Visible-Band Chiroptical Meta-Devices with Phase-

Change Adjusted Optical Chirality

Lu Zhang,” Kun Gao,” Fanfan Lu,” Lei Xu,” Mohsen Rahmani,* Lixun Sun,” Feng Gao,' Wending

Zhang, *" and Ting Mei,*’

TKey Laboratory of Light Field Manipulation and Information Acquisition, Ministry of Industry and
Information Technology, Northwestern Polytechnical University, Xi’an 710129, China

!Advanced Optics & Photonics Laboratory, Nottingham Trent University, Nottingham NG11 8NS, United
Kingdom

'MOE Key Laboratory of Weak-Light Nonlinear Photonics, Nankai University, Tianjin 300457

KEYWORDS: Chirality meta-device, Circular dichroism, Phase change material

ABSTRACT: Low-cost large-area chirality meta-devices (CMDs) with adjustable optical chirality
is of great interest for polarization-sensitive imaging, stereoscopic display, enantioselectivity
analysis and catalysis. Currently, CMDs with adjusted chiroptical responses in the mid-infrared to
terahertz band have been demonstrated by exploiting photocarriers of silicon, pressure, phase-
change of GSTs, etc., but are still absent in the visible band, which in turn limits the development
of chiral nanophotonic devices. Herein, by employing a phase-change material (Sb2S3), we present
a protocol for the fabrication of wafer-scale visible-band enantiomeric CMDs with handedness,
spectral, and polarization adjustability. As measured by circular dichroism, the chirality signs of

CMDs enantiomers can be adjusted with SboS3 from amorphous to crystalline, and the chirality



resonance wavelength can also be adjusted. Our results suggest a new type of meta-devices with
adjustable chiroptical responses that may potentially enable a wide range of chirality nanophotonic

applications including highly sensitive sensing and surface-enhanced nanospectroscopy.

INTRODUCTION

Chirality, which means that an object that cannot coincide with its mirror image, is a fundamental
property of nature. Biological macromolecules, such as proteins, nucleic acids, enzymes, etc., are
the basis of life activities and all have chirality. Organic small molecule drugs with chirality enable
disease treatment through strict chirality matching and molecular recognition with
macromolecules.! Therefore, chirality has been widely exploited in the fields of medicine and
pharmacy.

Except for chiral molecules existing in nature, many chirality meta-devices (CMDs), with
strong chiroptical response over a wide spectral range, have also been prepared and potentially
applied in polarization-sensitive optical elements,” nonlinear imaging,>* catalysis,’ etc. In the early
design of CMDs, their structure dimensions, material permittivity, geometry, etc. were fixed, so
their electromagnetic resonance could not be adjusted, which in turn limits the application of these
nanostructures in the fields of active devices, such as modulators and tunable filters.°

To date, several methods have been proposed to realize tunable CMDs. The handedness of
the terahertz-waveband chirality metamolecules was switched by utilizing the photocarrier effect
in silicon and vertical deformation of micro-electro-mechanical systems.” ® The phase change
material GesSbyTes (GST), with a large refractive index difference between amorphous and
crystalline states, was exploited in an active plasmonic chirality metamaterial in the mid-infrared
waveband.” Reconfigurable chiroptical response of the optical nano-kirigami at the near-infrared

wavelengths was achieved with attractive electrostatic forces.!® Desoxyribonucleic acid can be



used both as a construction material to organize plasmonic nanorods into plasmonic
metamolecules and as fuel to drive metamolecules into distinct conformational states in the visible
band.!" ! In addition, the nanospheres/nanorods with different components and shapes were
arranged into special spatial distributions to achieve chirality regulation at visible wavelengths.!?-
17 Nevertheless, the large-area adjustable enantiomeric CMDs in the visible band have not yet been
realized.

In this work, we propose wafer-scale enantiomeric CMDs by employing a phase-change
material SboS3 with adjustable chiroptical responses in the visible band. By transforming the Sb2Ss;
film from amorphous to crystalline, the circular dichroism measurements demonstrated a chirality
intensity modulation of ~610 mdeg, a spectral adjustment range of ~150 nm, and chirality sign
adjustment accompanied with the maximum chirality intensity modulation from 252 mdeg to -
1140 mdeg around the wavelength of 730 nm. Furthermore, the optical rotatory dispersion
examination denoted that the spectrally adjustable CMDs can rotate the electric vector of the
linearly polarized light by ~+15°, revealing a practical and compact phase-changed indued
polarization modulator for the visible band.

RESULTS AND DISCUSSION

Fabrication and evaluation of CMDs. As illustrated in Figure 1(a), the D- and L-handed
CMDs were fabricated via inductively coupled plasma (ICP) etching with a template of self-
assembled polystyrene nanosphere array and subsequent glancing angle deposition (GLAD).!% 19
Details on the preparation process can be found in Supplementary Note 1. ¢ is the angle between
Ag and Au films deposited on the surface of the silica nanocone array. +¢ and -¢ correspond to
D- and L-handed CMDs, as depicted by the insets in the dashed blue and red boxes shown in

Figure 1(a), respectively. Wafer-scale CMDs can be easily and cost-effectively fabricated by this



process. Figure 1(b) shows the optical photograph of a D-handed CMD on a 10 cm-diameter silica
wafer. A scanning electron microscopy (SEM, FEI Verios-G4) image with an area of 120 pmx80
um can be seen in Supplementary Figure S6. The silica nanocone array prepared using a self-
assembled polystyrene nanosphere array has a long-range disordered arrangement,'® but by
adjusting the angle of the laterally deposited noble metal layer, the influence of local random lattice
orientation can be eliminated, thereby significantly enhancing the chiroptical response.?® 2!
Figures 1(c) and (d) show the high magnification SEM images of the D- and L-handed CMDs
with ¢=90° and -90°, respectively. The height and bottom diameter of each nanocone unit are 700
nm and 400 nm, respectively, and the distance between adjacent units is 800 nm. For testing the
chiroptical responses of the D- and L-handed CMDs, the circular dichroism (CD) spectrum was
examined,?? which is the difference of absorbances under the left- and right-hand circularly-
polarized light (CPL) irradiation as a function of wavelength. Furthermore, the CMDs can be
fabricated at wafer scale with uniform surface morphology, which significantly facilitates the use
of conventional CD spectrometers (Chirascan) for characterization. Figure 1(f) shows the CD
spectra of the D- and L-handed CMDs (¢=90° and ¢=-90°, respectively) for frontside and backside
irradiations as sketched in Figure 1(e). Notably, the backside irradiation of the CMDs results in
stronger chiroptical response. Thus, the subsequent measurements were carried out using backside
irradiation. The SEM images, CD spectra and g-factors of the CMDs with ¢=£120°, £150° are
depicted in Supplementary Figures S7, S8. Figure 1(g) presents the relationship between the CD
intensity and¢ (£90°, £120°, £150°) at three resonance wavelengths 350 nm, 600 nm, and 750 nm.

Note that, increasing ¢ leads to weakened chiroptical response, but the chiral resonance

wavelengths are not significantly altered.
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Figure 1. Morphology and CD measurement. (a) Schematic sketch of D- and L-handed CMDs.

(b) Photograph of D-handed CMD with wafer diameter of 10 cm. SEM images of D- and L-handed
CMDs with ¢=90° (c) and -90° (d), respectively. Scale bars: 800 nm. (e) Sketch map of CD
measurement. (f) CD spectra of D- and L-handed CMDs with a CPL wide-band light source
illuminating the backside of D- (red curve) and L-handed (black curve) CMDs. Blue and green
curves are CD spectra of D- and L-handed CMDs by illuminating the front side. (g) Relationship

between CD intensity and ¢ at three wavelengths.

The chiroptical response was further interpreted by the 3D finite-difference time-domain
(FDTD) method.? The structure parameters of CMDs were provided in Supplementary Note 1,

and the details on the structure model of CMDs can be seen in Method. The calculated unpolarized



absorption spectra [Supplementary Figure S10] is coincided with the measurement results,
indicating the rationality of the structural model. Figure 2(a) shows the calculated differential
absorption cross-section spectra (AAbs=Absicp—Absrcp) of CMDs with ¢ =£90°, where Absicp
and Absrcp are the absorption cross-section spectra under the left- and right-hand CPL
[Supplementary Figure S11]. Note that the differential absorption cross-section spectra of the D-
and L-handed CMDs present a bisignate feature, revealing mirror symmetry between these
enantiomers.?* The dissymmetry factor (g-factor) g=AAbs/A (A stands for unpolarized absorption
of the CMDs) was estimated to be 0.07 at the wavelength of 750 nm, revealing excellent chiroptical
responses of the CMDs.? In addition, the calculated differential absorption spectra for ¢ =+120°,
+150° are depicted in Supplementary Figure S12. The effect of ¢ on the chiroptical responses is
theoretically investigated, as shown in Figure 2(b). At three major resonance wavelengths 329 nm,
516 nm, and 680 nm, all chiroptical responses are weakened by increasing ¢, which is consistent
with the experimental results shown in Figure 1(g).

The black curve in Figure 2(c) shows the calculated scattering spectrum of the D-handed
CMD with ¢ =90°, which has resonance peaks coincide with those in the differential absorption
spectrum shown in Figure 2(a). A single CMD unit is a nanocone with graded diameter, thus
exhibiting significant electromagnetic coupling properties at multiple wavelengths, which in turn
exhibit multiple resonance peaks in the differential absorption spectrum. To simplify the
theoretical analysis, we only picked up three major peaks at 329 nm, 516 nm, and 680 nm. They
are mainly attributed to the electric quadrupole (EQ), magnetic dipole (MD), and electric dipole

)'26

(ED), as seen from the multipole decomposition in Figure 2(c).”® Furthermore, the enhanced

optical chirality (‘C/ CenL

) of the D-handed CMD with ¢=90° was calculated at two resonance



peaks of 516 nm and 329 nm. C =-¢g,0 Im(E* . B) / 2¢ is the optical chirality distribution on the
CMDs,?” with E and B being of the complex electric and magnetic field amplitudes, respectively.
Con, = igoa)| E|2 / 2 is the optical chirality of CPL in space, with “+” and “~" corresponding to the

left- and right- handed CPL, respectively. The optical chirality distribution in y-z plane of the D-
handed CMD at wavelengths of 329 nm and 516 nm are shown in Supplementary Figure S13. The
D-handed CMD exhibits stronger chirality enhancement under right-handed CPL excitation than

left-handed CPL excitation, agreement with the experimental results of CD spectra.
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Figure 2. Theoretical calculations on CMDs. (a) Theoretically predicted AAbs of the D-
and L-handed CMDs; (b) Relationship between AAbs and ¢ (£90°, £120°, £150°); (c) Calculated
scattering spectra and multipole decomposition of the D-handed CMD with Mie theory. MD,
magnetic dipole; ED, electric diploe; MQ, magnetic quadrupole; EQ, electric quadrupole.
Calculated scattering spectra of the D-handed CMDs with ¢=120° and 150°, and the corresponding

multipole decomposition of ED mode.



The change of ¢ only affects the chirality intensities of the CMDs, but does not alter the
resonance wavelengths. Multipole decomposition of the calculated scattering spectra of the D-
handed CMD as shown Figure 2(d) indicates significant decrease of scattering efficiency near the
resonance wavelength of 680 nm without shifting the ED resonance wavelength, as ¢ increases
from 120° to 150°. The chiroptical response at 680 nm is still subject to the ED resonance, although
its scattering efficiency decreases with increasing ¢.

The electromagnetic mode resonance properties of the CMDs are sensitive to the surrounding
dielectric environment. Therefore, by incorporating a SbzS; layer in the CMDs, the chiroptical
response, including intensity, handedness and spectrum, can be adjusted via phase changing the
SbS; layer. Large refractive index difference An=1.26 between the amorphous and crystalline
Sb,S; in the visible band can be well used to adjust the chiroptical response.?® In addition, the
nanocone arrays fabricated on silica wafers have not only excellent transmission efficiency in the
visible band, but also excellent thermal and mechanical stability. Excellent surface morphology
and uniformity can be maintained when thermal annealing is applied to phase change the Sb,S;3
layer.

Adjustable optical chirality intensity of CMDs. As illustrated in Figures 3(a;) and 3(b1), a
50 nm Sb,S3 layer was deposited on the surface of the Ag film and silica nanocone. Then a 12 nm-
thick silica layer was deposited on the Ag film and the Sb,S3 film surface to isolate the Sb,S3 film
from the Ag and Au films to avoid interdiffusion between the metal and Sb>S3 films during the
phase change process.?” Furthermore, the Au film was deposited on the one-half surface of the
Sb,S; layer to form a pair of D- and L-handed CMDs, as shown in Figures 3(a;) and 3(b1). Lastly,

a 12 nm-thick silica layer was deposited on the Au film and Sb>S3 layer to avoid island formation



of the Au film during the annealing process for crystallizing Sb,S; [See Supplementary Figure

S14]. The detailed preparation process of the CMDs is given in Supplementary Note 2.
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Figure 3. Chirality intensity adjustability of CMDs. Fabrication flowchart of D- (ai-az) and L-

handed (bi-bs) CMDs with chirality intensity adjustability. SEM images of D- and L-handed
CMDs with amorphous (c, d) and crystalline (e, f) of SboS; layer. Scale bars: 800 nm.
Experimented CD (g) and simulated differential absorption (h) spectra of D- and L-handed CMDs

with amorphous and crystalline of Sb,S; layer.

Figures 3(c) and 3(d) show the SEM images of the D- and L-handed CMDs with an
amorphous SbS; layer, respectively. The chiroptical response is shown as the solid curves in
Figure 3(g). In order to thermally transform the as-deposited amorphous Sb,S; layer to the
crystalline, the pair of CMDs enantiomers were heated simultaneously for 10 min at 275 °C under
nitrogen atmosphere,?® as respectively shown in Figures 3(as) and 3(bs). Figures 3(e) and 3(f) are
the SEM images of the D- and L-handed CMDs with crystalline Sb2S; layer, revealing that the

annealed CMDs still have a smooth surface. As shown in Figure 3(g), by transforming the



amorphous Sb,S; layer to crystalline, the CD intensities at 760 nm changed from 718 mdeg to 262
mdeg for the D-handed CMD, and from -900 mdeg to -290 mdeg for the L-handed CMD,
respectively, implying that a maximum chirality intensity modulation of ~610 mdeg was achieved
by the phase change of Sb,S;. In FDTD simulation results shown in Figure 3(h) [Calculation
details see Supplementary Figure S15], the differential absorption spectra are drastically changed
at around 760 nm, which also indicates the chirality intensity adjustability enabled by the phase
change of Sb,Ss.
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(bi-b3) CMDs with function of chirality sign adjustment. SEM images of the D- and L-handed
CMDs with amorphous (¢, d) and crystalline (e, f) state of the phase change layer. Scale bars: 800
nm. Experimented CD (g) and simulated differential absorption (h) spectra of the D- and L-handed

CMDs with amorphous and crystalline of SboS3 layer.

Adjustable chirality sign of CMDs. As illustrated in Figures. 4(ai-az) and 4(b1-bz), a 50 nm-

thick SboS3 layer was coated only on the surface of the Ag film, then a 12 nm-thick silica layer
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was deposited on the Ag film and the silica nanocone surface, simultaneously. The Au film was
deposited on the one-half surface of the silica film. Lastly, a 12 nm-thick silica layer was deposited
on the Au film surface. The detailed preparation process is given in Supplementary Note 3.
Figures 4(c) and 4(d) show the SEM images of the D- and L-handed CMDs with an
amorphous Sb,S3 layer, respectively, and the chiroptical responses are plotted as the solid curves
in Figure 4(g). In addition, Figures 4(e) and 4(f) show the SEM images of the D- and L-handed
CMDs with the SboS3 layer transformed to the crystalline, and the corresponding chiroptical
responses are plotted as the dashed black and red curves in Figure 4(g), respectively. By phase
changing Sb»S; to the crystalline, the CD intensity of the L-handed CMD increased from -159
mdeg to 873 mdeg near the wavelength of 730 nm, and the CD intensity of D-handed CMD
decreased from 252 mdeg to -1140 mdeg near the wavelength of 730 nm. Notably, the signs of the
CD signals were adjusted to the opposite. The adjustment of chirality sign of CMDs was also
examined by numerical simulation, as shown in Figure 4(h). The simulation agrees to the
experimental results of optical chirality sign adjustment and chiroptical response enhancement via
phase change of Sb,S3, except a blue-shift of the calculated differential absorption spectra, possibly

due to deviation of the FDTD model from the real structure.
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absorption spectra of CMDs with amorphous (g) and crystalline (h) of Sb,S; layer.

Spectrum adjustability of CMDs. The spectrum adjustable CMDs can also be fabricated
with a film deposition strategy as illustrated in Figures. 5(a1) and 5(b1). A 50 nm-thick Sb,S; film
was simultaneously deposited on the half surface of the Ag film and the silica nanocone instead of
deposited on the Ag film surface only. Next, a 12 nm-thick silica layer was deposited on the entire
nanocone surface. Lastly, an Au film was deposited on the one-half surface of the silica film to
complete the CMDs. The detailed preparation process is given in Supplementary Note 4. Figures
5(c) and 5(d) show the SEM images of the D- and L-handed CMDs, respectively, and the
corresponding chiroptical responses are shown as the solid curves in Figure 5(g). Likewise,
annealing was used to transform the SboS3 layer to the crystalline, as illustrated in Figures. 5(a3)

and 5(bsz). Figures 5(e) and 5(f) show the SEM images of the D- and L-handed CMDs with
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crystallized Sb,S3 layer, and the corresponding chiroptical responses are shown as the dashed black
and red curves in Figure 5(g), respectively. As the Sb,S; film was changed from amorphous to
crystalline, the resonance wavelength of the D- and L-handed CMDs has been shifted from 600
nm to 750 nm. The phase change of Sb,S; lead to a wavelength shift up to ~27%. The spectral
adjustability of the D- and L-handed CMDs was theoretically examined, as shown in Figure 5(h).
The simulation results show that the resonance wavelength of the CMDs was shifted from 640 nm
to 740 nm, corresponding to a 20% wavelength shift. Furthermore, the optical activity of spectrum
tunable CMDs was characterized by optical rotation dispersion (ORD), which was the spectrum
of the polarization rotation angle () arising from the transmission-phase difference between the
two circular polarizations. When the Sb2S; layer was changed from amorphous to crystalline, 6
was changed significantly within the spectral range of 450 nm-800 nm, and the maximum 6 is
+15° at 780 nm. The details of ORD examination and simulation can be found in Supplementary

Note 5.

CONCLUSION

Summary, we presented the visible-band CMDs with optical chirality adjusted by phase-changing
Sb2S;. CMDs with wafer scale have been fabricated via a process of self-assembly, ICP etching
followed by GLAD. Quantitative analysis of CD reveals excellent chiroptical responses in the
visible band, with a maximum dissymmetry factor of ~0.07. Furthermore, by designing a film
deposition strategy with a Sb,S; layer, the intensity, handedness, and spectrum of CMDs can be
adjusted through the Sb,S3 layer from amorphous to crystalline. ORD examination demonstrates
that polarization azimuthal rotation up to +£15° can be achieved by spectrally adjustable CMDs.
This work provides a new strategy to fabricate wafer-scale visible-band CMDs and further

efficiently manipulate chiroptical response in an activity-adjustable manner.
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METHODS

FDTD simulations. FDTD was used to calculate the chiroptical response of the CMDs. The
structure model [Supplementary Fig. S9.] was built by using 3DMAX software, then it was
imported into Lumerical software. The absorption response of the CMDs was calculated by the
total scattered field, under the excitation of the left- and right-handed CPL. The optical parameters
of Sb2S3 were obtained from our previous work.?” The optical parameters of Au and Ag were taken
from the experimental measurements of Johnson and Christy,*® and the optical parameters of SiO>

were taken from Palik handbook.’!
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