relationship between the tunable focal length (f;)
and relative angle (0) can be written as

f, = m/aba (3)

In Figure lc, the height of GaN nanopillars and period of
each unit cell are 800 and 250 nm, respectively. Different
diameters (D) of GaN nanopillars, ranging from 110 to 190
nm, can provide various distinct phase shifts and high
transmission up to 80% (detailed information about the
simulation can be found in Supporting Information Section 1).

We utilized electron beam lithography (EBL), plasma-
enhanced chemical vapor deposition (PECVD), and induc-
tively coupled-plasma reactive ion etching (ICP-RIE) to
fabricate the metasurfaces™ (the detailed information is
discussed in Methods). The SEM images of fabricated
metasurface are shown in Figure 2a. The diameter of
metasurface is 1.6 mm. We experimentally demonstrated the
performance of the Moiré metalens with different relative
angles between the paired metasurfaces at a wavelength of 532
nm (see Figure S2 for description of the measurement setup).
Figure 2b shows the measured focus beam profiles of the
Moiré metalens along the propagation direction under
different rotation angles (6 = 180—350°) in a step of 30°.
The focal length is a function of rotation angle (#) and
decreases with the increasing relative rotation angles of the
metasurfaces. The shape of point spread function appears
elongated ellipsoids in x—z plane. In Figure 2c¢, the focal
lengths are shown as a function of the rotation angles which is
in qualitative agreement with theoretical predictions. The
tunable focus range of our metalens can be adjusted from 10 to
125 mm at 4 = 532 nm. The average focusing efficiency of our
Moiré metalens, which is defined as a ratio between the
incident optical power of the focal spot area and that of the
incident light source, is around 35% at the wavelength of 532
nm. Furthermore, we have measured the focusing behavior of
the Moiré metalens at A = 633 and 491 nm, respectively (see
Figure S2). The tunable focal length property is demonstrated
by focal intensity measurements, and the negative dispersion
property (in supplementary, the focal length of red light is
shorter than that of blue light) in point spread function in the
visible spectrum is also observed. Because the Moiré lens is a
cascaded optical system that inevitably suffers from misalign-
ment in assembling, the alignment tolerance has to be taken
into account. The deformation of transmission function of a
Moiré lens under different degrees of lateral misalignment is
studied previously.”® It is demonstrated that two phase plates
with 2% decentration without a high pixel-to-pixel matching
level still can maintain focusing functionality with reasonable
accuracies. Further, the point spread function of Moiré lens
splits under large misalignment.”” To quantify the influence of
misalignment for our system, we image a standard 1951 United
States Air Force (USAF) resolution chart under different
lateral shifts of two phase plates (in Figure S4). Indeed, the
slight misalignment leads to image distortion, but it does not
destroy the imaging functionality. Modulation transfer function
(MTF) of a misaligned system is also evaluated. The
misalignment tolerance of approximately 70 ym, 4.4% of the
metalens diameter, is demonstrated and acceptable for
practical application.

5137

Telecentric design is an important technique for image-
based optical metrology because of its advantages of parallax
error-free imaging.** To obtain high-quality images of
biological samples, uniform magnification and illumination
are essential. The direct benefit of telecentric configuration in
the microscope system is that it provides an extended axial
scanning range with uniform magnification and image contrast
throughout the focal depth.'”*” Figure 3 shows our designed
Moiré metalens-based microscope in a telecentric config-
uration. As shown in Figure 3a, the transmitted light is
collected by an objective (Mitutoyo, BD Plan Apo 20X, NA =
0.42) and passes through a 4f relay lens set up. The Moiré
metalens is located at the Fourier plane of the front objective
lens to adjust the focal length in the system. Resultant images
with uniform magnification and contrast are collected by a
tube lens (Mitutoyo, BD Plan Apo 5SX , NA = 0.14), and
projected onto a charge coupled device (CCD, Prosilica
GE1650). The shifted distance at the object plane in the
telecentric design through the Moiré metalens can be written
as

2
Az = sz—r

M (4)
where n denotes refractive index of the sample space, M is the
effective magnification of the front objective lens and first relay
lens (R1) (Thorlabs, Achromatic Doublet, f = 100 mm), f,
represents the equivalent focal length of the second relay lens
(R2), and (fy) is the tunable focal length of our Moiré
metalens. As Moiré metalens is located at the Fourier plane,
the combination of the R2 and Moiré metalens can be
considered as a compound lens, whose focal length is
equivalent to the focal length of the relay lens (R2)."
According to eq 3, the scanning range at the object plane can

be described as

n flal
M

As=Az  — Az -0

(Onax = Oin)

min (5)
The relationship between scanning range (As) and relative
rotation angle (A#) is linear. A USAF resolution target
resolution chart is imaged with a green laser light source (4 =
532 nm) to test the imaging performance of the Moiré
metalens based microscope. The smallest features of 2.19 ym
at group 7 element 6 on the resolution target are well observed
in Figure 3. In this experiment, the displacement of focal plane
is linearly proportional to the rotation angle of the Moiré
metalens. To check constant magnification of the system
during the entire axial scanning, the same region of interest are
compared in Figure 3b, which also show zoomed-in in-focus
images of the USAF resolution target (elements 3—S of group
7) at different depths from Az = 0 ym to Az = 60 um
(corresponding to rotation angles from S to 340°). (More
detailed information on the scanning process can be found in
the Supporting Information). The normalized intensity profiles
of element 4 are plotted in Figure 3¢, which demonstrates that
the image quality (both magnification and contrast) of our
imaging system remains constant during axial scanning.

We applied the HiLo imaging process to acquire optically
sectioned images in our experiments. An optically sectioned
image i, is obtained for both in-focus Hi and Lo images, as
follows:

i,, = Hi(x, y) + nLlo(x, y) (6)

https://doi.org/10.1021/acs.nanolett.1c01114
Nano Lett. 2021, 21, 5133-5142
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Figure 4. Fluorescent images of microspheres using Moiré metalens based microscopy with the HiLo principle. (a) Experimental setup of the epi-
illumination fluorescence microscope based on a telecentric design with variable focus Moiré metalens. The fluorescent images of 45 ym
microspheres, under (b) uniform illumination and (c) structured illumination. Scale bar: 45 um. The insets show the zoomed-in images of a
fluorescent microsphere using grid patterns with 34 lp/mm (top) and 13.5 Ip/mm (bottom). (d) Optical sectioning capability of the microscope
for two grid patterns with 34 Ip/mm (marked with red color) and 13.5 Ip/mm (marked with blue color). (e) HiLo processed image of fluorescent
microspheres obtained by structured illumination using the grid pattern with 34 Ip/mm. Scale bar: 45 ym. (f) Comparison of intensity profiles

along dashed lines between uniform (b) and HiLo images (e).

where 7 is the scaling constant to combine Hi and Lo images.
The typical value of 77 in our experiment is in the range of 0.6—
1.5. (The details of the HiLo imaging process are discussed in
Supporting Information Section 6.)

An epi-illumination fluorescence microscope based on
telecentric design and Moiré metalens is built, as shown in
Figure 4a. The Moiré metalens is positioned at the Fourier
plane, and structured illumination is generated through a
digital mirror device (DMD). The fluorescent microspheres
(Fluoresbrite YG microspheres 45 pum in diameter, Poly-
sciences) are excited using a blue laser source at 4 = 491 nm
(CalypsoTM, Cobalt Inc.) under uniform and structured
illumination (the grid patterns with different spatial
frequencies of 34 Ip/mm and 13.5 lp/mm produced by the
DMD), respectively, as shown in Figure 4b. The projected grid
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patterns are well observed at the in-focus microspheres, as
shown in Figure 4c. The experimentally measured optical
sectioning capability of our microscope under structured
illumination is shown in Figure 4d. The full width at half-
maximum (fwhm) of optical sectioning capability is respective
~7.5 and 29.25 pm for two grid patterns with corresponding
spatial frequencies of 34 Ip/mm and 13.5 lp/mm. It is noticed
that higher spatial frequency provides finer optical sectioning
capability. Figure 4e shows the optically sectioned fluorescent
image, obtained by the HiLo principle using the grid pattern
with the spatial frequency of 34 Ip/mm. Figure 4f shows the
comparison of intensity profiles along dashed lines between
uniform (i.e., wide-field) and HiLo processed images. In the
HiLo imaging process, the out-of-focus background noise is

https://doi.org/10.1021/acs.nanolett.1c01114
Nano Lett. 2021, 21, 5133-5142


https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01114?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01114?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01114?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01114?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01114?rel=cite-as&ref=PDF&jav=VoR

Nano Letters

pubs.acs.org/NanoLett

a Az=0um (6=5")

Az=40 ym (6=180")

Az=T75pm (6=340")

1.0 H : . . . 1.0 ['
~ Uniform \
S 08|, b — Hilo 1 5o Wy bl |4
< Fl I‘WI & i, )
= Ll ) = ¥
[72] L d J [} L
£ 06 Yty h 2 06
304 " 3
N N
g g
502 5
zZ =z
0.0 :
0 50 100 150 200 250 0 50

Cross section (um)

100
Cross section (um)

v T 1.0 T r T T
Uniform Uniform
—— Hilo T os A ' — Hilo
1308 “w )
o Z W
| { 2osf W
b 3 A
\e £ | \,MJ w"fw‘\
o
8 04r *Jm
3
£
£ 02 ‘ 1
=2
N 4 0.0 A AL/ el WYY |
150 200 250 0 50 100 150 200 250

Cross section (um)

Figure S. Ex vivo images of intestine tissue samples at different depths. (a) Fluorescent images of villi under uniform illumination at three different
depths (Az = 0 um, Az = 40 ym, and Az = 75 pum) are obtained by rotating the relative angles between metasurfaces. (b) HiLo processed images
of villi at three corresponding depths. Scale bar: 25 ym. (c) Intensity cross sections along dashed lines in uniform illuminated images (red line) and
HiLo processed images (blue line) with Az = 0, 40, and 75 pm, respectively.

suppressed significantly, and the in-focus optical sectioning
images of microspheres are clearly observed.

The performance of our Moiré metalens based microscope
to resolve volumetric samples is evaluated by imaging
fluorescently labeled mice intestine tissue samples (the detailed
process of fluorescent dyeing is discussed in Supporting
Information Section 7). The ex vivo images of villi of the
intestine sample under uniform illumination at three different
depths are shown in Figure Sa. Three different focal depths are
obtained by changing rotation angles of Moiré metalens from S
to 340°, with the maximum tunable focus range of around 75
um. Haze is significantly visible because of the nature of the
thick sample under uniform illumination. Figure Sb shows the
significant removal of the haze, and optically sectioned images
of villi are obtained through the HiLo imaging process. The
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out-of-focus background noise is significantly suppressed, while
in-focus fine structures of villi are clearly observed (ex vivo
images of villi under structured illumination can be further
found in Figure S7). To quantitatively analyze, we measured
the intensity cross sections of uniformly illuminated and HiLo
processed images at different depths, as shown in Figure Sc.
The detailed structures in the resultant images are obtained
with a good signal-to-background ratio.

B CONCLUSIONS

In conclusion, following the Moiré technique, a variable focus
dielectric metalens is designed and implemented for high-
contrast optical sectioning fluorescence microscopy at the
visible spectral region. The design principle of the Moiré
metalens and telecentric design are described in detail. We
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demonstrated telecentric imaging equipped with variable focus
metalens, which performs high-contrast multiplane fluores-
cence imaging for ex vivo mice intestine tissue samples. In
addition, Moiré metalens-based fluorescence microscopy with
the HiLo imaging principle provides fine optical sectioning
with invariant image contrast through the entire scanning
range. The scanning range of the Moiré metalens based
microscope is ~75 pm, which can be further extended with low
NA objectives. The long tuning range with constant
magnification obtained from our system will be advantageous
in obtaining high-contrast multiplane images for biomedical
research. As a clear demonstration of imaging performance for
our Moiré metalens-based microscope, both standard reso-
lution target and fluorescent microspheres are imaged, with a
lateral resolution of ~2 um, as well as optical sectioning
capability of ~7 um. The varifocal Moiré metalens with
ultrathin size and compact design may replace its counterpart
in any optical system that requires a focus-tunable lens, such as
optical coherence tomography™ and microendoscopy'” for in
vivo imaging.

B METHODS

Fabrication of the GaN Metalens. The 800 nm c-plane GaN
thin film is grown on a double-polished c-plane sapphire substrate by
metalorganic chemical vapor deposition (MOCVD), and the 400 nm
SiO, thin film is deposited by PECVD on it as hard mask layer. The
photoresist, diluted ZEP-S20A (ZEP-520A:ZEPA = 1:1), is spin-
coated (thickness ~150 nm) onto the substrate. The nanostructure
pattern is defined by an electron beam lithography system (Elionix
ELS-7000). After development, the 35 nm Cr thin film as hard mask
layer is deposited on the sample by an electron-gun evaporator. N,N-
Dimethylacetamide (ZDMAC) solution is used to remove the
residual photoresist on the surface in the lift-off process. The
designed nanostructure patterns are formed onto a 400 nm SiO, hard
mask layer by reactive ion etching using CHF; gas with 90 W plasma
power. Subsequently, the GaN layer is etched by ICP-RIE with BCl,/
Cl, chemistry in 700 W ICP source power and 280 W bias power.
Last, the GaN metasurface for the Moiré metalens is completed after
removing the residual SiO, hard mask by a buffered oxide etch
solution.

B ASSOCIATED CONTENT
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