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ABSTRACT

This paper describes a strategy that uses template-directed self-assembly of pm-scale
microspheres to fabricate arrays of microlenses for projection photolithography of periodic,
quasiperiodic, and aperiodic infrared metasurfaces. This method of “template-encoded microlens
projection lithography” (TEMPL) enables rapid prototyping of planar, multi-scale patterns of
similarly shaped structures with critical dimensions down to ~ 400 nm. Each of these structures
is defined by local projection lithography, with a single microsphere acting as a lens. This paper
explores the use of TEMPL for the fabrication of a broad range of two-dimensional lattices with
varying types of non-periodic spatial distribution. The matching optical spectra of the fabricated
and simulated metasurfaces confirm that TEMPL can produce structures that conform to

expected optical behavior.

MAIN TEXT

Optical metasurfaces — periodic,'™ quasiperiodic, or aperiodic patterns of nanoscale
metal or dielectric features with subwavelength spacing — enable a degree of engineered control
over local and scattered electromagnetic fields not possible with naturally occurring materials.’
These optically thin materials have the potential to become fundamental components in sensitive
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chemical and biological sensors”"" and flat optics. Despite many recent advances, available

methods cannot fabricate new designs with the required feature sizes rapidly, or over even

2 _ c¢m?). This limitation has slowed the comparison of theory and

moderate areas (~ mm
experiment. This paper describes a method for fabricating infrared metasurfaces that combines
the simplicity of self-assembly with the precision of projection lithography to offer new

capabilities in the rapid-prototyping of periodic and quasiperiodic metasurfaces, particularly

those with feature sizes in the range of 0.4-10 um.



This method combines two strategies. The first—microlens projection lithography—uses
self-assembled arrays of colloidal microlenses that each project an image of a distant,
macroscopic mask onto the substrate.'>"” It enables efficient fabrication of arrays of
microstructures (colloidal self-assembly can be rapid), and more importantly, rapid iteration
between different masks. The second strategy is to use self-assembled arrays of silica spheres as
microlenses, and to template the placement of these spheres. The silica spheres act as lenses with
high NA (~ 0.8) and enable spatial resolution down to ~ 0.3 um. Because the microlenses are
small (typically around 5 pm in diameter) and the pattern being projected is large (typically
around 5 cm in size) the projected image is greatly reduced in size (~10,000%, relative to the
photomask), in a single step. This characteristic relaxes the requirements for the resolution of the
photomask to values >1 mm — features easily fabricated by conventional printing or laser-
cutting; e-beam or laser writing methods are not required.

The combination of these two strategies—which we call “template-encoded microlens
projection lithography” (TEMPL)—overcomes one of the major challenges in fabrication of
metasurfaces: rapid evolution in the design of unit cells. TEMPL uses a master template,
fabricated by direct-write photolithography, to guide the organization of the silica microspheres
into the desired planar arrangement of microlenses. Here, we demonstrate that TEMPL can be
used to fabricate periodic and quasiperiodic patterns of identical unit cells, with characteristics
necessary for the development of infrared metasurfaces. Although, TEMPL is not suitable for the
fabrication of metasurfaces that require changes in the shape of the unit cell, the method is
particularly well suited to investigate the influence of the global spatial distribution of “unit
cells” on the optical properties of a material. Furthermore, this work demonstrates — for the first
time (to our knowledge) — template-directed assembly of micron-scale, complex arrays of

spheres coupled with the transfer of these patterns to flat, optically transparent substrates.



In the TEMPL process, a template consisting of cylindrical holes etched in silicon directs
the self-assembly of dry, SiO, microspheres, which are then transferred to an optically
transparent substrate on which they would serve as microlenses for projection lithography. We
first prepared a master template by standard direct-write photolithography, followed by reactive
ion etching. This step was the most demanding one from the point of view of instrumentation,
but can easily be outsourced to commercial vendors. We fabricated cylindrical holes with a
width of c.a. 95% and a depth of 50% of the diameter of the microspheres. Our method of
templating with this master was inspired, in part, by a protocol described by Yoon et al.,'® which
we modified and expanded into a four-step process that yielded consistently reproducible, high-
quality patterns. Figure 1a shows a schematic of this procedure. (i) We first selectively filled the
wells in the master with polyethyleneimine (PEI), which served as an adhesive for the spheres,
by coating the patterned areas of the master with a viscous solution of PEI and then wiping away
the excess with a damp, dust-free cloth. This step removed the PEI from the interstitial areas of
the master template, while leaving the wells filled. (i1) We then gently rubbed a small amount of
dry, monodisperse, silica microspheres onto the master with a clean piece of PDMS. The spheres
adhered selectively to the PEI inside the wells; continual rubbing removed excess spheres.
Removal of un-templated spheres was aided by carefully introducing a gentle stream of nitrogen.
(ii1)) We next heated the back of the silicon master with a butane torch to burn off the PEI
adhesive. At the conclusion of this procedure, the microspheres remained positioned on top of,
and centered on the wells, but they no longer adhered to the substrate and were free to be
transfered to another surface. Importantly, we chose a hole size slightly smaller than the
microspheres to ensure that they did not fall entirely into the holes. (iv) We finally transferred
the microspheres to an intermediate surface by placing a thin, flat slab of clean PDMS on top of

the microspheres, applying gentle pressure, and peeling the PDMS slab from the master. The



spheres adhered to the PDMS. We found that the most critical steps are the correct cleaning of
the excess PEI, and the rubbing of the dry microspheres on the template. Both steps require some
practice.

This procedure routinely yielded arrays of microspheres on PDMS limited only by the
resolution of the i-line photolithography (down to 0.5 um holes in Si) used to generate the
template, and by the limitations of hard contact between the spheres. The only defects we
observed were point defects due to spheres that did not initially fill a templated position or did
not transfer to the PDMS. We found this defect rate to be < 3%, with no other perceptible
distortion to the transferred pattern of spheres. This defect mode occurred most likely due to the
size variation in the spheres. Although our defect rate was low, we are confident that loading can
be improved to >99% with more advanced filtering of the initial spheres to guarantee better
monodispersity.

In the next phase of TEMPL (steps v-vii in Figure 1a) we used the templated

microspheres as microlenses for projection photolithography.'>"’

Figure 1b shows a schematic
description of the microlens projection lithography technique that we developed specifically for
TEMPL. In more detail, we first prepared photosensitive substrates by spin-coating 200 nm of
positive photoresist (from a diluted solution of Shipley S1805 in 1-methoxy-2-propyl acetate, see
SI for the detailed experimental parameters) on the silicon substrates. We next coated these
substrates with 1500 nm of poly(acrylic acid) (by spin-coating from an aqueous solution of PAA,
see SI). The PAA layer formed a removable spacer' that set the focal plane of the microspheres
to lie in the photoresist layer. We calculated the thickness of the PAA spacer based on an

analytical model that we describe in the Supporting Information. We then brought the arrays of

microspheres into direct contact with the PAA layer by carefully placing the PDMS slab (~ 1



mm thick; spheres side down) on top of the target substrate, and did not remove it until after the
exposure with UV light.

To perform the patterning, we laser-cut macroscale masks into light-absorbing blackout paper,
mounted a mask on a diffuser plate — to ensure homogenous illumination in all directions — 3 cm
above the sample, and exposed with an intense, uncollimated, UV flood-light (450 mW/cm?).
After exposure, we removed the PDMS slab (including the spheres) manually, removed the PAA
layer with water and developed the patterned photoresist using a conventional photoresist
developer. Using this procedure, we routinely fabricated arrays of projected micropatterns with
feature sizes down to 400 nm, with shapes determined by the macroscale mask, and with a
spatial arrangement defined by the initial template. We include further details about methods,
optical calculations, and our experimental set-up in the Supporting Information.

To demonstrate the applicability of TEMPL, we fabricated four different types of
microlens arrays based on well-known, quasiperiodic structures: a Penrose lattice, a pinwheel
lattice, and two different Vogel spirals (an a; spiral and a golden angle spiral).* These patterns
provided useful test cases because they are complex, and known to exhibit interesting optical

4,10,20-22
phenomena.™ ™

Figure 2 shows SEM images of three arrays of nanopatterns etched into
photoresist after projection through three different nonperiodic arrays of microspheres.
The sharpness of the Fourier transforms (Fig. 2d-f) of the images of the arrays shown in Fig. 2a-c
confirms the high quality of these patterns.

Figure 3 shows a close-up view of these arrays and demonstrates the quality of the high-
resolution nanopatterns obtained locally under each microsphere. The exposure time had to be
optimized for every mask but since the process only takes a few seconds, and since the microlens

arrays can be re-used, we did not find it to be a limiting factor.

We next demonstrate the use of TEMPL to produce structures active in the near infrared.
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Figure 3d shows the simple T-structure that we chose for the unit cell. We prepared four
different nonperiodic metasurfaces with TEMPL and then performed a standard lift-off
procedure to metallize the patterns into gold. To simplify infrared optical measurements, we
made some minor modifications to the fabrication process. Specifically, we i) used calcium
fluoride disks for the target substrate; ii) spin-coated a lift-off resin onto the substrates before
coating the photoresist; then, after development, iii) used electron beam deposition to lay down
an adhesion layer of Ti (5 nm) followed by an active layer of Au (50 nm); and finally, iv)
performed lift-off in warm (~80 °C) N-methylpyrrolidone. Figure 4b-e shows the resulting
patterns.

We characterized these nonperiodic nanostructure arrays with an FTIR spectrometer and
performed simulations by finite integration technique in CST microwave studio (see SI for
details about the simulation). Because the global patterns were too complex to simulate, we only
simulated spectra for a single unit cell. The measured spectra all showed a primary peak (both
transmission and reflection) around 10 um (Fig. 4g-j). Those spectra matched closely with the
theoretical spectra (Fig. 4f). Slight differences in the position and depth of the peak were likely
affected by the global symmetries of the lattices (or lack thereof). The reflectance was weaker
than the transmittance, most likely due to loss by the rough top-surface of the nanoantennas. The
Penrose and pinwheel lattices provide a stronger signal than the Vogel spirals, likely because of
the higher overall areal density of the Penrose and pinwheel lattices.

Finally, to further demonstrate the broad applicability of TEMPL, and in particular the
capability of fabricating high aspect ratio structures, we performed a deep reactive ion etching
step on three metallized samples fabricated on silicon (where the metallic patterns thus served as
an etch mask). We used a Bosch etch process™ that was calibrated to achieve a 10 pm deep

etching of silicon. The resulting non-periodic arrays of metal-capped vertical structures are



shown in Figure 5.

Overall, TEMPL enables rapid and inexpensive fabrication of large area arrays of
arbitrarily positioned nanostructures. When using an unfiltered flood UV-source, the minimum
feature size obtained with the microlenses we used was ~ 0.4 um. TEMPL enables efficient
exploration of the effect of lattice structure on the optical properties of infrared metasurfaces and
allows the preparation of both periodic and non-periodic structures. Moreover, combined with
deep reactive ion etching, TEMPL makes it possible to prepare high aspect ratio features and is
therefore suited for the preparation of multilayer stacks as needed, for example, for the

fabrication of zero-index metamaterials.>* >

This method may also enable the rapid fabrication
of perfect absorbers for the IR range, with important applications to manufacturing efficient IR
optics.”® TEMPL may also be adapted to non-optical applications, as a convenient, alternative
method for fabricating nanostructures with feature-sizes ranging between 0.4 —5 pm. Possibilities
for further development include the use of superlens layers,””%* which may open the door to
super-resolution imaging with spherical microlenses.”
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Figure 1. Schematic diagram of the templated microlens process flow (A) from the template in
silicon to the final substrate. 1) the holes in the silicon wafer are filled with PEI, ii) the beads are
selectively adhered inside the holes due to their adhesion to PEI, iii) the PEI is removed by
thermal decomposition with a butane torch, iv) the beads are picked-up with a PDMS slab, v) the
array of beads is placed in contact with the substrate, vi) the exposure is performed through the
PDMS and the spheres, and the sample is developed, vii) the pattern is transferred by
metallization and lift off (a) or by etching (b). (B) Schematic diagram of the projection
lithography setup. An intense source of non-collimated UV-light impinges on the cm-scale
photomask, and the transmitted light is focused by the lensing of each microsphere onto the

underlying photoresist to create a replica of the features of the mask.
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Figure 2. SEM micrograph of three different sample arrays fabricated by TEMPL, showing an
a;-spiral lattice (A), a pinwheel lattice (B), and a Penrose lattice (C). The Fourier transform of
the SEM images (D-F), show the overall quality of the non-periodic lattice structures. Figure 3

shows SEM images of the same samples at a higher magnification.
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Figure 3. Enlarged SEM micrograph of the three samples from Fig. 2, showing an a,-spiral (A)
lattice of T patterns (D), a pinwheel lattice (B) of chiral triskel patterns (E), and a Penrose lattice

(C) of split C resonator patterns (D).
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Figure 4. (top row left) schematic diagram of single t-shaped nano patterns. (top row right)
theoretical transmittance and reflectance IR spectra for the single T-shape pattern. SEM
micrographs (left), and optical transmittance and reflectance IR spectra (right), for four different

arrays of gold T-shaped nanopatterns fabricated on CaF,.
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Figure 5. A T-shaped nano pattern that was first patterned in gold on silicon and then etched

to yield micro-pillars using DRIE. The different lattice structures are an a; spiral (a) and (d),

a Penrose lattice (b) and (¢), and a pinwheel lattice (c) and (f).
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