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ABSTRACT: Subwavelength imaging requires the use of high numerical aperture (NA) lenses
together with immersion liquids in order to achieve the highest possible resolution. Following
exciting recent developments in metasurfaces that have achieved efficient focusing and novel
beam-shaping, the race is on to demonstrate ultra-high NA metalenses. The highest NA that has
been demonstrated so far is NA=1.1, achieved with a TiO; metalens and back-immersion. Here,
we introduce and demonstrate a metalens with high NA and high transmission in the visible
range, based on crystalline silicon (c-Si). The higher refractive index of silicon compared to TiO>
allows us to push the NA further. The design uses the geometric phase approach also known as
the Pancharatnam—Berry (P-B) phase and we determine the arrangement of nano-bricks using a
hybrid optimization algorithm (HOA). We demonstrate a metalens with NA = 0.98 in air, a
bandwidth (FWHM) of 274 nm and a focusing efficiency of 67% at 532 nm wavelength, which
is close to the transmission performance of a TiO> metalens. Moreover, and uniquely so, our
metalens can be front-immersed into immersion oil and achieve an ultra-high NA of 1.48
experimentally and 1.73 theoretically, thereby demonstrating the highest NA of any metalens in
the visible regime reported to the best of our knowledge. The fabricating process is fully
compatible with CMOS technology and therefore scalable. We envision the front-immersion
design to be beneficial for achieving ultra-high NA metalenses as well as immersion metalens
doublets, thereby pushing metasurfaces into practical applications such as high resolution, low-

cost confocal microscopy and achromatic lenses.



Metasurfaces are artificial sheet materials of sub-wavelength thickness that modulate
electromagnetic waves mainly through photonic resonances '=. Their properties are based on the
ability to control the phase and/or polarisation of light with subwavelength-scale dielectric or
metallic nano-resonators *°. Correspondingly, metasurfaces are able to alter every aspect of
transmitting or reflecting beams, achieving various extraordinary optical phenomena including

15-17

deflection %8, retro-reflection *'°, polarization conversion !4, focusing and beam-shaping

8 with a nanostructured thin film alone. Focusing metasurfaces — namely metalenses — are

19,20

amongst the most promising optical elements for practical applications , e.g. for cell phone

21,22 23,24

camera lenses or ultrathin microscope objectives , since their subwavelength
nanostructures are able to provide more precise and efficient phase control compared to binary
amplitude and phase Fresnel zone plates.

Dielectric materials such as titanium dioxide (TiO2), gallium nitride (GaN) and silicon nitride
(Si3N4) appear to be the best candidates for achieving high focusing efficiency and high
numerical aperture (NA) operation, especially at visible wavelengths 22232% because of their
transparency. However, ultra-high numerical apertures (NA>1) can only be achieved via
immersion in high-index liquids ?’. In this case, the refractive index contrast available with
dielectric materials is insufficient for achieving high performance. A compromise is to use liquid
immersion on the back side of the metalenses, which is known as back-immersion. An example
of a back-immersion TiO2 metalens was demonstrated recently, with an NA that was limited to
1.1 at 532 nm wavelength ». The design of this lens used the geometric phase, also known as the

Pancharatnam-Berry (P-B) phase 2%

, resulting in an array of “nano-bricks” to control the phase
appropriately. In order to achieve higher NA, such metalenses need a smaller period and a

correspondingly higher aspect ratio of the nano-bricks to maintain the necessary confinement of



the electromagnetic field within the TiO,. The period and aspect ratios are ultimately limited by
fabrication constrains 2}, which imposes a practical restriction on the maximum NA that can be
achieved. By contrast, using a higher refractive index material relaxes these constraints and
provides a better solution for maintaining optical confinement in the presence of high-index
immersion oil.

Only medium-to-low bandgap semiconductors provide the required high refractive index.
Amongst these, amorphous silicon (a-Si) and crystalline silicon (c-Si) are the most promising
candidates as both have already been used for the realisation of high performance metalenses in
the visible to terahertz frequencies ***2. The issue with a-Si is that its transmission drops
significantly in the visible range due to its high absorption **-*4. C-Si, on the other hand, has
already demonstrated high efficiency metasurface functionality in the visible regime, with up to
67% diffraction efficiency measured in transmission at 532 nm -7

Furthermore, the refractive index of silicon is sufficiently high to realize a front-immersion
metalens with liquid immersion. The front-immersion geometry has two advantages: firstly, it
enables immersion on the metasurfaces for a doublet structure ®°%; secondly, it puts no constraint
on the working distance, while a back-immersion metalens requires a very thin carrier to produce
the high NA focal spot out with the substrate.

Based on these insights, we now introduce and demonstrate a c-Si metalens with high NA and
high transmission in the visible range. By using the geometric phase approached realized with
nano-bricks in an arrangement determined by a hybrid optimization algorithm (HOA), we show
that a very low loss, high NA metalens can be realized. As an example, we demonstrate an NA =

0.98 metalens in air with a bandwidth (FWHM) of 274 nm and a focusing efficiency of 67% at

532 nm wavelength, which is close to the transmission performance of a TiO: metalens.



Moreover, and uniquely so, our c-Si metalens can be front-immersed into immersion oil and
achieve an ultra-high NA of 1.48 experimentally and 1.73 theoretically, thereby demonstrating

the highest NA of any metalens in the visible regime reported to the best of our knowledge.

Results

Design of the c-Si based metalens. As discussed in ref. 35 and 36, the loss of c-Si at
wavelengths longer than 500 nm is not negligible only if the geometry of each nano-brick is
carefully designed. We then consider that a nano-brick (Figure 1(b)) can effectively modulate the
phase of an incident right-circularly polarized (RCP) beam. Normally, each nano-brick has 5
degrees of freedom: the rotation angle 8, which yields the phase shift according to the P-B phase
0 (x,y) =0 (x,y)/ 2, whereby ¢ (x, »), is the Fresnel phase profile of a metalens, which needs to

follow a parabolic profile:
2
plxy)=2m -1+ y f2 - f | (1)
where A is the target wavelength, x and y are the coordinates of each nano-brick, n is the
background refractive index around each nano-brick, and fis the designed focal length. Except
for the angle 6, the other geometric parameters, i.e. the length /, the width w, the height %, and the

center-to-center spacing a of each nano-brick unit cell are determined algorithmically as

discussed next.



Figure 1. (a) Schematic of the c-Si metalens. For the immersion purpose, the immersion liquid is
placed on the same side as the nano-bricks (b) The metalens consists of c¢-Si nano-bricks on a
sapphire substrate. The length /, width w, height /# and the center-to-center spacing a of the unit

cell are optimized by the hybrid optimization algorithm.

Apart from the phase, the other four degrees of freedom need to be determined
algorithmically; the traditional sweep algorithm is time consuming when multiple parameters are

involved, however. Other optimization algorithms 4>

, including differential evolution (DE),
genetic algorithm (GA), particle-swarm optimization (PSO) and adaptive simulated annealing
(ASA), can all be utilized. It is not clear, however, whether they will be able to optimize both the
phase and the transmission into the global optimum. Therefore, we conduct a self-adaptive
hybrid optimization algorithm (HOA) which is combined with DE, GA, PSO and ASA to
efficiently search the global optimized geometry of a nano-brick to avoid large loss of c-Si as

well as to determine the exact phase shift. The normalized figure of merit (FoM) for single

wavelength in the optimization process is therefore defined as:



FoM =2—¢® ™l _

T.,.+T
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where @ and @ = 0 are the calculated and the target phase, respectively; Tz, T and Tp = 1 are
the transmission of the TE mode, the TM mode and the expected total transmission, respectively.

The hybrid optimizing process proceeds as follows: the initial population in DE, GA, PSO
and ASA are randomly distributed within an area subjected to so-called Pareto Frontier, which
indicates that any further improvement of the solution in terms of one objective (e.g. the phase
shift) is likely to be compromised by the degradation of another objective (e.g. the transmission).
The fitness of these individuals is weak and dose not yet contain the actual set of non-dominated
solutions. Then the HOA begins the first optimizing generation, activating the first optimizer
(DE in this work) and pushing the population in DE towards the Pareto Frontier. Once the DE
optimization stops at the local extremum, the next optimizer (GA) is activated to continuously
push the corresponding population towards the Pareto Frontier; additionally, some “immigrants”
in the first optimizer are introduced into the populations that can provide alternative good
solutions to the ones already being explored by one of the algorithms. These immigrants can
steer the population into other unexplored areas of the search space, avoiding for the algorithm to
get trapped in local optima hence increasing the chances of locating the global optimum. The
processes repeats in order for PSO and ASA (as shown in Figure 2(a) to 2(d)). When the first
optimizing generation ends, the HOA compares the most efficient points according to the FoM,
in the four optimization algorithms to check their correlation. If these efficient points do not
obviously point to the global optimum, the HOA begins the next optimizing generation until all
optimizers converge on the Pareto Frontier and return the most efficient point with the largest
FoM (Figure 2(e)). The geometry of the unit cell can then be obtained by unwrapping the

elements in the combination of (@ (I, w, h, a), T (I, w, h, a)) giving by the most efficient solution.



The HOA we used here has the advantage to increase the probability of finding the global

maximized FoM, instead of a local one (See Supporting Information for more detail).
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Figure 2 (a) the initial population in DE, GA, PSO and ASA, showing weak fitness of each
individual algorithm. (b) The population distribution in generation 1 with 2434 iterations, where
DE is evaluated. (c) The population distribution in generation 1 with 6308 iterations, where GA
is evaluated. (d) The population distribution in generation 1 with 12996 iterations, where PSO is
evaluated. (¢) The HOA converges in generation 3 with 43946 iterations, showing the global best
result at (@ = 0.002°, T = 88%). (f) Plot of the FoM evolution in terms of the iterations, only
showing the best FoM of each iteration. The final FoM is 0.93, indicating a transmission of 88%
for c-Si at the wavelength of 532 nm, which is remarkably high. Over the course of multiple
iterations (Figure 2(f)), the parameters for the metalens designed at 1 = 532 nm are: / = 160 nm,
w =20 nm, 2 = 500 nm, and a = 220 nm, respectively. The designed immersion metalenses can

then be arranged according to eq. 1 with the corresponding nano-bricks.



Simulation of the c-Si based metalens. The performance of the immersion metalens is evaluated
using commercial software (Lumerical Inc.) based on 3D finite difference time domain (FDTD)
simulations. Because of the memory space limitation, a small metalens (50 um % 50 um) with the
same NA as the fabricated one (@ = 1 mm, NA = 0.98) is simulated (shown in Figure 3(a) to
3(c)). The full width at half maximum (FWHM) of the focal spot for a wavelength of 532 nm is
as small as 277 nm (Figure 3(c)) in the focal plane. To differentiate between the power
transmitted through the lens and the power directed by the lens toward the focus, the focusing
efficiency can be defined as the fraction of the incident light that passes through a circular iris in
the focal plane with a radius equal to three times the FWHM spot size *°, so defined as the total
power in the desired focal spot divided by the total incident power. Accordingly, the simulation
indicates a 71% focusing efficiency for our metalens. Furthermore, the focusing efficiency of the
light contributing to NA from 0.975 to 0.98 is 58.4% (See calculation in the Supporting
Information). The focusing efficiency for the same lens in immersion oil with n =1.512 is also
simulated; the efficiency then drops to 56%, while the FWHM of the focal spot reduces to 207
nm (Figure 3(f)), as expected, leading to an NA = 1.48, which shows that ultrahigh NA
metalenses are indeed possible. The efficiency drop happens because the nano-brick units are
optimized for a background refractive index of 1. As the c-Si has a sufficiently high index
difference against different immersion oils, it is possible to compensate the efficiency drop by
setting the background index to the index of the immersion oil (1.512 in our case). For example,
by setting the background index accordingly in our simulation, we observe an increase in

focusing efficiency from 56% to 65%.
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Figure 3. Simulated focusing characterization of high-NA metalens with incident RCP light at
532 nm. (a) Focusing performance of the metalens in air. The focal point is at a distance z = 5.1
um from the lens surface. (b) Normalized intensity profile of the focal spot at the focal plane. (c)
Intensity distribution in the focal plane along the dotted red line on (b), showing a 277 nm
FWHM of the focal spot. (d) — (f) Corresponding analysis of panels (a) — (¢) for a metalens in
immersion oil with n = 1.512, showing a 207 nm FWHM of the focal spot with NA = 1.48. The
clova-leaf shape is due to the fact that a square lens was used in the model. The calculation of the

NA is shown in the Supporting Information.

Fabrication and characterization of the metalens. To verify the design, a circular high-NA
metalens with diameter of 1 mm was fabricated on a crystalline silicon — on — sapphire (SOS)
wafer with 500 nm thick c-Si on 500 pum thick sapphire. The pattern is defined in high resolution
negative resist (Hydrogen silsesquioxane, HSQ, 200-nm thick film, Dow Corning) by electron

beam lithography (EBL, Raith Vistec EBPG-5000plusES) written at 100keV. The development

10



is performed in tetramethylammonium hydroxide (TMAH) and the patterned sample is etched in
an Inductively Coupled Plasma tool (ICP, Oxford Instruments PlasmaPro 100ICP180) with HBr
nano-bricks. Finally, the redundant HSQ is removed by hydrogen fluoride (HF) acid. Scanning

chemistry, which has been optimized for vertical, smooth sidewalls and a high aspect ratio of the

electron microscope (SEM, Zeiss Auriga) images of the metalens are shown in Figure 4.
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tilted-view of the

central section of the metalens. (¢) Top-view SEM image of a portion of the metalens at a higher

metalens at a higher magnification than that in (b), showing the profile and sidewalls of the
nano-bricks. We determine an aspect ratio of 10:1 for these experimental structures with a height

magnification, displaying each individual nano-brick. (d) 45° tilted-view of the portion of the

Figure 4 SEM images of the high-NA metalens. (a) Top-view and (b) 45°

of 500 nm.



The characterization of the focusing performance is then conducted with a combination of a
circular aperture, 100X objectives, a tube lens and a CCD camera at 532 nm wavelength (Figure
5(a)). The measured focal distance is = 105 pum, corresponding to an NA = 0.98 (see Supporting
Information for a detailed calculation). Figure 5(b) shows the focal spot intensity profile of the
metalens in different horizontal planes along the z axis. The axial performance confirms the NA
values we have previously determined (See Supporting Information for the detail). The measured
focusing efficiency is 67%, which is very close to the performance of a TiO, metalens %%, yet
only a c-Si metalens can be operated with front-immersion (see below). The FWHM of the
measured focal spot (Figure 5(c)) is 274 nm compared to the value of 279 nm expected for a
diffraction-limited focusing spot: FWHM = 0.510/NA 2*?’_ The simulated focal spot is 277 nm
according to the simulation in the above section, so again, the values match very closely.

For the immersion experiment, the same c-Si metalens is front-immersed in oil of refractive
index n = 1.512. This front-immersion metalens exhibits a focusing efficiency of 48% and yields
a further reduced focal spot of 211 nm FWHM compared to a value of 182 nm expected for a
diffraction-limited spot (Figure 5(d)), leading to an ultra-high NA = 1.48 (see Supporting
Information for a detailed calculation), which is significantly higher than the best result achieved
with a back-immersion metalens in TiO, (NA = 1.1) 2. Interestingly, the TiO, lens has a very
similar focusing efficiency of 50% in that case. Our measured NA = 1.48 highlights the very
good agreement between theory and experiment and indicates that even higher NAs of 1.73 may
be achievable, as indicated by our model (see Supporting Information for a detailed calculation)
for the case of using immersion liquids of the same refractive index as the sapphire substrate

(1.76).
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The problem of high NA metasurface lenses is the very fast phase change towards the edge

of the lens, whereby each element was designed for a uniform phase. Hence, metalenses always

experience lower efficiency on the high angles, which increases the background signal, and

causes more diffraction into other orders. These effects explain the larger side lobes we observe

in Figures 5 (c) and (d). However, these side lobes are not severe enough to impact on the

imaging quality in scanning mode, as shown in the imaging session. Furthermore, it is reported

that the peak-intensity ratio of 16.2% between the strongest side lobe and the main lobe is still

acceptable for imaging in scanning mode *’. The corresponding peak-intensity ratio is 15.8% in

Figure 5(c) and 14.3% in Figure 5(d), respectively, implying that these side lobes will not impact

on the imaging details.
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Figure 5 (a) Experimental setup for measuring the size of the focal spot. The laser beam is
collimated and passes through an aperture, a linearly polarizer (LP) and a quarter-waveplate
(QWP) to generate RCP light. A 100X immersion objective and a tube lens (L) with focal length
of 250 mm are used to collect the transmitted light. An iris with radius equaling to three times
the FWHM spot size is used for proper calibration of the focusing efficiency. (b) Experimentally
measured depth of focus of the c-Si metalens showing the evolution of the beam from 2 pm in
front of the focal point to 2 um behind it. (c¢) Experimental intensity distribution (green dots) of
the focal spot in air and (d) in immersion oil with n = 1.512. Inset: experimental focal spot

captured by the CCD.

Diffraction-limited imaging with an immersion metalens. The problem with metalenses for
imaging applications is their limited field of view and high coma aberration, which increases
with NA 474 Therefore, a single layer and ultra-high NA metalens is not suited for wide-field
imaging applications.

Instead, we operate the immersion metalens in scanning mode > to show the imaging quality.
The metalens was used in a laser scanning confocal microscope (LSCM, Witec, Alpha 300-S) as
an immersion objective lens (See Supporting Information for the detail of optical setup). It is
worth noting that P-B phase metalenses do not have a good response to incident light with other
polarizations, leading instead to divergence and scattering of the transmitted light. Despite these
drawbacks, P-B phase metalenses have unit cells with identical duty ratio and they offer the
highest transmission and focusing efficiency of any metalens design. For example, with the same
material of TiO», the focusing efficiency of a P-B phase metalens is 73% > while it is only 60%

for a comparable, polarization-independent design %°.

14



FWHM=211 nm

Figure 6. (a) SEM micrograph of silicon triangles on a sapphire substrate. (b) The magnified
image highlights the dimensions, especially the side length of each triangle of 320 nm. (¢) The
simulation of the same triangle imaged with focal spot of different FWHM. (d) Experimental
scanned image using the immersion metalens. The inset shows the orientation of the triangles
and it is possible to determine the orientation. A correlation analysis shows that the experimental

image most closely corresponds to the simulation for FWHM = 211 nm.

15



The target sample, as shown in Figures 6(a) and (b), consists of crystalline-silicon triangles
with a height of 230 nm and side length of 320 nm on a sapphire substrate. Before performing
the laser scanning process, we simulated the imaging quality of these triangles with the focal
spots of different FWHM (See simulated method in Ref. 48). The smaller of the focal spots, the
clearer the direction of the triangle facets can be measured (Figure 6(c)). The experimental laser
scanned image taken with the immersion metalens with the 211 nm focal spot (Figure 5(d)) is
shown in Figure 6(d). We can use the fidelity to compare the experiment image with the

simulated result. The fidelity can be described by the correlation of two patterns >°:

2

UAO (x.¥)A, (x,y)dxdy

F= a . 3)
[1, Geon)f vy [, () iy

where A4; (x, y) and Ay (x, y) are the amplitudes of the target and obtained patterns, respectively. If
we take Figure 6(c) as the target patterns and the pattern labeled by red square in Figure 6(d) as
the obtained pattern, the fidelity for the focal spots with FWHM of 301 nm, 274 nm, 241 nm and
211 nm are 0.8522, 0.8849, 0.9175 and 0.9341, respectively, which demonstrates that our
immersion metalens actually yields a focal spot as small as 211 nm and shows a good agreement

between simulated and experimental results also for the imaging application.

Discussion

Table 1 summarizes the performance parameters of other experimentally reported metalenses
and compares them to our result. The key novelty we introduce here is that our metalens is able
to operate in immersion liquid of very high refractive index (n=1.512) with a focusing efficiency
of 48% and a FWHM spot size of 211 nm. We show that despite the relatively high absorption

loss in the visible range, c-Si can be used to design and make high efficiency metalenses.

16



Furthermore, even though the width of the nano-bricks as realised experimentally is 50 nm,
while the optimization routine stipulates 20 nm, and the slightly odd shape of the nanobricks, the
measured focusing efficiency (67%) is still very close to the simulation (71%), indicating a
surprising high tolerance of the design. The very high refractive index of c-Si provides a
fundamental advantage for metalens design as it affords the use of high refractive index
immersion liquids while providing the necessary confinement of light. This unique material
characteristic highlights that a c-Si metalens has the potential not only for immersion
applications, but also for multi-layered metasurfaces that consists of different dielectric materials.

C-Si based metalenses also extend the application-space of metalens doublets to immersion

41-46

5

applications, which is of great significance for super-resolution microscopy, achromatic lens
optical trapping or sub-water imaging. Finally, c-Si is readily available and CMOS compatible,

so the fabrication of these metalenses can easily be scaled up.

Table 1. Summary of previously reported experimental transmission metalenses

Reference Materials | Wavelength FWHM spot NA Efficiency
(nm) size (1)
Chen et al. 3 TiO, 532 0.57 1.1 (ng=1.52) 50 %
Khorsaninejad et al. 22 TiO, 405, 532, 660 | 0.67, 0.63,0.73 0.8 (in air) 86, 73, 66%
Paniagua-Dozrilinguez et al. a-Si 715 0.54 0.99 (in air) 35%
Lin et al. *3 p-Si 500 1.27 0.43 (in air) 38%
Wang et al. 46 GaN 400 - 660 ~53 0.106 (in air) 40%
Arbabi et al. *° a-Si 1550 0.57 0.97 (in air) 42%
This work (in air) c-Si 532 0.52 0.98 (in air) 67%
This work (in n = 1.512) c-Si 532 0.40 1.48 (n=1.512) 48%

17
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