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ABSTRACT: Ag glancing angle depositions on polycrystalline
colloid monolayers can produce a variety of chiral or achiral
Ag nanostructures in different colloid monolayer domains,
whose geometric shapes strongly depend on the monolayer
orientations. The morphological and chiroptical properties of
these Ag nanostructures in different colloid monolayer domains
are investigated both experimentally and theoretically, and their
relationship has been revealed. Extremely strong local circular
dichroism is observed for the domains with obviously chiral
morphologies. Under the guidance of this individual domain
study, large-area chiral metamaterials can be fabricated on the
monocrystalline monolayers with strong, uniform, and tunable
chiroptical response, which can be potentially developed into
optical devices.
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he past decade has witnessed a rapid development of chiral

metamaterial, an important branch of metamaterials.'
Chiral metamaterials are artificial structures that cannot be
superposed with their mirror images. Their structural chirality
often leads to different interactions with left-handed circularly
polarized (LCP) and right-handed circularly polarized (RCP)
light, such as a rotating polarization plane of light, known as
optical rotation, and different absorbance for LCP and RCP light,
known as circular dichroism (CD). These chiroptical effects also
exist in natural molecules, but are orders of magnitude weaker
than those of artificially designed chiral metamaterials.” With the
advance of mirco/nanofabrication technology, a variety of chiral
metamaterials have been realized,*™"* enabling applications in
negative refraction,"*"* light polarization manipulation,”'*™"* con-
trolled CD switching,'”~** second-harmonic generation,”*™°
superchiral field based biosensing,** etc.

Recently, based on self-assembled colloid monolayers (SACMs),
glancing angle deposition (GLAD) has been demonstrated as a
powerful and scalable fabrication technique for chiral metamate-
rials.”” ™ GLAD is a physical vapor deposition technique that
relies on the geometric shadowing effect to create nanostructures.
SACMs serve as deposition templates for GLAD to produce two-
dimensional regular patterns of nanostructures. Since SACMs are
usually polycrystalline, GLAD on SACMs produces so-called
“patchy particles”, which are particles within designated regions
or “patches” of specific properties that are different from the rest
of the particles. The morphology of the patchy particles is directly
determined by the polar and azimuthal orientation of the
monolayer domains with respect to the direction of the incident
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vapor flux. Therefore, a GLAD process will result in patchy films
with different morphologies in differently orientated domains.
In our previous study, we fabricated Ag patchy films on poly-
crystalline monolayers with randomly orientated domains, which
leads to an equal portion of morphological enantiomers.”” Such a
racemic mixture was not expected to show chiroptical response.
However, the investigation of bulk CD response indicated that
the racemic symmetry is broken by the difference in material
accumulation on the monolayer beads affected by the substrate
rotation direction during GLAD, resulting in an incomplete
cancellation of strong local chiroptical response. The CD
response of individual domains was visualized by the microscope
images taken under circularly polarized light and was also
estimated to be an order of magnitude larger than bulk CD over
wavelengths of 700—800 nm. However, accurate CD measure-
ments of individual domains have not been performed and are
greatly needed. The relationship between CD response and
morphology of patchy films has not been clearly understood. In
this study, we investigate both the morphological and optical
properties of different domains of Ag patchy films. We demonstrate
that these Ag patchy particles contain a variety of achiral and chiral
nanostructures with their CD responses strongly depending on
their morphologies. Both experiments and simulations confirm that
some particularly orientated domains can exhibit a giant CD
response, which is an order of magnitude larger than the bulk
CD response and agrees with our previous estimation. On the
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Figure 1. Scheme of fabrication process of Ag patchy films and morphology simulations. (a) Ag vapor flux is incident upon the monolayer at an oblique
angle O = 86° with respect to the substrate normal. (b—d) Ag vapor flux is incident upon the monolayer in three azimuthal directions with an interval of
Ag = 120°. The azimuthal direction of Ag vapor flux and a dashed line going through the centers of the nanospheres form an angle, ¢,. (e) Simulated
morphologies of Ag patchy films in differently orientated domains with ¢, = 0°, 5°, 10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°, 50°, 55°, and 60°.

basis of this individual domain study, Ag chiral films have
been fabricated on a cm’-size monocrystalline monolayer and
show giant CD response, which can be used for future device
applications.

The fabrication process for the Ag patchy films has been
described in our previous work”” and is briefly summarized here.
First, a hexagonal close-packed (HCP) monolayer of polystyrene
nanospheres with diameter D = 500 nm was created as a depo-
sition template. The monolayer had polycrystalline domains with
areas of 0.0001—1 mm? Then Ag vapor was deposited onto the
monolayer at a polar angle 6 = 86° with respect to the substrate
normal, as shown in Figure la. After a 30 nm Ag deposition,
the substrate was azimuthally rotated by A¢ = 120° and then
another Ag layer of 30 nm was deposited. This process was
repeated until a total nominal film thickness of 360 nm and a
total substrate rotation of 4 X 360° were achieved. The azimuthal
angle of incident vapor for each monolayer domain ¢, can be
defined as the relative angle of vapor flux direction with respect
to a virtual straight line through the centers of nanospheres,
which is chosen properly to ensure 0° < ¢, < 60° due to the
6-fold rotational symmetry of the HCP lattice of the monolayer,
as shown in Figure 1b—d. The monolayer domains in the same
orientation have the same ¢, and the differently orientated
domains have different ¢, In other words, ¢, can be used to
define the orientation of each domain. Note that in the previous
work the substrate can be rotated azimuthally clockwise or
counterclockwise during depositions to produce films with
opposite bulk CD responses. In this work, we investigate only
the individual domains on the samples rotated counterclockwise.

The morphology of patchy films can be estimated by a simple
morphology simulation, which considers only the shadowing
effect of adjacent nanospheres. The details of the morphology
simulation can be found in the Supporting Information of our
previous work.”” Figure le shows the simulated morphologies of
the Ag films on monolayer domains with different ¢,. It is found
that the Ag films with azimuthal angles of ¢, and 60° — ¢, are
morphological enantiomers if the shadowing effect of deposited
films is ignored. With ¢, = 0°, the film has an achiral shape.
As @, increases, a chiral fan-shaped structure with three rotating
arms is created. The arms of fan-shaped structures gradually
become shorter and wider, and the structure finally becomes
achiral as ¢, approaches 30°.
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Ag films on six representative domains (domains 1—6) are
selected for both morphological and optical studies, and their
top-view scanning electron microscope (SEM) images are shown
in Figure 2a. Domains 1—6 have ¢, = 58°, 3°, 52°, 9°, 23°, and
30°, respectively (see Supporting Information Section S1 for
determining ¢,). As predicted by the morphology simulations,
chiral fan-shaped structures are produced on domains 1—4 with
@, close to 0° or 60° and achiral triangular and hexagonal
structures are created on domains $ and 6 with ¢, close to 30°,
respectively. Particularly, domains 1—2 and 3—4 form two pairs
of morphological enantiomers, since the sum of their ¢, is
roughly equal to 60°. To characterize the dimensions of Ag nano-
structures on different domains, a characteristic length [ is defined
as the distance from one vertex to the opposite edge or vertex
of the triangular-shaped fans, triangles, or hexagons, as shown by
the solid red lines in Figure 2a. [ is measured for each domain
and listed in Table 1. For domains 1—4, [ is approximately equal
to the arm length, and it is found that the arm length of domains
1 and 2 is larger than that of domains 3 and 4, which agrees with
the morphology simulations. The SEM images were also taken
at a tilt angle of 45° with respect to the substrate normal (see
Supporting Information Section S2). These SEM images clearly
show that the Ag chiral films on beads are three-dimensional chiral
metamaterials.

The chiroptical response of individual domains can be
visualized and measured by a custom spectroscopic microscope
system with circularly polarized incident light (see Supporting
Information Section S2 for details of the custom spectroscopic
microscope system). Figure 2b shows the optical micrographs
of domains 1—6 under LCP light illumination (left-side figure)
and RCP light illumination (right-side figure). For each domain,
the micrographs under LCP and RCP light illuminations were
taken in the same region, and their color difference represents the
chiroptical response. Domain 1 (domain 2) appears orange under
LCP (RCP) light and red under RCP (LCP) light. Domain 3
(domain 4) appears green under LCP (RCP) light and red under
RCP (LCP) light. For the morphological enantiomers, domains 1
and 2 or domains 3 and 4, their colors are interchanged when
switching the circular polarizations, indicating opposite chiroptical
responses. Domain S shows an orange color and domain 6 shows
a red color under both LCP and RCP light. No distinct color
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Figure 2. (a) SEM images, (b) optical micrographs under LCP and RCP light illuminations, (c) measured circularly polarized transmittance,
(d) both measured and simulated differential circularly polarized transmittance AT, and (e) simulated circularly polarized transmittance, for domains
1—6. The scale bars in (a) and (b) represent S00 nm and 100 um, respectively.

Table 1. Characteristic Length I of Ag Patchy Films for Different Domains

domain no.
1 2, 3 4 S 6
I (nm) 330 + 30 330 = 30 300 + 40 310 + 30 280 £ 20 380 + 20

change between their LCP and RCP micrographs indicates weak nanostructures and the increased scattered light not being collected
or no chiroptical response, which is due to their achiral structures. in the zero-order transmittance measurement.”' It should be noted

The circularly polarized transmittance spectra of domains that a transmittance dip around 4 = 600 nm in both T(RCP) and
1—6, T(RCP) and T(LCP), were measured by the custom spec- T(LCP) spectra for all the domains corresponds to the photonic
troscopic microscope system with circularly polarized incident band gap of the two-dimensional periodic monolayers, which is
light at normal incidence. Differential circularly polarized determined by the refractive index contrast and the lattice con-
transmittance, AT = T(RCP) — T(LCP), is used to characterize stant of the monolayers.”” For domain 1, T(RCP) is lower than
the CD response of the Ag patchy films. In order to minimize the T(LCP) in the wavelength range 1 = 500—600 nm, leading to
contribution of polarization conversion to the circular polar- negative AT. T(RCP) becomes greater than T(LCP) in the long-
ization measurements, the transmittance spectra were measured wavelength range 4 = 600—1000 nm, leading to positive AT,
in both front and back illumination modes and then averaged which makes the sample surface appear more red under RCP light
(see Supporting Information Section $3).” Figure 2c shows the than LCP light in the microscope. Both T(RCP) and T(LCP)
measured T(RCP) and T(LCP) for domains 1—6. The mea- have small peaks around A = 650 nm, which results in a small posi-

sured AT spectra after averaging the front and back illumination tive peak in the AT spectrum. T(RCP) has two dips, at 4 = 525
measurements are shown with green solid lines in Figure 2d. All and 690 nm, due to the LSPR of Ag films, and a broad peak at
the domains have low transmittance (~0.05—0.2) in the short- A =780 nm, resulting in a positive broad peak in the AT spectrum.
wavelength range 4 = 450—600 nm. This is mainly caused by the For domain 2, T(RCP) and T(LCP) spectra are similar to
high-order localized surface plasmon resonance (LSPR) of Ag T(LCP) and T(RCP) spectra of domain 1, respectively, indicating
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that domains 1 and 2 have opposite AT. For domain 3, T(RCP)
is lower than T(LCP) in the wavelength range 4 = 500—600 nm
with negative AT, which makes domain 3 appear green under
LCP light in the microscope. In the wavelength range 4 = 600—
730 nm, T(RCP) becomes greater than T(LCP) with positive
AT, which makes domain 3 appear red under RCP light in the
microscope. T(RCP) shows two dips, at A = 520 and 785 nm,
and T(LCP) also shows two dips, at A = 640 and 835 nm,
corresponding to the LSPR of Ag films. A sharp transmittance
peak appears in T(RCP) at A = 666 nm, resulting in a sharp AT
peak. As expected, domain 4 has similar transmittance spectra to
domain 3, but with T(RCP) and T(LCP) spectra interchanged.
For domains 5 and 6, their T(RCP) and T(LCP) spectra almost
overlap with each other, indicating AT to be almost 0. Domains 5
and 6 have the same transmittance dip at 4 = 470 and 530 nm, but
show different LSPR wavelengths in the long-wavelength range,
due to their different structures. Domain 5 has two resonances,
at A = 720 and 950 nm, while domain 6 has a resonance at 4 =
890 nm. The transmittance dip at 4 = 720 nm makes domain 5
transmit less red light than domain 6, which explains their color
difference in the microscope. The circularly polarized trans-
mittance measurements confirm the opposite chiroptical response
of domains 1 and 2 (3 and 4) and weak or no chiroptical response
of domains 5 and 6, which is consistent with their morphological
chirality and the observation under the microscope. In addition,
two pairs of enantiomers, domains 1—2 and 3—4, exhibit different
spectral features, which originates from the differences in the
shape and size of their structures. Note that since the morphology
of Ag patchy films strongly depends on ¢, other domains with
different ¢, can have different structures and thus show different
CD spectra from those of domains 1—6, which are not shown here.
Furthermore, the local CD response of individual domains can be
extremely large. The magnitude of AT can reach 0.27 for domains
land 2 and even 043 for domains 3 and 4. AT is also converted to
the ellipticity 77 (see Supporting Information Section S4), which has
a maximum magnitude of 20°. Both AT and # of certain local
domains are 1 order of magnitude larger than the statistically
averaged CD response of differently orientated domains, which has
AT = 002 and 5 = 2° at maximum, and also larger than those
reported in most chiral metamaterial studies.”*”'"'®

The chiroptical properties were also simulated by the finite-
difference time-domain (FDTD) method (see Supporting
Information Section S5). The simulated T(RCP) and T(LCP)
spectra for domains 1—6 are shown in Figure 2e, and the calculated
AT spectra are shown with dotted blue lines in Figure 2d. The
geometric models of Ag films in FDTD simulations were created
based on the top-view SEM images and are shown in Figure SS in
the Supporting Information. In the simulations, it is assumed that all
the Ag films are uniformly coated on nanospheres with a thickness
of 100 nm and a smooth surface. The SEM images in Figure 2a
show that the three arms of chiral fan-shaped Ag films have
different lengths, which results from the substrate rotation during
depositions. However, in the FDTD simulations, the lengths of
the three arms of a fan-shaped Ag nanostructure are assumed to be
the same. These simple models are meant to capture the essential
features of the CD response of each structure, and we have ignored
the spatial distribution of Ag thickness and the morphological
variation shown in Figure 2a. As shown in Figure 2d and e,
regardless that multiple assumptions are made on the simulated
structures, the FDTD simulations still successfully reproduce the
main features of experimental results. For domains 16, all the
resonances in the measured transmittance and differential trans-
mittance spectra are well reproduced in the simulated spectra at
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almost the same wavelength positions. However, there are still
some small differences between the measured and simulated
spectra, such as an extra resonance at A = 943 nm in the simulated
transmittance spectra of domains 1 and 2 and an extraordinarily
high transmittance in the near-infrared region in the simulated
spectra of domains 3 and 4. These deviations could result from a
small difference in size, shape, or thickness between simulated and
actual structures. The near-field FDTD simulations were also
performed to reveal the nature of the plasmonic resonances under
circularly polarized incident light. Figure 3 shows the simulated

Domain 2 @707 nm LCP

Domain 2 @943 nm RCP

Domain 4 @833 nm LCP

Domain 4 @682 nm RCP

Domain 5 @710 nm RCP

Domain 5 @1000 nm LCP

Figure 3. Simulated near-field current directions of (a) domain 2 with
LCP incident light at 4 = 707 nm, (b) domain 2 with RCP incident light
at 4 = 943 nm, (c) domain 4 with RCP incident light at A = 682 nm,
(d) domain 4 with LCP light at A = 833 nm, (e) domain S with RCP
incident light at 4 = 710 nm, (f) domain S with LCP light at 1 =
1000 nm, and (g) domain 6 with RCP incident light at A = 913 nm.
The insets are simulated current distributions when the currents are
in the direction of the green arrows.

near-field current directions on Ag films from domains 2, 4, 5, and
6, at the plasmonic resonance wavelengths, which are labeled with
blue arrows in Figure 2e. For simplicity, the near-field simulations
of domains 1 and 3 are not shown here, because their current
distributions will be the mirror images of those of domains 2 and
4, respectively. The arrows in different colors represent different
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Figure 4. (a) Optical micrographs at a boundary of domains 7 and 8 under LCP and RCP illuminations. (b) Measured (dotted lines) and fitted
(solid lines) AT spectra of a mixture of domains 7 and 8 with different area percentage X of domain 7. (c) Relationship between measured X and
fitted X. (d) Bulk AT spectra of Ag films grown on both monocrystalline and polycrystalline monolayers.

plasmon oscillations, which have different phases and appear in
the sequence as shown in Figure 3. The current distributions also
exhibit 3-fold symmetry as the nanostructures. The insets in
Figure 3 show the current distributions on the Ag film surfaces
when the currents are in the directions of the green arrows.
The chiroptical measurements and simulations of individual
domains reveal that the Ag patches with different ¢, can exhibit
different or even opposite CD responses. The polycrystalline
nature of the monolayers allows the coexistence of Ag patches
with opposite CD responses. These Ag patches on the same
substrate can be individually examined by the spectroscopic
microscope, which provides an excellent platform for the
enantiomer sensing, benefiting from both their sharp CD peaks
and the coexistence of patches with opposite CD responses.”®
When a mixture of these Ag patches is examined in a single CD
measurement, their CD responses are supposed to be canceled
out. In order to study how the Ag patches with opposite CD
response contribute to the averaged CD signal, AT spectra of
a mixture of two domains with opposite CD response were
measured at their boundary by the spectroscopic microscope.
The two domains are labeled as domains 7 and 8, as shown in
the micrographs in Figure 4a. Domain 7 (8) appears red (green)
under LCP illumination and green (red) under RCP illumination.
AT spectra were measured with different area percentages
of domain 7, X, and area percentages of domain 8, 1 — X, which
are shown by the dotted lines in Figure 4b (see Supporting
Information Section S6, for more micrographs at different X).
The spectra ATy, and AT g are for the sampling area with
only domains 8 and 7, showing similar spectral features to those
of domains 3 and 4, respectively. The differential transmittance
spectra AT(X) of the mixed domains are assumed to be a linear
superposition of ATy, and ATy, ie, AT(X) = (1 — X)ATyy +
XAT, g which is used to fit the experimental spectra by the
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least-squares method to obtain the fitted X. The fitted spectra are
shown by the solid lines in Figure 4b. X can also be measured
directly in the micrographs and is plotted against the fitted X, as
shown in Figure 4c. The relationship between measured X and
fitted X is fitted by the linear function y = kx + b with the slope
k = 1.018 + 0.008 and the intercept b = 0.030 + 0.004, which
indicates that the measured and fitted X are almost equal. This
validates the linear superposition assumption and demonstrates
that the contribution of a domain to the averaged CD signal is
proportional to its area.

These Ag chiral metamaterials can be potentially developed
into devices. For instance, domain 3 has a very sharp AT peak
between A = 630 nm and A = 720 nm with a maximum value of
T(RCP)/T(LCP) greater than S (see Supporting Information
Section S7), which may work as a band-pass filter for circular
polarization. For the real device application, large-area substrates
with uniform and high CD response are required. This can be
realized by fabricating the fan-shaped Ag chiral nanostructures as
those in domain 3 on the large-area monocrystalline monolayer
templates. We fabricated the monocrystalline monolayers with an
area of about 1 cm? whose quality was examined by the laser
diffraction experiment (see Supporting Information Section S8).
The monolayer orientation or ¢, could be determined by the
diffraction patterns. A 2° fluctuation of ¢, across the substrate
was observed. To obtain Ag nanostructures like those in domain
3, the monocrystalline monolayer was aligned carefully to make
@o =~ 50° when substrates were mounted in the deposition
vacuum chamber. Figure 4d shows the AT spectra of Ag films
deposited onto the large-area monocrystalline monolayers,
as well as the low-quality polycrystalline monolayers, illuminated
by the incident light with a beam diameter of 1 cm (see Supporting
Information Section S2). The polycrystalline sample was fabricated
in counterclockwise substrate rotation as a control and exhibits a
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similar CD response to the previous result.”” The monocrystalline
sample shows a similar CD response to domain 3 due to their
similar ¢,, but with a smaller AT magnitude, which may result
from their small difference in ¢, the defects, and ¢, fluctuation
in the monocrystalline monolayers. However, the large-area
monocrystalline sample still exhibits a large CD signal, which
is 1 order of magnitude larger than that of the polycrystalline
sample and also much greater than those of the large-area chiral
metamaterials reported before.”'"****** In order to develop
optical devices for real-world applications, further optimization
of the fabrication condition is still needed, such as minimizing
the defects in monolayers and tuning the thickness of Ag films.

In conclusion, both morphology and chiroptical response
of Ag patchy films on different individual colloid monolayer
domains are investigated. A variety of achiral or chiral Ag nano-
structures formed on differently oriented monolayer domains
show different or even opposite CD responses, originating from
their geometric shapes. The relationship between morphological
chirality and optical chirality has been clearly revealed. An
extremely strong CD response is observed in specific local
domains that is 1 order of magnitude larger than the bulk
CD. FDTD simulations confirm the CD responses in different
monolayer domains and reveal the near-field current distributions
at resonances. The contribution of domains with opposite CD
responses to the averaged CD signal is also investigated. These
Ag patchy films may serve as an excellent biosensor, benefiting
from the sharp CD peaks and coexistence of patches with oppo-
site CD responses. Furthermore, the Ag chiral films have been
fabricated on the large-area monocrystalline monolayers by care-
fully choosing the monolayer orientation based on this individual
domain study and show the expected CD response. By con-
trolling the monolayer orientation, the CD response can be easily
tuned or even reversed. This large-area chiral metamaterial with
uniform, strong, and tunable CD response can be potentially
developed into optical devices.
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