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ABSTRACT: Moiré chiral metamaterials (MCMs) consisting of o =
stacked plasmonic nanohole arrays with twist angles exhibit strong ]

chiroptical response, thereby opening doors to ultrathin chiroptical w]

sensors, switches, and detectors. The existing fabrication of MCMs = 3 .

on the basis of colloidal lithography results in significant y —

inhomogeneity within the structure, which impairs the responsive- # -

ness and tunability of its optical chirality. Here, we develop \\mw ”

thermal-tape-transfer printing to enable the fabrication of large- g mm A A
scale and homogeneous MCMs with arbitrary twist angles and Wavalongth (nm)

tunable optical chirality. As a demonstration, large-scale (100 X

100 #m*) gold MCMs with an ultrathin thickness (~40 nm) were fabricated, which marked a 10-fold increase in single domain size
over the colloidal lithographic method, while showing spatially uniform and strong chiroptical response. With the ultrathin thickness
and high tunability, the MCMs developed by our fabrication method will advance a variety of biological, photonic, and
optoelectronic applications.
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hirality describes the property of nonsuperimposable the uniformity over the larger areas and precise control over

mirror symmetry.’ Optical chirality has been demon- the twist angle for their effective applications in optoelectronics
strated as an effective route to manipulate excitons” and has and biology.36 Specifically, lithographic methods, such as
been used in the search for extraterrestrial life.® It is also electron-beam lithography and focused-ion-beam lithography,
instrumental in chemical synthesis," ® imaging,” and drug can fabricate MCMs with precise in-plane rotation and long-
pharmacokinetics.*” Since optical chirality is typically difficult range order and uniformity.”” However, these methods often
to measure because of the weak chiral response of natural involve complex steps with a need for precise mask alignment,
materials, chiral metamaterials, which are artificial subwave- which drives up costs and reduces throughput.l6’38’39
length structures with strong chiroptical responses, have been Conversely, colloidal assembly methods like Moiré nanosphere
used to overcome these limitations. Chiral metamaterials can lithography allow for the cost-effective construction of
be broadly classified into inherently chiral structures (intrinsic MCMs*® with multiple domains of little control over the
ChirahtY)m_ls and strategically stacked achiral structures twist angle, which impedes high-throughput chiral detection™’
(extrinsic chirality)'*'” and have been exploite(} in applications and large-scale optoelectronics.”> As a result, current
SUCth; superconductzigiztgy,lg biosensing,'”™*’ metamir- fabrication methods for MCMs suffer from limitations in
rors, and detectors.™ throughput and are unable to successfully achieve single-

Moiré chiral metamaterials (MCMs) are a prominent 30,41
example of stacked planar chiral structures,'®”"* which derive
their chiral character from an in-plane rotation between two or
more stacked layers where the twist angle controls the
chiroptical response of the structures. Recent demonstrations
of MCMs have shown the immense potential of these
metamaterials in many applications, such as reconfigurable
light absorbers,”" dynamic beamforming,32 chiral detectors,*
and surface-enhanced Raman spectroscopy (SERS).** Single-
domain MCMs afford uniform chiral regions and consequently
offer controllable and scalable structures for applications in
metabolite detection®® and optoelectronic devices.”> Current
strategies to fabricate MCMs mostly rely on lithographic
methods, which are challenging in producing the MCMs with

domain nanostructures over large areas controllably.

Herein, we have developed a thermal-tape-transfer printing
method for the fabrication of MCM:s with a single domain and
tunable twist angles over large scale (>100 X 100 um?).
Transfer printing is a promising method to fabricate MCMs
with large-scale uniformity and high throughput while being
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Figure 1. Fabrication of Au MCMs on the basis of thermal tape transfer printing. (a) The individual nanohole regions with alternate 0° (red) and &
(blue) regions. @ € [0°,60°] for hexagonal nanohole arrays. (b) Cu followed by Au were deposited on the mold by e-beam physical vapor
deposition, and the TRT was applied on top. (c) The mold separates from the TRT-Au layer by etching out the Cu layer. The process is repeated
with Mold B to yield the complementary regions for the second layer. (d) Stacking assembly is executed by transferring the first layer on the glass

substrate, followed by transfer of the second layer on top.

less complex and relatively inexpensive."”** Briefly, a patterned
mold is first coated by the material of choice through various
deposition techniques, which is then transferred to a substrate
via differential adhesion among the mold, a transferring layer
[e.g., poly(methyl methacrylate) (PMMA),"** polydimethyl-
siloxane (PDMS)**™*® layers, and thermal release tapes
(TRTs)**°), and the substrate through either dry*® or
wet’' processing. In this work, we make use of a low-
temperature TRT dry release technique. Compared with
prevalent fabrication methods, such as nanosphere lithography,
that have limited MCM domains (~30 X 30 um?) and
uncontrollable twist angles,30 the patterned molds ensure the
structural uniformity of each layer of MCMs while the use of
the transfer tape leads to the precise control of the twist angle.
Additionally, the dry-release process and ambient-temperature
operations avoid residual solvent molecules and potential
thermal distortion of the structure, which enhances the
chiroptical detection accuracy of the MCMs. Moreover, the
simultaneous fabrication of complementary MCM enantio-
meric structures on one device is targeted to streamline the
detection method for chiral metabolites.

The fabrication process mainly consists of three procedures,
including mold fabrication, material deposition, and two-step
transferring and stacking. As the Au MCMs are composed of
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two Au nanohole arrays with twisted angles, we first fabricated
hexagonal nanohole array molds through e-beam lithography.
Two molds were fabricated with alternating 0° and a regions
(Figure la). Vertical stacking of a 0° region on top of an a
region leads to a left-handed (LH) enantiomeric MCM region,
and the opposite stacking leads to a right-handed (RH) region.
Mold A and Mold B were two molds fabricated as inverses in
their layouts, which enabled the fabrication of multiple
different MCM domains on one set of molds, simultaneously.
Moreover, complementary MCMs can be easily obtained by
reusing the molds in reverse sequence (i.e., mold A stacked on
mold B versus mold B stacked on mold A). Note that a copper
(Cu) layer was deposited before the Au deposition, which
serves as a sacrificial layer for the following transfer process.
Postdeposition, the TRT was applied to the surface of the
Au nanohole arrays (Figure 1b). The mold with the TRT was
then put on the surface of the Cu etchant solution for 4 h until
the mold sank to the bottom, and the Au layer with the TRT
floated on the solution (Figure 1c). We chose Cu as our
sacrificial layer because the Cu etchant does not significantly
react with the Au film, thereby ensuring clean separation. To
get rid of traces of etchant, the Au layer, along with the TRT,
was cleaned twice by immersion in DI water. The TRT was
trimmed along three edges, by which fine cracks were

https://doi.org/10.1021/acsphotonics.3c00222
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Figure 2. SEM images of the molds and MCMs. (a) (i) SEM images of mold A (left) and B (right) with the alternatively arranged nanohole
patterns. Magnified images of (i) the 0° angle arrays and (iii) 15° angle arrays. The L-shaped alignment marks are placed below the nanohole
regions for precise alignment. (b) SEM images of (i) LH Au MCMs and (ii) RH Au MCMs. Magnified images of the MCM structures are inset at

the top-right corners.
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Figure 3. Optical characterization of 15° Au MCMs. (a) Experimental ellipticity spectra. The prominent peak with different signs is shown around
625 nm for MCMs with opposite handedness. (b) Simulated ellipticity spectra where the major peak exists around 640 nm.
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Figure 4. Optical characterization of discrete Au MCM regions. (a) Ellipticity spectra for right-handed MCM regions. (b) Ellipticity spectra for
left-handed MCM regions. Minimal peak shift is observed in the major peak at 625 nm with a slight change in minor peak positions.

introduced in the Au film to provide channels for the total
drainage of potential trapped water in the nanohole region.
Thereafter, the tape was gently placed on a clean borosilicate
glass substrate. The cleaning procedure of the substrate
resulted in a hydrophilic substrate, which enhanced the
adhesion strength between the substrate and the Au film.
Finally, the substrate with the TRT was completely dried by
being placed at an incline in a vacuum chamber at room
temperature and around —100 kPa gauge pressure for S days.
To peel off the TRT, the substrate was first preheated for 4 h
on a thermal plate at 60 °C and, then, raised to 110 °C for the
total removal of the tape.

After the peel-off transfer of the first layer based on mold A,
the TRT with Au from mold B was processed by the same
procedures mentioned above and finally stacked on top of the
first layer. The alignment markers were used to make sure both
layers were aligned at the desired angle under an optical
microscope at 10X magnification. After stacking, the substrate
with the two Au layers was placed in the vacuum chamber
again for complete drying.

By using our thermal release transfer printing technique, we
have fabricated thin and large-scale uniform Au MCMs as
effective chiroptical devices (Figure 2b). We chose « to be 15°
because it has previously shown a stronger chiroptical
response.30 The scanning electron microscope (SEM) images
of molds A and B are shown in Figure 2a with the alternative
regions at 0° (red) and 15° (blue). Each individual nanohole
domain was 100 X 100 ym? Since Molds A and B are exact
inverses in layout, 12 MCMs were obtained by overlapping
these two layers, which are divided into two enantiomeric
structures, i.e., left handed (LH) MCMs [Figure 2b(i)] and
right handed (RH) MCMs [Figure 2b(ii)].

The fabricated Au MCMs were optically characterized to
measure their chiroptical properties and also to evaluate the
quality of the fabrication. To quantify the circular dichroism
(CD) of the structures, ellipticity () is used as

can~! (VTice — v Trep)
(VTcp + Trep)

0
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where T cp and Tyep are the optical transmissions under LCP
and RCP light, respectively.'” Figure 3a shows the ellipticity
obtained experimentally, which matches well with the
simulated results in Figure 3b. The spectra show a good
match in the major peaks, where the peak shift can be
attributed to the slight shape variation of nanoholes and the
difference of the Au refractive index between the deposited Au
and what is used in simulations.”® Furthermore, our structures
have a strong optical response, i.e., a sharp 0 value of ~150
mdeg at the peak wavelength, with the structure’s thickness
only being ~40 nm. This strong response is attributed to the
close contact of the conductive individual layers, which leads to
strong light—matter interaction and light-driven surface
currents.”” Moreover, the conductive contact makes our
structure compatible for use in optoelectronic applications, as
well.>*

In order to demonstrate the uniformity of our fabricated
structures, we characterized the chiroptical responses of four
regions in a single right-handed (Figure 4a) and four regions in
a left-handed MCM domain (Figure 4b). SEM images of the
regions are shown in Supplementary Figure S1. We observed
that the major peaks were consistent in their positions with a
minimal variation in the minor peaks. Further, there was a
small variation in the relative intensities of the individual peaks,
which could be attributed to the local fabrication defects. We
successfully concluded that the fabricated structures are
uniform in the MCM domains.

In summary, we have demonstrated a versatile thin film
transfer technique on the basis of thermal release tape for the
fabrication of MCMs with tunable rotational angles and
chiroptical response. Au MCMs with a thickness of 40 nm and
single domain over 100 X 100 um® were fabricated with
demonstrated strong CD signals (~150 mdeg). The
simultaneous fabrication of complementary MCM enantio-
meric structures on one device can facilitate fast enantiodis-
crimination in biological studies by eliminating the need to
search for complementary detection domains, as has been the
case in MCMs manufactured through colloidal assembly
methods. This also promises to make point-of-care chiral
detection feasible.” Moreover, our technique is compatible
with the fabrication of most stacked materials and is effective in
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the low-cost scale-up of previous fabrication techniques (e.g.,
pure e-beam lithography, colloidal assembly). Specifically, we
have used physical vapor deposition to deposit individual
layers in our method, which is also used for the current
fabrication methods in 2D materials. Further, our molds are
also reusable because they were reused for 150 cycles with a
simple piranha solution cleaning with no damage and with no
effect on the transferred layers. In addition to this, the scope of
our method can also extend to flexible substrates, as transfer
printing has been shown to be effective in the fabrication of
flexible electronics.”®™>*

B MATERIALS AND METHODS

Silicon hexagonal nanohole array molds were fabricated
through electron-beam (e-beam) lithography (Elionix ELS-
G100) at a dose of 600 uC/cm? shot pitch of 10 nm, and a
current of 2 nA. To have a chiroptical response within the
visible spectrum, the nanoholes were designed to be 230 nm in
diameter with a depth of 100 nm and a lattice parameter of 300
nm. A PMMA mask layer was used, and reactive ion etching
(RIE180, Oxford Instruments) was implemented. SF4 at 100
sccm was used with an rf power of 25 W and an ICP power of
100 W with helium cooling. For precise alignment, L-shaped
alignment markers were included in the mold to serve as a
guide for controlled stacking. Au and Cu deposition were
carried out in an e-beam evaporation unit (PVD7S, Kurt J
Leskar Company). Cu etching was carried out in an APS-100
from Transene Inc. DI water was used for all washing steps.
The TRT (REVALPHA) used was obtained from Nitto Denko
Corporation. Glass substrates were cleaned for 1 min in a
freshly prepared piranha solution and subsequently treated
with oxygen plasma for 15 min. Stacking of the layers was
carried out under an optical microscope (Leica DMil) at 10X
magnification. Poststacking drying was carried out in a vacuum
chamber (VWR International).

To probe the optical response of the Au MCMs, the
transmission spectra were measured using an inverted
microscope (Ti-E, Nikon Inc.) integrated with a spectrometer
(Shamrock 303i, Andor). A halogen lamp (Nikon Inc., 12V,
100 W) was used as the light source. The circularly polarized
light was obtained by subsequently passing the incident light
through a linear polarizer (LPNIRE100-B, Thorlabs Inc.) and
a quarter-wave plate (AQWP10M-980, Thorlabs Inc.). The
fast axis of the quarter-wave plate was rotated with respect to
the linear polarizer to switch between the left circularly
polarized (LCP) or right circularly polarized (RCP) light.
Afterward, the circularly polarized light passed through the
center of each domain, and the transmitted parts were
collected by the objective (Nikon Inc., 40X). A slit with a
tunable width (50 to 2500 ym) was placed between the
objective and the spectrometer. Areas of 500 #m?* were chosen
to measure the optical response of the MCM:s as a whole.

To verify the experimental results, we further simulated the
chiroptical spectra for the Au MCMs using the finite-difference
time-domain (FDTD) method (Lumerical, ANSYS). An LCP
or RCP light was irradiated onto the top of the MCM:s on a
glass substrate. The refractive index of the glass substrate was
set as 1.46. The optical constants of the Au were obtained from
Johnson and Christy.”” The thickness of each Au layer was set
as 20 nm, with the coarse mesh being 5 nm for the background
and a fine mesh of 2.5 nm at the gold—gold contact.
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