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Abstract

Metasurfaces, based on subwavelength structuring, provide a versatile platform for
wavefront manipulation in an ultra-thin form factor. The manufacturing of metasurfaces, however,
generally requires fabrication techniques, such as electron-beam lithography, that are not scalable.
One alternative is the use of ultra-violet steppers, but these require significant capital investment
and there are challenges in handling the large mask sizes that metasurfaces demand due to the
structuring density. In this paper, we proposed a novel manufacturing method based on self-
assembly of nanospheres in combination with grayscale lithography. This technique enables large-
scalemetasurfaces with non-periodic phase profiles while being cost-effective. As a proof of
concept, we demonstrate a series of large-scale (Imm diameter) metalenses demonstrating
diffraction-limited focusing as well as holograms. This approach could open new doors to cost
effective and large-scale fabrication of a wide range of metasurface-based optics.
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Introduction

Optical metasurfaces, based on subwavelength structuring, can provide a versatile platform
for controlling the wavefront, polarization state, wave-vector, and spectral composition of light
while doing so in an ultra-thin form factor(!213], This flexibility in dictating the electromagnetic
response has led to numerous metasurface-based optical elements such as beam deflectors“I>16],
holograms!7I8I°1 image processors!!OMI2] bio-sensorst!314] and metalenses! 1161171, The
emergence of multi-element compound meta-optics offers even more flexibility in realizing
complex optical assembliest! 81191120, However, the current conventional fabrication techniques are
generally slow and result in optics that are difficult, or expensive, to manufacture at the scale of
their refractive optic counterparts. Advances in affordable and scalable fabrication techniques are
needed for wider scale adoption of metasurfaces and associate optical systems.

Electron-beam lithography (EBL) is the most widely used fabrication technique for visible
and near-infrared metasurfaces as their feature size is typically beyond the limitation of
conventional ultra-violet (UV) contact mask photolithography systems?!l. While EBL provides
extremely high patterning resolution, the serial exposure process limits throughput and ultimately
relegates the applicability to prototype level devices. Stepper-based lithography, on the other hand,
has been proven as one of the most powerful manufacturing platforms in the semiconductor
industry. These systems, through the use of focusing optics, allow for both parallel exposure and
subwavelength patterning resolution. Nevertheless, the complexity of the optical system in
steppers, as well as the need for high quality optical components, immersion optics, and highly
accurate mechanical components results in high system cost[??]. In addition, the millions, or even
billions of unit-cells comprising a metasurface results in extremely large patterning files that
require algorithmic reduction based on structural symmetries(?3124], While this reduction will work
with high symmetry structures such as metalenses, it will not suffice when there is little, if any,
underlying symmetry such as in holograms.

Self-assembly methods, on the other hand, provide a promising direction for large-scale
device fabrication. These methods depend on a material’s peculiar chemical or physical properties
during bottom-up growth, for instance, block copolymer®!, DNA nanostructure!®®), and
nanotubes!?’! can be used to realize distinctive shapes that can be utilized directly as the desired
structure or as templates for further fabrication. Among these techniques, it has been demonstrated
that self-assembled nanospheres can serve a means for high resolution optical lithography!281291130]
with each sphere serving as a lens. Under illumination from a UV light source, each nanosphere
will generate a photonic jet which can be used to expose an underlying photoresist. This technique
can provide stepper-level spatial resolution while taking advantage of the self-assembled
hexagonal lattice to locate the unit cells. Previous demonstrations of nanosphere lithography have
demonstrated periodic structures such as perfect reflectorsB!, absorbers*2133] and photonic
crystals®433] - Adjusting the substrate surface tomography allows for aperiodic structures to be
realized[*¢] but only in relation to the position of the unit-cells while the resonators remain the same.
To date, there has been no demonstration of a technique that is capable of fabricating metasurfaces
with non-periodic phase profiles, such as those needed for lenses or holograms, using cost-
effective self-assembly-based techniques.

Here, we demonstrate a novel manufacturing technique based on grayscale nanosphere
lithography that allows for metasurfaces with arbitrary, non-periodic, phase profiles to be
fabricated in a cost-effective and scalable manner. To achieve non-periodic phase control, we



combine nanosphere lithography with illumination from a spatial light modulatorB37138113] that
allows for the dose, and thus exposure size, to be controlled spatially. Furthermore, in our method
we encode the resonator size into an 8-bit grayscale pattern rather than defining the geometric
parameters of each individual resonator. This significantly reduces the geometric data required to
write a structure leading to dramatically reduced pattern file sizes, enabling structures without an
underlying symmetry. As a testbed for the technique, we fabricated a series of large-scale (diameter
of Imm) metalenses working at a wavelength of 1.7um, demonstrating diffraction-limited
focusing and above 83% relative efficiency. We also demonstrate how this technique can be used
for realizing non-symmetric large-scale metasurface holograms within minimal mask sizes.
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Figure 1. Self-assembly assisted large-scale metasurface fabrication platform. (a) A grayscale pattern is
generated by the DMD system using a 365nm I-line UV light source which is transmitted by a projection system
comprising an objective lens. The system illuminates nanospheres that have been self-assembled on the substrate
and serve to focus the light. The grayscale intensity level is used to control the exposure size. for intensity
modulation over substrate surface to accurately control the effective exposed area under each nanosphere. The
exposed results are nonperiodic according to the exposure dosage modulation from grayscale pattern. (b) The
photonic jet phenomenon, within a polystyrene nanosphere and exposure of the photoresist below. The diameter
of nanosphere is 800nm in this simulation.



Results and Discussion
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Figure 2. Fabrication results for large-scale metalenses based on grayscale lithography. (a) Schematic of air-water
interface for nanosphere self-assembly. (b) SEM image of close-packed nanosphere monolayer after self-assembly.
Scale bar: 5Sum. Inset is an image of the entire substrate. (c) The relationship between the exposure dose, represented
by grayscale level of the pattern, and the diameter of the Al,0; hard mask after lift-off process. Insets are SEM images
of the hard mask with different exposure doses. Scale bar: 500nm. (d) The variation of transmission and phase shift
with the diameter of the silicon nanopillars. The inset depicts the simulated unit cell arranged in a hexagonal lattice.
(e) The grayscale pattern corresponding to the f/5 metalens. Scale bar: 200um. (f) Optical image of the fabricated f/5
metalens. Scale bar: 200pum. Inset is a tilted SEM image showing the silicon nanopillars. Scale bar: 2.5um.

The fabrication approach presented here utilizes nanosphere lithography to form etch masks
for patterning silicon nanopillar unit cells. The processes start with generating a monolayer of self-
assembled polystyrene nanospheres. As shown in Fig. 2(a), this is accomplished by first injecting
the spheres onto an air-water interface where they self-assemble into a hexagonal close-packed
latticel*0l*1] (see details of self-assembly process in the Methods). The wafer on which the
metasurface will be fabricated, and onto which the spheres will transferred, is placed within the
water bath at the start of the process. The wafers comprise a quartz handle, a silicon device layer
grown via low pressure chemical vapor deposition (LPCVD), and a spin coated photoresist layer.
Transfer of the self-assembled nanosphere lattice is accomplished by slowly draining the water
bath. Fig. 2(b) shows an SEM image of a transferred nanosphere monolayer and the inset
corresponds to an optical image where the different colors correspond to domains with different
crystal orientation. The size of the nanosphere lattices is ~2cm x 2c¢m in the samples presented in
this paper. However, past demonstrations have shown scaling to sizes of 10cm x 10cm by using
larger water bathsB!l, indicating the potential to fabricate wafer-scale devices.



Once the nanosphere array is transferred it then serves as a lens array for exposing the
photoresist beneath. We utilize a circular illumination pattern resulting in a circular exposure
profile but past work has demonstrated the use of patterned masks for realizing more complicated
geometriesB3®). Importantly, the size of the area exposed is dictated by the illumination dosage
which is a function of exposure intensity and time. To control the exposure area, and thus resonator
size, we utilize a digital micro-mirror device (DMD) as a spatial light modulator. The effective
exposure intensity is controlled via the duty cycle of the micro-mirrors which yields 8-bit depth
and 1.6um spatial resolution. The spatial resolution dictates the resolution at which the grayscale
pattern can be modulated which is 4 nanospheres in the current system. Higher resolution could
be achieved by either using either a DMD with more pixels or reducing the illumination area using
higher numerical aperture (NA) projection optics. The dose-to-exposure size calibration curve was
generated by depositing Al,O5 into the exposed photoresist patterns and measuring the diameter
as a function of the grayscale level (0 to 255). The calibration curve, presented in Fig. 2c, was
fitted by a quadratic polynomial curve and the mean square deviation of the diameter, which was
found to be below 5%, 1s included as the error bars.

As a testbed for the accuracy of this fabrication method we first focus on realization of
metasurface-based lenses as their performance can be quantitatively benchmarked against
theoretical performance. The metalenses were designed with a hyperbolic phase profile, given by:

d(xy) =k x (f —x* +y* + f?) (1)

where ¢ is the phase shift at a particular position, k is the wavenumber, and f is the focal length
of designed metalens. This phase profile is converted into the grayscale pattern G(x,y), where
Gxy)=f it—l{D¢[¢(x,y)]} is the grayscale levels, fit—! is the inverse function of the fitted
curve in Fig. 2(c) and D is the diameter of the nano-post corresponding to the required phase. D
is acquired from extracting the phase delay from full-wave simulations of hexagonal lattices of
silicon nano-posts as a function of diameter, as presented in Fig. 2(d). The shaded area in Fig. 2(c)
illustrates the required diameter range for achieving a 2w phase shift, based on the full-wave
simulations, indicating that it is well within the grayscale patterning range. From Fig. 2(c) and Fig.
2(d) we can generate the required grayscale exposure pattern, G(x,y), which is shown in Fig. 2(e)
for a /75 metalens with a diameter of 1mm. This pattern was used for exposure of S1805 photoresist
below the self-assembled nanosphere array (see the exposure setup in Fig. S1 of the supporting
materials). A 40nm Al,O; hard mask was then fabricated by electronic-beam evaporation and a
lift-off process. The final device was completed using reactive ion etching to form silicon pillars
(see detailed fabrication process in Fig. S2 of supporting materials). An optical image of the
fabricated metalens is shown in Fig.2(f) and an SEM image is in the inset.

In order to gauge the accuracy and precision of the fabrication technique, the optical properties
of metalenses with f/5 and f/3 were characterized by measuring the focal spot profile at a
wavelength of 1.7um (See the detailed optical system in Methods and Fig. S3(a) of supporting
materials). To evaluate the performance of each metalens, the theoretical focal spot profile was
calculated based on a hyperbolic phase profile, generating diffraction-limited focal spots with full
width half maxima (FWHM) of 9.06pum and 5.66um for f/5 and f/3 lenses, respectively (Fig. 3(a)).
The measured spot profiles closely match these theoretical curves, demonstrating diffraction
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limited focusing. The focal spot profile along the axial axis was also recorded which was found to
closely match the theoretical performance with the results presented in Fig. 3(b) and (c). These
measurements demonstrate that the designed hyperbolic phase profile has been accurately realized
across the metalens. The phase profile accuracy can be further verified by the imaging performance
which was characterized by imaging the standard 1951 United State Air Force (USAF) test chart
(Thorlabs Inc.). The image from the metalens, recorded in combination with a tube lens, is shown
in Fig. 3(d) and (e) and demonstrates minimal distortion (See details of the optical system in Fig.
S3(b) of the supporting materials). The increase in the numerical aperture of the f/3 lens results in
improvement in the image quality and resolution, with the ability to resolve group 4, element 6
(line width of 17.54pum), to group 5, element 5 (line width of 9.84um). These results indicate the
capability to fabricate large-scale metalenses in a single exposure shot. In this approach, the
smallest f/# metalens that can be fabricated can be controlled via the magnification of the
projection lens in combination with the DMD resolution.
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Figure 3. Experimental characterization of fabricated metalenses. (a) The measured and calculated focal spot
profiles of fabricated metalenses with f/5(left) and f/3(right). Insets show the corresponding focal spot intensity
distribution recorded by a NIR camera. (b) The measured (left) and experimental (right) focal spot profile along
for optical axis for a metalens with f/5. (¢) The measured (left) and simulated (right) focal spot profile along for
optical axis for a metalens with f/3. (d) The imaging results of the USAF1951 standard test sample for the /75
metalens (e) The imaging results of the USAF1951 standard test sample for the f/3 metalens.

The efficiency of the metalenses is the product of two factors, the relative focusing
efficiency, defined as the intensity within the focal spot over all light passing through the metalens,
and the transmission efficiency of the metalens. The fabricated metalenses were found to have
relative focusing efficiencies of 88% and 83% for metalenses with f/5 and f/3, respectively, with a



theoretical efficiency as high as 96% for the f/5 metalens. The drop in experimental relative
efficiency is ultimately induced by the presence of defects during self-assembly.
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Figure 4. Roles of defects in metalens performance. (a) Phase shift profile of the designed metalens with a 5% defect
density. Scale bar: 15um. (b) SEM image of fabricated large-scale metalens. The imaged area is chosen to be close
to (a) for comparison. Scale bar: 15um. (c) The simulated focal spot profile of an ideal metalens (solid line) and one
with 5% defect density (dash line), both are /5. (d) Simulated imaging performance of ideal metalens with f75. Scale
bar: 250um. (e) Simulated imaging performance of a metalens with the same parameters as (d) but with 5% defect
density as well as a 5% phase variation. Inset: comparison of magnified region from (d) and (e). Scale bar: 250pm.
(f) The simulated focusing efficiency of a metalens with f/5 in terms of defect density. All lenses have a working
wavelength of 1.7um. Circles indicates the defects density level in simulations.

In the case of nanosphere self-assembly, defects arise due to the size variation of
polystyrene nanospheres as well as incomplete self-assembly when the lattices are being formed
resulting in point defects and dislocations. To evaluate the drop of efficiency induced by these
defects, we added a 5% random phase shift to each pixel to represent the standard deviation in the
size of the nanospheres. Second, to represent point defects 5% of the pixels, stochastically
distributed, had their phase delay set to represent air. These defect levels result in relative focusing
efficiencies that were found to best match the experimental efficiencies, as described in the next
section. The images of the simulated and fabricated phase profiles are shown in Fig. 4a and 4b,
respectively, for comparison. The fabricated lenses have a lower point defect density with 2% of
the spheres missing but also contain dislocations which have not been included in the simulated
lenses.



The theoretical focal spot intensity profiles were calculated according to the Fresnel
diffraction equation with the ideal phase profile taken as referencel*?l. By adding a 5% defect
density, as well the 5% phase shift noise into the ideal metalens phase profile, one can observe a
drop of focusing efficiency to around 90% with minimal effect on the FWHM of the focal spot as
shown in Fig. 4(c). The penalty in focusing efficiency is due to a transmission drop corresponding
to light scattering from the defects. This scattering reduces the intensity of the image, as can be
observed from the simulated images in Fig. 4(d) and (e). At the present defect density the metalens
has the same resolving power with a small decline in the signal-to-noise ratio. The global
relationship between focal efficiency and defect density was calculated and exhibited in Fig. 4(f).
The focal efficiency can remain over 80% with a defect density of up to 10%. In the actual device,
the point defect density is 2% which should result in a relative focusing efficiency of 95%. This
difference between the measured (88%) and theoretical expectation most likely results from
additional defects due to dislocations in the nanosphere lattice.

The measured transmission efficiency was found to be 75% for both metalenses which can
be compared with a theoretical value of 97%. The drop in the experimental measurement is
introduced by variations in the local period during the self-assembly process which results in the
emergence of a resonance with low transmission within the nano-post structure (see the
transmissive coefficient diagram in Fig. S4 of the supporting materials). This problem can be
solved with the assistance of additional surfactants during the self-assembly process!*3I441 or use
of the Langmuir-Blodgett (LB) effect[*31146] to obtain a more uniform nanosphere array. A resonator
design that is more tolerant to these types of defects would also alleviate this issue.

One technical issue associated large-scale
metasurfaces is the large amount of geometrical
data needed for lithography masks. While data
size reduction can be realized when patterning
structures with underlying symmetry, such as
metalenses, there is no general technique for
metasurfaces lacking such symmetry. In order to
demonstrate the flexibility of our proposed
method for arbitrary large-scale meta-optics
fabrication, a Fresnel hologram was designed with
the phase profile showed in Fig. 5(a). This
hologram lacks the structural symmetry need for
compression and results in a 1GB/mm? GDSII file
based on 72 nodes being used to define each circle.
Encoding the phase information into a single
Figure 5. Demonstration of holograms. (a) Ideal grayscale pattern results in a decrease in the
phase profile of the Fresnel hologram. Scale bar:  patterning file to 0.4MB/mm?2. The hologram was
300um. (b) Optical image of fabricated hologram.  designed using the Gerchberg-Saxton algorithm(*7]
Scale bar: 300um. (c) Simulated hologram at the resulting in a metasurface with only phase
image plane. Scale bar: 300um. (d) Measured .. .. . .
hologram at the image plane. Scale bar: 300um. variations, as shown in Fig. 5(a). An optical image

of the fabricated hologram is shown in Fig. 5(b)

measured




which also demonstrates the highly aperiodic structure of the metasurface. The hologram was
designed to correspond to the Vanderbilt University logo comprising a star with the letter V in the
middle, the simulation of which is shown in Fig. 5 (¢). This hologram was measured using a normal
incident laser with the zeroth transmitted image captured by an objective lens. The resulting
hologram is shown in Fig. 5(d) and demonstrates low background noise, indicating the high quality
of the fabricated metasurface.

Conclusion

In summary, we have developed a novel manufacturing method for large-scale
metasurfaces by combining grayscale lithography with nanosphere self-assembly. This technique
allows spatially varying subwavelength nanostructures to be realized with metalenses being used
as a proof of concept here, demonstrating diffraction-limited focusing performance. Although
defects are unavoidable in self-assembly processes, the relative focusing efficiency of these lenses
remained over 83%. Compared to conventional manufacturing platforms such as EBL and UV
stepper-based lithography, our proposed method represents a cost-effective technique for large-
scale device fabrication. Moreover, no reduction in mask size is necessary due to the encoding of
structural variation in a grayscale pattern. The reduction in cost and patterning time associated
with this technique could lead to new commercial markets where metasurface-based optics are
viable.

Methods

Nanosphere self-assembly. Commercially available (EPRUI Biotech Co.) polystyrene
nanosphere aqueous solution (10wt% and 3% CV) was mixed with an equal volume of methanol.
10 minutes of sonication was used to fully mix the solution before injecting onto the surface of the
water using a syringe at a speed of Sul/min. A Tygon tube with diameter of 0.55mm was connected
to the syringe needle with the tube just touching the DI water surface, forming a meniscus onto
which the nanospheres are deposited. Due to their hydrophobic surface, polystyrene nanospheres
float on the surface of the water bath. Instead of using surfactant to accelerate the self-assembly
process, which may cause nanospheres to fall from the surface, we used a flat gas nozzle to blow
nitrogen onto the surface during self-assembly with a rate of SL/min. The small perturbation on
the water surface can help reorient the nanospheres(*®] into a large-scale hexagonal close packaged
monolayer. The nmonolayer can fill most the area of a 90mm diameter dish after around 15
minutes of the self-assembly process. The water is then drained slowly to transfer the monolayer
onto the substrate which has previously been placed in the water. Due to size variation of the
nanospheres, defects are unavoidable, leading to stress in the monolayer. In order to release the
stress, during the transfer process the substrate was tilted by a 10° angle, which also helps to avoid
formation of a multilayer structurel*°1.

Grayscale lithography. In order to realize dose modulation, a DMD light engine with 1920
x 1080 pixels (ZS650, Zwants Supplies, Inc.) was utilized to illuminate the grayscale pattern on
the nanosphere monolayer using an I-line light source (365nm). The size of each micromirror
element is 7.6pum, which was reduced to around 1.5um by demagnification using a 5X projection
lens. The diagonal length of the DMD is around 16.25mm resulting in a maximum exposure
diameter of 1.6mm for a single exposure shot, after demagnification. With 8-bit color depth 256
grayscale levels can be generated which offers control over the grayscale pattern.



Numerical simulation. The complex transmission coefficient of the nano-pillars was
obtained using a rigorous coupled wave analysis (RCWA) solver, reticoloBP%51, The unit cell
comprises an 850nm tall a-silicon nano-post on a quartz substrate arranged in a hexagonal lattice
with a period of 800nm. The period matches the diameter of the nanospheres. The index of a-
silicon (n=3.7) was acquired using ellipsometry.

Optical characterization. A custom optical imaging system was built by using a 20X
objective (Mitutoyo Plan Apo, NA=0.4) for focal spot, hologram and imaging performance
characterization. Illumination was provided by a supercontinuum laser (Fianium WhiteLase)
passing through a monochromator (Cornerstone 130 1/8m). The light intensity was recorded by a
NIR camera (Xeva-1.7-640) with background noise subtraction. Before recording the lateral focal
spot profile and hologram, a standard test chart (USAF1951, RIDSIN, Thorlabs) was imaged to
characterize the magnification of the optical system. To characterize the focal spot profile along
the optical axis, the metalens was mounted on a translation stage with a step size of 10um. With
around 150 image slices obtained, the light intensity passing through the center of the focal spot
at each image slice was rearranged along the propagating axis to form the profile image. The
imaging characterization is based on the same optical system, with the USAF1951 standard test
chart as the imaging target. The detailed optical system can be found in the supporting materials.
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