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Plasmonic Nano-Rotamers with Programmable
Polarization-Resolved Coloration

Juhwan Kim, Jang-Hwan Han, Hyun Min Kim, Tung-Chun Lee,* and Hyeon-Ho Jeong*

3D-shaped artificial Mg nano-rotamers with a programmable dihedral angle
between two plasmonic arms, designed to exhibit both programmable linear
and circular polarization properties, are presented. The nanoscale physical
shadow growth technique offers precise control over the angular alignment in
these nanostructures with 1° angular precision, thus controlling their
symmetry from achiral C,, and C,, to chiral C,. As a result, they give rise to a
wide range of polarization-resolved coloration, spanning from invisible to
visible colors with 46% transmission contrast for linear polarization while and
exhibiting 0.08 g-factor in visible for circular polarization. These
nano-rotamers hold great potential for various applications in adaptive
photonic filters, memory, and anticounterfeiting devices, benefiting from their

tunable plasmonic properties.

1. Introduction

Plasmonic molecules are discreet fundamental building blocks
comprising multiple metallic nano-motifs arranged in a spe-
cific geometric form, giving rise to intriguing light-matter in-
teractions akin to those observed in molecular systems.!"2) The
ability to design plasmonic molecules at the nanoscale holds
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immense potential for polarization-
sensitive optical metamaterials that are
currently beyond reach.*! Plasmonic
isomers, such as dimers!!! and trimers,%!
arise distinct coupled resonance when
illuminated with linearly polarized light
along their long axis, offering a wide
range of applications in optical devices
including,  filters,'"2]  gsensors,[1314
encryption.l'>1¢]  Recent advances
in nanofabrication techniques have further
facilitated the realization of 3D structural
nano-architecture, enabling the explo-
ration of enantiomers, i.e., stereoisomers
that are not superimposable with their
mirror image.'’"") Chiral helicoids?"!
and helices,!*!l for instance, inherently
offer strong optical activity, showcasing
differential plasmonic resonance when subjected to circularly po-
larized light. These properties find utility in molecular sensing!??!
and holographic imaging devices.[2>-%]

Expanding along this line, a fascinating molecular group
to explore further is that of rotational isomers. Rotamers are
molecules composed of two or more parts arranged with a spe-
cific dihedral angle, leading to unique polarization-resolved col-
oration in their plasmonic counterparts.[?¢-28] Rich programming
in their associated dihedral angle allows a high degree of tunabil-
ity in the symmetry ranging from achiral C,, and C,, to chiral C,,
potentially enabling color dynamics for both linearly and circu-
larly polarized light in distinct spectral ranges. Recently, the DNA
origami-assisted plasmonic nano-rotamers have been reported,
featuring reconfigurable chiroptical responses according to the
angular arrangements between the isomers.[??] This is a crucial
step toward polarization-resolved plasmonic elements, but it is
still hindered for large-area device applications by challenges as-
sociated with the mass production of nano-rotamers with identi-
cal optical dynamics.

Here we demonstrate a wafer-scale “lithography-free” paral-
lel fabrication scheme to realize 3D-shaped Mg nano-rotamers
acting as a dual functional plasmonic architecture, allowing us
to program both linear and circular polarization-resolved col-
oration, which is challenging to achieve otherwise. Using a physi-
cal shadow growth technique known as glancing angle deposition
(GLAD),3%3!] we demonstrate controlled precise variations in the
dihedral angles of an array of nano-rotamers across from achiral
C,, to various types of chiral C, symmetric structures. This engi-
neering flexibility results in wafer-level polarization-resolved col-
oration for both linearly and circularly polarized lights, spanning
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Figure 1. Plasmonic nano-rotamers with programmable polarization-resolved resonance. A) Scheme showing a 3D-shaped plasmonic nano-rotamer
with a dihedral angle ¢ = 90° under two different linear polarization states (9 = 0° and 90°) of an incident white light, where the light polarized along the
second arm (i.e., @ = 90°) is blocked by the plasmonic nano-rotamer. B) Associated numerical calculation on the optical near-field enhancement of the
single nano-rotamer excited by a linearly polarized light at & = 0° to excite transverse mode, my (left), and 6 = 90° to excite longitudinal mode, m,_(right).
C) Plasmonic extinction spectra of a hexagonal array of the nano-rotamer with 100 nm center-to-center spacing versus the polarization angle 6 from 0° to
90°. D) Chiral optical near-field enhancements of the anticlockwise (left) and clockwise nano-rotamers (right) under the left and right circularly-polarized
lights at resonance E) and the g-factor of their arrays with 100 nm center-to-center spacing.

from transparent to visible colors, opening up numerous possi-
bilities for a wide range of nanophotonic applications.

2. Results and Discussion

2.1. Concept of Plasmonic Nano-Rotamers

Drawing inspiration from an analog clock, which utilizes minute
and hour arms to present a wide array of rotational configura-
tions, we here present 3D-shaped nano-rotamers with control-
lable dihedral angle ¢ between two arms, exhibiting polarization-
resolved plasmonic resonance, Figure 1A. Strictly speaking,
these plasmonic nano-rotamers are geometrically continuous
and static, which clearly differ from those seen in their molecular
counterparts.3233] However, their polarization-dependent plas-
monic behaviors hypothetically mimic the optical characteristics
of the molecular rotamers, so we believe they are still valid as
“plasmonically” acting rotamers.

Similar to the plasmonic characteristics of Au nanorods, which
exhibit distinctive transverse (short axis, m) and longitudinal
(long axis, m;) resonance modes,** a 3D-shaped nano-rotamer,
for instance, with a dihedral angle of ¢ = 90° (i.e, C, symmetry)
also displays two dominant features depending on the excited res-
onance modes, leading to different extinction spectra. Notably,
we employ Mg as the base material for these nano-rotamers, as
it offers plasmonic resonances in the ultraviolet spectral window
for small structures (i.e., invisible),3>! which red-shifts into the
visible regime as the length increases, analogous to the tuning
in resonance from the aspect ratio of the rod (Figure S1, Sup-
porting Information). For example, the nano-rotamer with a di-
hedral angle of ¢ = 90° reveals a distinct color supported by the
plasmonic extinction (i.e., the sum of scattering and absorption)
when linearly polarized light is irradiated along its long axis of
the second arm. This condition satisfies § = ¢, which we term
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m; mode. Here, we assign 6 = 0° for the linearly polarized light
aligned with the long axis of the first arm of the rotamer. Con-
versely, when linearly polarized light aligns with the short axis
of the second arm of the rotamer, it excites UV plasmonic reso-
nance, a condition we term m; mode (6L¢), Figure 1A. Numer-
ical simulations using the finite element method (FEM) suggest
that by rotating the linear polarization angle to match the orien-
tation of the nano-rotamer, differences in optical near-field en-
hancements emerge (Figure 1B), leading to variations in far-field
extinction spectra (Figure 1C). As an example, we consider the
rotamer with ¢ = 90° designed with each arm’s dimensions of
120 nm length and 30 nm width, values obtained from the fabri-
cated samples below. The projection images of the optical near-
field enhancements in air presented in Figure 1B combine data
from two representative 2D optical field distributions along the
long axes of the first and second arms of the rotamer (Figure S2,
Supporting Information). These images reveal variations in the
optical near-field enhancements, particularly at the edges of the
long axis of the second arm of the rotamer between 6 = ¢p and 6 L
orientations. This discrepancy causes a notable color change with
a 40% switching contrast at the m; resonance for the rotamers ar-
ranged with a center-to-center spacing of 100 nm (Figure 1C, see
also Figure S3, Supporting Information for the simulated spectra
of single nano-rotamer). This is because Mg nanostructures of-
fer resonances in UV, which remains invisible to the naked eye,
while still retaining plasmonic activity (m) when 6 L¢. This prop-
erty promises a switchable color appearance, transiting from in-
visible to vibrant colors with high spatial definition. Furthermore,
the slanted structural profile of this plasmonic nano-rotamer in-
herently holds geometrical C, chirality, thus inducing discrete
optical near-field enhancements when subjected to the left and
right circularly polarized lights (Figure 1D). This enhancement
can be further engineered with the dihedral angle ¢ and gives
rise to tunable differential extinction spectra and thus unique
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Figure 2. Glancing angle deposition (GLAD) for the fabrication of A) sin-
gle nano-arms and B) nano-rotamers with dlfferent substrate angles.

chiroptical signatures, Figure 1E. We experimentally confirm
these phenomena using wafer-scale plasmonic nano-rotamers.

2.2. Wafer-Scale Array of Plasmonic Nano-Rotamers

The large-scale parallel growth of Mg nano-rotamers using GLAD
allows precise control over the size, shape, and material com-
position of the nanoparticles.?!3¢] There are prior similar ap-
proaches, i.e., using GLAD-grown structures for modulating the
light polarization.[?”8] They are based on a “seed-free” conven-
tional GLAD approach to grow irregular dielectric nanostruc-
tures with a structural resolution of several hundred nanome-
ters. These nanostructures are able to modulate the speed (i.e.,
phase) and intensity of light when propagating through them.
Meanwhile, to make the nanostructures plasmonically active,
they need to be formed with metallic materials with dimensions
below 100 nm, which are extremely difficult to achieve using
the conventional GLAD alone. We thus introduce the nanoscale
seeds to first pattern a substrate with a quasi-hexagonal array of
10 nm Au nanodots using block-copolymer micelle nanolithogra-
phy (BCML), Figure S4 (Supporting Information).[* After that,
the GLAD technique is used to selectively grow slanted Mg nano-
arms onto each Au nanodot through a self-shadowing effect with
the substrate angle nearly parallel to molecular vapor flux (Figure
2).1%1 During the growth process, due to the fast diffusion of the
Mg adatoms, we introduce 5% titanium (Ti) doping, which en-
hances the structural shaping in 3D while preserving the strong
plasmonic property.?2*1] The long axis of the arms is readily con-
trollable within the range of 50-200 nm, as determined through
analysis of the scanning electron microscopic (SEM) images ver-
sus the measured thickness using the quartz crystal microbal-
ance (QCM) monitor during growth (Figure S5, Supporting In-
formation). Here, to enable systematic structural engineering
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while emphasizing the key feature of nano-rotamers, we fix the
length of the plasmonic arms to 120 nm (Figure 2A) and create
nano-rotamers with varying the dihedral angle ¢ by simply rotat-
ing the azimuthal angle of the substrate matching to ¢ and grow-
ing identical slanted 2nd Mg arms on top (Figure 2B; see also
Figures S6-S8, Supporting Information for SEM images). In con-
trast to their classical molecular analogs, e.g., n-butane and H, 0O,
atroom temperature,!*>*} these GLAD-grown nano-rotamers are
structurally static at room temperature due to the high rotational
kinetic barrier at the connection between the two arms compared
to thermal energy, and thus cannot interconvert. They neverthe-
less exhibit much stronger polarization-resolved coloration com-
pared to the angular polarizability of molecular rotamers, which
is indeed beneficial for device application.

The optical characteristics of the GLAD-grown plasmonic sin-
gle nano-arms and nano-rotamers (double arms with a dihe-
dral angle) are examined and imaged under a white light source
with a linear polarizer (polarization angular rotation from 0° to
180° with 5° intervals), Figure 3. Note that special protections
are necessary when using the Mg rotamers in a solution-based
environment, 3% but the presence of a native oxide layer around
the Mg rotamers renders them stable in ambient air, which is
the measurement condition here.[*] So, a monolayer of single
Mg plasmonic arms with a length of 120 nm and a width of
30-40 nm is measured in air (Figure 3A,B) and gives rise to
the plasmonic extinction of ~0.2 optical density, OD (63% de-
cay in transmittance) at m; in visible (601 nm of wavelength)
when linearly polarized light is irradiated along the long axis
of the single arm at # = 0°. This plasmonic extinction dimin-
ishes completely down to 0.02 OD when the polarization axis
turns to § = 90° (i.e., normal to the long axis of the single
arms), Figure 3C,D. Crucially the plasmonic nano-rotamers with
¢ = 0° between the first arms (120 nm length) and second arms
(120 nm length, Figure 3E) display nearly identical spectral fea-
tures but exhibit twice larger switching contrast compared to
the single arms, Figure 3F,G. This enhancement in the contrast
arises from the fact that the number of plasmonic resonators
is double in the optical path, i.e., twice larger in length (Figure
S9, Supporting Information), suggesting that even larger switch-
ing contrast can be achieved by increasing the number of arms
viz. zigzag structures. Note that, due to inherent challenges in-
volved in parallel growth at the nanoscale, including i) imper-
fections in the array of Au nanodots for the GLAD process, ii)
fluctuations in the deposition rate due to the low melting tem-
perature of Mg, and iii) high diffusion of Mg adatoms on the sur-
face, there is a considerable variation in size and shape among
the nano-rotamers, leading to broadened harmonic resonance
spectra. Nonetheless, such broad resonance spectra across the
whole visible range by averaging optical responses of a large
number of nano-rotamers within the beam spot area of 0.8 cm?
indeed hold potential for various photonic device applications
including photodetectors and photovoltaics.I*~*"] More crucially,
these spectra still function to fully switch off through the whole
visible spectra at & = 90°. We, therefore, observe almost iden-
tical optical dynamics under the same polarization conditions
for both single nano-arms and nano-rotamers across the entire
visible spectra (Figure 3H), establishing a crucial basis for ex-
ploring various types of nano-rotamers with dihedral angular
engineering.
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Figure 3. Plasmonic single nano-arms and nano-rotamers with double arms for C,, symmetry. A) An array of plasmonic single nano-arms (half-circular
inset: a series of transmitted optical images with every 5° polarization angle changes) and B) their extinction and transmission spectra, C) linear
polarization-resolved extinction in the 2D map, and D) peak intensities versus the polarization angle, 6 ranging from 0° to 180°. E) An array of plasmonic
nano-rotamers with a dihedral angle, ¢ = 0° (half-circular inset: a series of transmitted optical images with every 5° polarization angle changes) and F)
their extinction and transmission spectra, G) linear polarization-resolved extinction in 2D map versus the polarization angle, 6. H) 1913 CIE plot of the
transmitted colors through the plasmonic single nano-arms and nano-rotamers with ¢ = 0°.

2.3. Plasmonic Nano-Rotamers with Angular Rotation
Engineering

To investigate how this nano-rotamer’s optical dynamics are sen-
sitive to structural parameters, we fabricate a series of the plas-
monic nano-rotamers with various dihedral angles ¢ = 45°,
90°, 135°, —135° (Figure 4), verified through SEM imaging
(Figure 4A; Figures S6-S8, Supporting Information). Since these
plasmonic nano-rotamers possess C, chiral symmetry, they thus
differently interact with linearly as well as circularly polarized
lights. First, we analyze their optical dynamics in response to the
linearly polarized white light with the angular rotation from 0° to
180° with 5° intervals, Figure 4B. The spectral tuning of the nano-
rotamers as a function of the dihedral angle ¢ is characterized
experimentally and compared to simulation results, revealing
a characteristic reversible 30% switching contrast (Figure 4C).
Notably, almost identical color spectra across the whole visible
range arise when the light polarization is aligned with every two
long axes of the rotamers unless otherwise remaining centered
around in the CIE plot indicating invisible (Figure 4D). These ex-
cellent dynamic optical performances, coupled with high fidelity
in angular engineering, are found to be in reasonable agree-
ment with the predictions of the numerical simulation (Figure
S10, Supporting Information). Furthermore, the polarization-
resolved colorations, featuring a transition from color to trans-
parency, present larger wavelength switching with relatively high
contrasts, compared to previous devices (Figure S11A, Support-
ing Information), offering exciting opportunities for modulat-
ing light transmission in various photonic applications includ-
ing adaptive color filters, 27484 optical memory and security
devices,*>!l and covert display.[*¥!

We stress that thanks to the slanted structural profiles of these
plasmonic nano-rotamers with intrinsic geometrical C, chiral-
ity, strong chiroptical responses with significant spectral switch-
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ing are possible in the visible range when illuminated with cir-
cularly polarized white lights, Figure 5. The circular dichroism
(CD) spectra provide a means to identify the chiroptical prop-
erties of the plasmonic nano-rotamers by differentiating their
extinction in response to the left and right circularly polarized
lights, Figure 5A. Remarkably, the plasmonic nano-rotamers with
clockwise rotation angles of ¢ = 0°, 45°, 90°,and 135° exhibit
consistent polar CD spectra with large g-factor tuning from ~0
to 0.08 which can be reversed when the rotation is anticlock-
wise (Figure 5B,C).[l While the formation of nanostructures on
the glass surface often introduces extrinsic chiroptical effects, 5!
we successfully confirm the intrinsic chiroptical characteristics
of the nano-rotamers from their identical spectra irrespective
of the incident light direction, as they are truly chiral in 3D
(Figure S12, Supporting Information). These experimental find-
ings are in agreement with the numerically simulated spectra,
where the associated chiroptical near-field enhancements vary
with the rotational angle, thus causing the observed tuning of the
CD spectra (Figure 5C). The significant disparities in g-factors
between the simulations and the experiments primarily arise
from constraints related to the fabrication process, essentially
involving large structural variations in length, width, and an-
gle of the arms of the rotamers as well as their arrangements.
Consequently, the experimentally broad extinction spectra occur
in response to the circularly polarized lights (Figure S13, Sup-
porting Information), resulting in low g-factors. This effect is
particularly pronounced for the nano-rotamer with ¢ = 90°, as
their certain angles intrinsically possess achiral features, analo-
gous to L-shaped structures.!"! Nevertheless, the nano-rotamers
still present high g-factors at relatively shorter wavelengths com-
pared to those observed in previous chiral plasmonic nanostruc-
tures (Figure S11B, Supporting Information). We thus believe
that such fine tunability in the chiroptical response of the plas-
monic nano-rotamers holds great promise for chirality-driven

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Plasmonic nano-rotamers with varying dihedral angles. A) An array of plasmonic nano-rotamers with dihedral angles, ¢ = 45°,90°, 135°, —135°
(from top to bottom, each half-circular inset: their transmitted optical images obtained with every 5° polarization angle changes). B) The rotamers’ 2D
maps of extinction spectra, C) peak intensities of transmission, and D) CIE plots as a function of the polarization angle, 8 ranging from 0° to 180°.

photonic applications including chiral sensing/>*3%] and holo-
graphic imaging,1?*! enantiomeric separation,***’! and chiral-
sensitive photo-synthesisl®®! and photo-catalysts.’>*° Further-
more, although we here deliberately limit the geometrical and
material parameters of the plasmonic nano-rotamers to solely
highlight the angular engineering fidelity for extensive switch-
ing in both linear and circular light polarizations, exploring fur-
ther engineering spaces may potentially enable rich polarization-
resolved coloration, e.g., engineering the angular rotation of the
plasmonic nano-rotamers, repeating the arms with complex ar-
rangements, or introducing the nanogap between arms.

3. Conclusion

In conclusion, we successfully demonstrate the clock-inspired
design of 3D-shaped artificial nano-rotamers made of Mg and
their fabrication and optical characterization at the wafer scale,
enabling dual programming in linear and circular polarization-
resolved colorations. Through the utilization of a physical
shadow growth technique, we achieve precise control over the
geometrical angular alignment of the plasmonic nano-rotamers,
i.e., dihedral angular engineering. This engineering fidelity leads
to polarization-resolved reversible coloration switching from in-
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visible to visible colors with 50% contrast for linear polariza-
tion while giving rise to 0.08 g-factor for circular polariza-
tion. Such unique optical properties of these plasmonic nano-
rotamers, combined with their “lithography-free” parallel fab-
rication scheme allow for scalability and large-scale produc-
tion, paving the way for practical implementation in various
polarization-resolved photonic device applications.

4. Experimental Section

Numerical Simulation: The finite element method using commercial
software (COMSOL wave optics module) was used to simulate the opti-
cal response of the Mg plasmonic structures on the quartz substrate, as-
sumed to be constant n = 1.45 for calculation simplicity. The nano-arms
have a tilt angle of 40° from the plane due to the nature of the GLAD
process.[®1] When calculating the hexagonal array of the nano-rotamers,
periodic boundary conditions with the Floquet periodicity were infinitely
set along x- and y-axes with 100 nm center-to-center spacing. Meanwhile,
the perfectly matched layer was formed on both sides of the z-axis. Optical
properties of Mg were taken from the literature,[%2] and assume that the
nano-rotamers were made of pure Mg for calculation simplicity (although
the Mg is alloyed with 5% Ti that slightly changes the plasmonic spectral
feature).163]
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Figure 5. Plasmonic nano-rotamers with chiroptical response. A) Scheme showing a plasmonic nano-rotamers under two different circular polarization
states of an incident white light. B) Chiroptical near-field enhancement of the nano-rotamers with dihedral angles, ¢ = 0°, 45°,90°, +£135°. C) Numerically
calculated (top panel) and experimentally measured (bottom panel) plasmonic extinction spectra of the array of the nano-rotamers.

Block Copolymer Micelle Nanolithography: 10 nm Au nanodots were
patterned on the substrate using block copolymer micelle nanolithogra-
phy (BCML) as previously reported.[**] The block-copolymer micelles of
poly(styrene)-b-poly(2-vinyl pyridine) self-assemble in toluene, encapsu-
lating Au salts in their cores. These micelles are then spin-coated onto the
2-inch silicon wafer (for imaging analysis) and quartz substrate (for opti-
cal measurement), resulting in a quasi-hexagonal ordered monolayer with
a spacing of ~#100 nm. To remove the polymers and reduce the Au salts,
the sample was subjected to a 9:1 gas mixture of an Ar and an O, plasma
process (100 W, 140 min, 5 x 1073 torr). This transforms the micelles
into Au nanodots with an average diameter of 10 nm, acting as seeds for
subsequent GLAD growth.

Glancing Angle Deposition:  GLAD was used to selectively grow slanted
Mg nano-arms onto each Au nanodot through a self-shadowing effect. The
growth was carried out at an angle of @ = 85° and temperature of 238 K
in a vacuum chamber with a base pressure of 4 x 107® Torr. During the
growth, Mg and Ti are co-deposited with rates of 0.1 nm~'s for Mg and
0.004 nm~'s for Ti. After the growth of Mg single nano-arms, the second
growth of the nano-arms is carried out after azimuthally rotating the sam-
ple holder to the desired dihedral angle, including ¢ = 0°, 45°, 90°, and
+135°

SEM Analysis:  SEM images of the Mg nano-arms and rotamers were
obtained using a Verios 5 UC SEM (Thermo Fisher Scientific) at an accel-
erating voltage of 10 kV. The SEM images of the arrays of BCML seeds, sin-
gle nano-arms, and nano-rotamers were used to confirm their orderings
through the FFT analysis using the Image-) software (Figure S8, Support-
ing Information).

Optical Characterization: Transmitted color images of fabricated sam-
ples were taken with a CCD camera (STC-MCS500U3V, Sentech) through
20 X objective (Olympus MPLFLN-BD) in an inverted optical microscope
(Olympus GX53) integrated with a linear polarizer (Broadband Polarizer,
Edmund Optics) covering a wavelength range from 300 to 2700 nm (po-
larization angular rotation from 0° to 180° with 5° intervals). The optical
extinction spectra were measured with a fiber-optic spectroscopic system
(DH-mini deuterium halogen light source, QE Pro spectrometer, Ocean
Optics) with the same linear polarizer. A quarter waveplate (Achromatic
waveplate, Edmund Optics) is additionally inserted in the optical path af-
ter the linear polarizer to generate left and right circularly polarized light
for measurement of chiroptical properties.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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