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ABSTRACT: Immersion objectives can focus light into a spot smaller than what is
achievable in free space, thereby enhancing the spatial resolution for various applications
such as microscopy, spectroscopy, and lithography. Despite the availability of advanced lens
polishing techniques, hand-polishing is still required to manufacture the front lens of a
high-end immersion objective, which poses major constraints for lens design. This limits
the shape of the front lens to spherical. Therefore, several other lenses need to be cascaded
to correct for spherical aberration, resulting in significant challenges for miniaturization and

immersion meta-lens

adding design complexity for different immersion liquids. Here, by using metasurfaces, we

demonstrate liquid immersion meta-lenses free of spherical aberration at various design wavelengths in the visible spectrum. We
report water and oil immersion meta-lenses of various numerical apertures (NA) up to 1.1 and show that their measured focal
spot sizes are diffraction-limited with Strehl ratios of approximately 0.9 at 532 nm. By integrating the oil immersion meta-lens
(NA = 1.1) into a commercial scanning confocal microscope, we achieve an imaging spatial resolution of approximately 200 nm.
These meta-lenses can be easily adapted to focus light through multilayers of different refractive indices and mass-produced using
modern industrial manufacturing or nanoimprint techniques, leading to cost-effective high-end optics.
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he immersion technique is widely used to enhance spatial

resolution of a lithography or imaging system by adding a
layer of liquid between the front lens of an objective and the
specimen. One example is the use of water immersion lenses in
deep ultraviolet steppers in semiconductor manufacturing.'
This enables the fabrication of complementary metal—oxide—
semiconductor (CMOS) gates with widths of a few tens of
nanometers using excimer lasers at a 193 nm wavelength. In
microscopy, the crucial component of an high-end immersion
objective is the front lens: its shape is usually plano-convex with
a diameter of a few millimeters. The convex surface possesses a
large curvature to provide sufficient optical power (the
reciprocal of the focal length of a lens).” This makes its
fabrication very challenging and requires hand-polishing.’
Additional lenses also need to be cascaded to reduce the
spherical aberration induced by the spherical shape of the front
lens, increasing the overall device volume, design complexity,
and cost. These factors pose a significant challenge to the mass
production, miniaturization, and customization of immersion
lenses in general.

In recent years, metasurfaces consisting of subwavelength
structures patterned on a substrate have attracted increasing
attention due to their ability to simultaneously control the
amplitude, phase, and polarization of light in a compact
conﬁguration.4_6 The thickness of a metasurface (excluding its
supporting substrate) is on the scale of a wavelength, which
provides a platform with which to realize compact optical
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devices, such as holograms,7_9 polarimeters,w_12 modula-
tors,">'* and lenses."”>™*° These devices can be realized with
high efficiency by using plasmonic”’ or high refractive index

—24 . . -
in reflection and transmission

dielectric nanostructures™
configurations, respectively. Here, by utilizing TiO, nanofins
fabricated with atomic layer deposition (ALD), we report the
first planar water and oil immersion lenses (referred to as meta-
lenses herein) with numerical apertures (NA) up to 1.1 in the
visible. Note that our immersion meta-lenses are designed using
subwavelength nanostructures, which provides more-precise
and -efficient phase control compared to binary amplitude and

25,26 . .
% Qur water immersion meta-

phase Fresnel zone plates.
lenses show diffraction-limited focal spots with Strehl ratios
higher than 0.9 at their design wavelength of 44 = 532 nm.
These meta-lenses can be tailored for any immersion liquid. As
an example, we also show oil immersion meta-lenses with
diffraction-limited focal spots, at A3 = 532 nm and 44 = 405 nm,
with Strehl ratios higher than 0.8. By integrating the meta-lens
designed at A4 = 532 nm with a commercial scanning confocal
microscope, we achieve an imaging spatial resolution as small as
200 nm.
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Figure 1. (a) Schematic measurement setup for characterizing the meta-lenses. The inset shows an image taken when measuring a water immersion
meta-lens with NA = 0.9 at 532 nm. A relative coordinate (x',y’,z’) is defined with its origin at the focus. The green spot results from the scattering of
focused light in water. (b) Schematic for a commercial scanning confocal microscope integrated with an oil immersion meta-lens. The oil immersion
meta-lens focuses normally incident light to a diffraction-limited spot on a target. The target was fabricated on a gold-coated cover glass substrate,
and was scanned by moving a piezo stage. The scattered light was collected by a Nikon objective designed for imaging through a cover glass with a
thickness of 170 ym.
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Figure 2. Focusing characterization of water immersion meta-lenses at the design wavelength A3 = 532 nm. (a) Normalized intensity profile of the
focal spot from the meta-lens with NA = 0.9. Scale bar: 400 nm. (b) The horizontal cut of panel (a) with its intensity normalized to its corresponding
diffraction-limited Airy disk (black curve) for a same given area. The Strehl ratio can be obtained by dividing the peak intensity value of measured
(green dots) by that expected from theory (black curve). (c) Measured intensity variation at the center of the focal spot (green dots) along
propagation direction (z’ axis shown in Figure 1). Black curve shows theoretical prediction from OpticsStudio (Zemax Inc.). The depth of focus can
be estimated from the width of the curve at a normalized intensity equals to 0.8. (d—f) Corresponding analysis for a meta-lens with NA = 0.1. Scale
bar in panel (d): 2 pm.

Results. Design and Fabrication of Immersion Meta- immersion liquid. Note that in this configuration, the
Lenses. Our immersion meta-lenses are designed in an infinite- nanostructures are not directly in contact with liquid. This
conjugate configuration. A collimated plane-wave sequentially not only provides protection when the immersion meta-lenses
passes through the nanofins, which impart a given phase profile are used in imaging but also prevents the lowering of efficiency
¢(x,y), and a microscope cover glass before being focused in an due to reduction of the refractive index contrast between TiO,
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Figure 3. Focusing characterization of oil immersion meta-lenses with NA = 1.1 at their design wavelengths. (a) Normalized intensity profile of a
focal spot from the meta-lens designed at 532 nm. (b) Intensity distribution (green dots) from the horizontal cut of (a) normalized to the intensity
of a diffraction-limited Airy disk (black curve) for a given area. (c) Intensity distribution in dB scale on the x'—y’ plane, showing the evolution of the
beam from 4 ym before to 4 ym after the focus. (d—f) Corresponding analysis of panels a—c for a meta-lens designed at 40S nm. Scale bar for panels

a and d is 200 nm.

nanofins and their surrounding medium. We designed
immersion meta-lenses for two different liquids: water and
oil. The refractive index of the oil is chosen to approximately
match that of the cover glass substrate (Figure S1). The phase
profile ¢(x,y) at design wavelength A for a given position (x, y)
can be obtained using the ray-tracing method such that all rays
arrive at the focal spot in phase. Here, we use a commercial
software (OpticsStudio, Zemax LLC) to determine the optimal
phase profile ¢(x,y) (see the Methods section). By utilizing the
geometric phase principle, the desired ¢(x,y) was subsequently
imparted for left-handed circularly polarized incident light by
the rotation of each nanofin at (x, y) through the relation
@(xy) = 2a, where « is the rotation angle of a nanofin. The
unit cell size p, width w, length ], and height & of an individual
nanofin are optimized by parameter sweep using three-
dimensional finite difference time domain (FDTD) method
(Lumerical Inc.) to maximize polarization conversion efficiency
at the design wavelength 4, (see the Methods section). The
maximum polarization conversion efficiency is achieved when
the nanofins function as half-wave plates. The parameters (w, ],
h, and p) for meta-lenses designed at A4 = 532 nm and A4 = 405
nm are 80, 220, 600, and 240 nm and 60, 120, 600, and 150
nm, respectively. The immersion meta-lenses were fabricated
with the approach described in ref 8. The use of ALD in our
fabrication process not only ensures low surface roughness but
also straight sidewalls compared to dry-etching process.”” The
scanning electron microscope images are provided in Figure S2.

It is worth noting that the phase profile ¢(x,y) is discretely
imparted due to the finite unit cell size p in the design of the
nanofins, which in turn limits the maximum achievable NA.
This can be understood by the Nyquist—Shannon sampling
theorem in the spatial domain. The maximum transverse

wavenumber provided by a meta-lens at 44 is k., = %-NA,
d

where NA is the designed numerical aperture at A4. To prevent
spherical aberration, the condition must then be satisfied:

< A4
P=5Na

(1)

For example, in our case, the meta-lens designed at 4; = 532
nm and A4 = 405 nm have p = 240 nm and p = 150 nm,
respectively. This corresponds to a maximum achievable NA of
1.1 and 1.35, respectively. The smaller the p, the larger the
achievable NA, and, consequently, the higher the efficiency of
the meta-lens due to better sampling. However, for a given set
of design parameters (w, I, and h), the peak polarization
conversion efficiency of the nanofin blue-shifts as p decreases.
To maintain the maximal efficiency at 44, one needs to either
increase the ratio of [ to w or the height h, which is ultimately
limited by fabrication constrains.

Characterization of Immersion Meta-Lenses. Figure lab
shows the schematic setup for characterizing the immersion
meta-lenses and the setup used for nanoscale imaging,
respectively (see the Methods section). We define the relative
z' axis with its origin at the center of focal spot in Figure 1a for
convenience. Because the focal spots of meta-lenses are
embedded inside immersion liquids, to minimize the
aberrations of the measurement system, water or oil immersion
objectives with NAs higher than that of immersion meta-lenses
were selectively used. Figure 2 shows the characterization of
focal spots for the water immersion meta-lenses with NA = 0.9
(first row) and NA = 0.108 (second row, referred to as NA =
0.1 hereafter for simplicity) designed at 44 = 532 nm. Figure 2a
shows a highly symmetric focal spot with an average full-width
at half-maximum (fwhm) of 316 + 13 nm and a Strehl ratio of
0.9 (Figure 2b). This demonstrates that the water immersion
meta-lens meets the requirement for diffraction-limited
focusing:™® fwhm =~ 0.511/NA and Strehl ratio > 0.8. The
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Figure 4. Confocal imaging with oil immersion meta-lens design at wavelength 4 = 532 nm with NA = 1.1. (a—d) Scanning images for metallic
stripes fabricated by e-beam lithography followed by metal deposition and lift-off process. Scale bar: 1 gm. The insets show mean peak-to-peak values
of (a) 1 um, (b) 783 nm, (c) 593 nm, and (d) 400 nm with standard deviations smaller than 10%. The piezo was moved by 100, 50, and 37.5 nm per
step for panels a and b, panel c, and panel d, respectively. (e) Scanning image of a Harvard logo for a larger scanning region of 60 ym X 60 ym. The
piezo was moved by 200 nm per step. This target was fabricated by focused ion beam milling. Scale bar: 10 ym.

focusing efficiency of this meta-lens is wavelength-dependent
and peaks at 42% at wavelength A = 550 nm (Figure S3). The
focusing efficiency is defined as the power of focal spot divided
by incident light in the case of circularly polarized light. To
measure the depth of focus (DOF), the water immersion
objective was moved step by step vertically using a stepper
motor; an image was recorded for each step corresponding to
different 2" planes shown in Figure la. This process maps the
intensity distribution of the focal spot (Figure S4). In Figure 2c,
we subsequently plot the intensity (green dots) at the center of
focal spot along the 2z’ direction (optical axis) normalized to the
maximum intensity in the focal region, while the black curve
shows the numerical prediction from OpticsStudio (Zemax
LLC). The measured DOF corresponds to the difference of
right and left boundary for the region with normalized intensity
larger than 0.8. The theoretical DOF can be deduced using the
optical analogue of the uncertainty principle”” given by

Por= m 2)
where n is the refractive index of immersion liquid,
0= sin_l(l\ifA) is the maximum diffraction angle at the edge
of metalens. Note that eq 2 becomes N"—; for small NAs, giving

the well-known approximation that the DOF is inversely

proportional to the square of NA. Similar analysis for a lower
NA = 0.1 water immersion meta-lens is shown in Figure 2d—f;
the averaged fwhm, Strehl ratio, and DOF are 2.51 + 0.02 ym,
0.97, and 70 um, respectively. For low NA, the experimental
data agrees better with the results from OpticsStudio because
its DOF is larger, implying larger vibration tolerance in
measurement.

Figure 3a shows an image of focal spot for the oil immersion
meta-lens with NA = 1.1 designed at wavelength 44 = 532 nm.
It has a focal spot with average fwhm =240 + 4 nm and a Strehl
ratio of 0.94 (Figure 3b). Figure 3c shows the focal spot
intensity profile of this meta-lens in different x’—y’ planes. The
negligible background signal demonstrates excellent phase
realization, where the beam converges to a diffraction-limited
spot. Our immersion meta-lens can also be designed at any
wavelength in the visible. Figure 3d—f shows similar character-
ization using an oil immersion meta-lens designed at 405 nm:
the focal spot (Figure 3d), average fwhm and Strehl ratio (203
+ 3.5 nm and 0.82, respectively; Figure 3e), and intensity
versus the background (Figure 3f). The peak focusing
efficiencies of these meta-lenses are 53% and 32% (Figure
SS). The focusing efficiency and Strehl ratio for the meta-lens
designed at 405 nm are lower compared to its counterpart at
532 nm because its constituent structure size is smaller, which
results in a lower tolerance for fabrication errors.
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Immersion Meta-Lens for Diffraction-Limited Imaging.
Our immersion meta-lens is designed for normal incidence at a
given wavelength, implying it only corrects all monochromatic
aberrations for an on-axis point source. If one uses these meta-
lenses for wide-field imaging, due to the spatial extent of the
object, monochromatic aberrations (especially coma) will
reduce the spatial resolution. To overcome this limitation and
achieve diffraction-limited imaging over a larger area, one can
perform scanning imaging instead of wide-field imaging.
Therefore, we integrate our oil immersion meta-lens into a
commercial scanning confocal microscope (Witek, Alpha
300RS); see Figure 1b. The target was mounted on a piezo
stage and scanned horizontally by a diffraction-limited focal
spot from an oil immersion meta-lens with NA = 1.1 designed
at Ay = 532 nm. The scattered light was collected by an
achromatic refractive objective (Nikon achromat, CFI LWD,
NA = 0.4, 20X) and subsequently focused into a multimode
fiber with a core diameter of 50 ym connected to a
spectrometer and its associated charge-coupled device (CCD)
camera. For each movement of the piezo stage, a spectrum was
recorded, and the CCD counts at 532 nm were taken to
contribute to the intensity of a pixel shown in Figure 4a—e.
Such a configuration is also able to obtain photoluminescence
or Raman images. Figure 4a—d shows the images of resolution
targets: metallic stripes designed with equal line widths and
gaps of 500, 400, 300, and 200 nm, respectively. The insets
show the intensity along the horizontal direction through the
center of each image. Figure 4d is a slightly blurred and the
intensity contrast is lower because the feature size approaches
the resolution limit of the confocal microscope.’® Figure 4e
shows an image with a larger scanning area for a Harvard logo
(SEM images of the Harvard logo are provided in Figure S6).

Discussion. Our immersion meta-lenses are designed by the
geometric phase principle, which can only focus and collect
light for a specific circular polarization. For the applications that
require polarization insensitive meta-lenses, we can use
waveguiding effects to impart the required phase. For example,
one can use nanopillars with circular cross-sections and control
the phase by changing their diameters.”’ The proposed
immersion meta-lenses are also monochromatic. Its operation
bandwidth can be expanded by engineering the resonance or
dispersion of nanostructures,”” ** increasing the height of
nanostructures to cover phase modulation for more than 27
radians (multiorder or harmonic diffractive lenses)*”*° or
adding a refractive lens to the meta-lens because they have
opposite chromatic dispersions.”” We also note that the so-
called superoscillatory and supercritical lenses have been shown
to be capable of focusing light in far-field with focal spot sizes
that are smaller than the diffraction-limit.>*™*° However, the
efficiencies of these lenses are still yet to be improved, and the
focal spots are accompanied by strong side-lobes, which are
severe downsides in applications such as photoluminescence
and nonlinear scanning imaging.

We have demonstrated scanning microscopic imaging
through stage scanning, which is slower compared to the use
of galvo mirror for laser scanning microscopy. The galvo mirror
usually consists of a pair of small mirrors to rapidly deflect the
laser beam. High-speed scanning microscopy can be
implemented using meta-lens by adding another layer of
metasurface to correct the aberrations (mainly coma aberra-
tion) such that the focal spot is still diffraction-limited for
oblique incidence,”" or by integrating an array of immersion
meta-lenses to reduce the scanning area of each meta-lens. The

latter is promising for achieving the large field of view (~cm X
~cm) required in many applications, especially in laser
lithography, where the accuracy of a galvo mirror is
insufficient. "~ **

Cover glasses usually have ~+S pm error in thickness. In
case of designing water immersion meta-lens, the inaccuracy of
substrate thickness can induce spherical aberration. This results
in focal length shift and might broaden the focal spot if the
spherical aberration is larger than the tolerance of meta-lens,
which is dependent on the NA; the smaller the NA, the larger
the tolerance. In Figure S7, we show that the water immersion
meta-lens can still be diffraction-limited up to NA = 1.1
considering the +5 ym thickness error.

Note that our immersion meta-lenses can be tailored not just
for any immersion liquid but also for multiple layers of different
refractive indices. This is especially important for biorelated
imaging. Conventional immersion objectives are designed for a
single layer of immersion liquid; this introduces significant
spherical aberrations when they are used to focus light into, e.g.,
biological tissue.*> Our immersion meta-lens can be designed
by considering the refractive indices of epidermis and dermis to
focus light in the tissue under human skin with no additional
design and fabrication complexity.

Conclusions. This first demonstration of liquid immersion
planar meta-lenses with NAs up to 1.1 conclusively shows that
their versatility to be tailored for any liquid and are capable of
providing diffraction-limited focal spots at their design
wavelengths with focusing efficiencies about 50%. By
integrating the meta-lens with a commercial scanning confocal
microscope, we achieved diffraction-limited imaging with spatial
resolution of ~200 nm at wavelength A = 532 nm. These meta-
lenses can be designed taking into account the refractive index
of multilayers, allowing numerous applications in optical
lithography, laser-based microscopy and spectroscopy. The
single-step lithographic fabrication of meta-lenses has the
potential to overcome the drawbacks or challenges of lens-
polishing techniques that have been used for centuries and has
the possibility to be mass-produced with existing foundry
technology (deep-UV steppers) or nanoimprinting for cost-
effective high-end immersion optics.

Methods. Phase Profile of Immersion Meta-Lenses. The
phase profiles were calculated using a commercial ray-tracing
software OpticsStudio from Zemax Inc., considering the
configuration shown in Figure 1. The thickness of cover glass
substrate was measured by a micrometer (CPM1, Thorlabs
Inc.) and then input into OpticsStudio as a parameter. The
phase profiles of immersion meta-lenses are described by a
polynomial:

o= 2of5)”

i=1

where R is the radius of immersion meta-lens, and

r= x> +y" is the polar coordinate. The coefficients a;

were optimized through an algorithm in OpticsStudio for
minimizing the spread of the cross-point of each ray on focal
plane. See Supplementary Table S1 for the coeflicients of all
immersion meta-lenses.

Measurement Setup for Characterizing the Focal Spots.
Meta-lenses were characterized using a custom-built micro-
scope consisting of a fiber-coupled laser source, linear polarizer,
quarter-waveplate, and an immersion objective lens paired with
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its tube lens to form an image on a CMOS camera with a pixel
size of 2.2 ym. For measuring the water and oil immersion
meta-lenses, the objective used was an Olympus water
immersion objective (LUMPLFLN, 60X, NA = 1) and a
Nikon oil immersion objective (CFI, 100X, NA = 1.25) paired
with their corresponding tube lenses of focal length f = 180 mm
and 200 mm, respectively.

Simulation. Three-dimensional full wave simulation was
performed by a commercial software (Lumerical Inc.) based on
the FDTD. We arranged an array of TiO, nanofins in such a
way that it diffracts light with conversed polarization state to a
particular angle. Periodic and perfectly matched layer boundary
conditions were used along transverse and longitudinal
directions with respect to the propagation of incident circularly
polarized light. The length and width of the TiO, nanofin were
swept within a region considering fabrication limitations to
maximize the polarization conversion efficiency. Polarization
conversion efficiency is calculated by dividing the total
diffracted optical power around the particular angle by the
input optical power.
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