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Bottom-Up Tunable Broadband Semi-Reflective Chiral

Mirrors

Wenbing Wu, Yann Battie, Cyriaque Genet, Thomas W. Ebbesen, Gero Decher,

and Matthias Pauly*

Conventional mirrors flip the handedness of circularly polarized light upon
reflection. However, there is an increasing demand for the design and
fabrication of handedness-preserving mirrors as well as chiral reflective
metasurfaces with tunable spin states of reflected photons that work in a
broad wavelength range in the UV and visible domain. Most chiral mirrors
fabricated up to now are prepared by top-down techniques, such as e-beam
lithography, which are very costly and difficult to scale up to macroscopic
devices. Here, an efficient bottom-up strategy is introduced for fabricating
chiral mirrors by using Layer-by-Layer assembly of oriented silver nanowire
layers prepared by grazing incidence spraying on a semi-reflective silver layer.
The resulting chiral metasurfaces display structure-dependent differential
reflectance for circularly polarized light in a broad wavelength range in the UV,
visible, and near infrared domains, reaching an extremely high figure of merit.
Their differential reflectance reaches up to 95% of the maximum polarization
efficiency, with the handedness of the reflected light being partially preserved.
These large-area chiral mirrors with tunable chiral reflectance open
perspectives in various fields, such as in optics, sensing, and chiral

is reflected as right-handed circularly polar-
ized (RCP) light, and vice versa. However,
there is an increasing demand for the
design and fabrication of handedness-
preserving mirrors!!! (Figure 1b) as well as
chiral reflective metasurfaces with tunable
spin states of reflected photons for poten-
tial applications in photon manipulation,!?!
chiral cavities,['>3] sensing,*l chiral quan-
tum optics,’) and chiral light-matter
interactions.!®]

The present strategies for fabricating chi-
ral mirrors mainly aim at creating 2D chi-
ral patterns on a metallic surfacel”l or on
photonic crystal mirrors,®! or exploit ex-
trinsic chirality with non-chiral 2D pat-
terns illuminated at oblique incidence.®) It
has also been predicted that twisted lay-
ers of oriented gold nanorods!'” and ar-
rays of helices!! provide highly chiral re-
flection. More importantly, most up-to-date

light-matter interactions.

1. Introduction

Conventional mirrors, such as metallic films or interference-
based dielectric multilayer Bragg reflectors, flip the helicity of
a photon upon reflection at normal incidence, which leads to
a reversal in handedness of the reflected circularly polarized
light (Figure 1a): left-handed circularly polarized (LCP) light

reports of chiral mirrors either exhibit cir-

cular dichroic reflection in GHz!'*212] to

THz!" range or have a very narrow chiral

reflection peak. Some structures have chiral reflection in the near

IR range,!®>°1 but this requires fabricating complex patterns at

subwavelength scale, which imposes using top-down techniques,

such as e-beam lithography. These techniques turn out to be very
costly and difficult to scale up to macroscopic devices.

Designing chiral metasurfaces working at optical frequencies

requires controlling the size, position, and direction of the in-

dividual building blocks at a nm scale, which is challenging for
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Figure 1. a) Schematic image of a conventional mirror that reverses the handedness of circularly polarized light upon reflection, b) and of a chiral
mirror that preserves the handedness. c) Layer structure of a left-handed chiral mirror with the top AgNW layer oriented at +45° using grazing incidence
spraying with respect to the bottom oriented AgNW layer direction. When the top AgNW layer is oriented at —45°, a right-handed mirror is obtained. A
third or fourth AgNW layer separated by a polyelectrolyte multilayer spacer can be added. The thickness of the polyelectrolyte multilayer spacer between

AgNW layers can be easily tuned and is varied between 5 and 60 nm.

top-down approaches. Chiral assembly of individual non-chiral
building blocks by directed bottom-up assembly strategies has
been proposed to tackle this challenge.['*! In this work, we pro-
pose an efficient, easy-to-use, and scalable bottom-up method to
fabricate chiral mirrors that show differential reflection of LCP
and RCP in a broadband range at UV-vis—NIR frequencies. We
show in addition that the chiral reflective properties of the meta-
surfaces can be easily tuned by varying the 3D structure of the
metamirrors at nano- and mesoscale level.

The chiral mirrors are fabricated by depositing twisted layers
of oriented silver nanowires (AgNWs) on a conventional metallic
silver mirror (Figure 1c). This is realized by using two techniques,
namely Layer-by-Layer (LbL) assembly and Grazing Incidence
Spraying (GIS). LbL assembly is a broadly used approach for the
fabrication of stratified multimaterial films and composites, ]
while GIS involves the deposition of anisotropic 1D nano-objects
by spraying a suspension of those objects on a substrate at a small
incidence angle.l'! It has been proven to be effective in fabricat-
ing highly oriented films for a variety of building blocks rang-
ing from silver nanowires,!'"7! gold nanorods (AuNRs),! '8! metal
oxide nanowires,'! cellulose nanofibers,[?! and silica helices
coated with gold nanoparticles.?!! We have previously reported
that chiral plasmonic Bouligand nanostructures with giant cir-
cular dichroism and birefringence as well as tunable chiroptical
properties can be prepared by combining LbL and GIS of AgNWs
or AuNRs,?2l whose hierarchical structural arrangement and as-
sociated circular dichroism can be controlled by macroscopic
tools in the fabrication process. These superstructures consist of
2 or more layers of aligned plasmonic 1D nano-objects,!?*! whose
orientation direction is rotated with respect to neighboring layers.
Left-handed (LH) and right-handed (RH) structures are defined
Dby the rotation handedness of the helical assembly. While dense
AgNW layers are semi-reflecting, the giant chiroptical proper-
ties of those Bouligand chiral metasurfaces based on AgNWs
(similarly to other twisted layers of 1D anisotropic plasmonic
nanomaterials(?*l) were only investigated in transmission.??! In
the present report, we focus on the structure-dependent polar-
ized reflection of such Bouligand architectures deposited on a
semi-reflective metallic mirror. The resulting samples combine
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the circular dichroic effects of the chiral plasmonic superstruc-
tures and the reflectiveness of the underlying substrate. These
chiral metasurfaces display a strong differential reflectance for
circularly polarized light in a broad wavelength range in the UV-
vis—NIR domain, which can be tuned by controlling the nanos-
tructure of the Bouligand assembly.

2. Results and Discussion
2.1. Effect of Mirror Handedness

The fabrication of the chiral mirrors relies on the deposition
of two, three, or four (or even more) layers of AgNWs (diam-
eter = 60 nm) aligned in different directions on top of a sil-
ver mirror (30 nm thick silver film on a 5 nm chromium adhe-
sion layer) sputtered on a glass substrate, arranged in clockwise
(LH) or anticlockwise (RH) rotation. Each AgNW oriented mono-
layer displays highly anisotropic optical properties, as the trans-
verse localized surface plasmon resonance (LSPR) modes (350
and 380 nm) are selectively excited with light linearly polarized
perpendicularly to the nanowire orientation direction.'®l When
light is polarized along the nanowire axis, it is mostly reflected
in the near IR due to the negative real part of the dielectric func-
tion of silver (Figure S2, Supporting Information). The relative
angle between adjacent layers of AgNWs is set at +45°, which
was shown to generate the highest CD in transmission.[?? The
AgNW layers are separated by a 13 nm thin LbL-assembled poly-
electrolyte multilayer film, whose thickness can be finely tuned at
nanometer precision by varying the number of deposited layers
of polycation (poly(allylamine hydrochloride), PAH) and polyan-
ion (poly(sodium styrene sulfonate), PSS).

Figure 2 displays the reflectance spectra depending on the in-
put and output polarization state for an AgNW oriented mono-
layer and 2-layer twisted LH and RH thin films separated by
a 13 nm polyelectrolyte spacer. The spectra were measured by
Mueller Matrix Polarimetry in reflection mode, from which the
polarization-resolved reflectance spectra were calculated (Equa-
tions S1-S5, Supporting Information). The angle of incidence is
set to 60°. Modeling was performed using a Berreman transfer
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Figure 2. Measured (a—c) and modeled (d—f) reflectance spectra of an oriented monolayer of AgNWs (a,d) and of two layers of AgNWs oriented at +45°
(left-handed structure (b,e) and at —45° (right-handed structure (c,f) deposited on a continuous Ag thin film. The reflection of the top panels is shown

depending on i) the handedness of the incoming and o) outcoming light polarization, labeled as R;, while the differential reflectance % = RLCLRRRCP

and total reflection R = m are given in the bottom panels. The reflectance of the bare silver mirror is also given in (a). The arrows in (e) and (f)
indicate the expected behavior for an ideal chiral mirror (Rgg =1, R, =0, R=10.5, and %’ = —2 for the left-handed sampleand R =1, Rgg =0, R =
0.5, and % = 2 for the right-handed sample).

matrix approach!®! (see Section S2, Supporting Information)  LCP lightis equal to Rycp = Rpg + Ry and Ry cp = R;; + Ryi. The
based on the measured effective complex dielectric function of  total reflectance is defined as R = JeeeRice 514 the differential
an oriented AgNW monolayer (Figure S2, Supporting Informa- :
tion). The different spectra are labeled with the input polarization
followed by the output polarization: for example, Ry, stands for
incoming RCP light being reflected as LCP light (handedness re-
versed), while Ry stands for incoming RCP light being reflected
as RCP light (handedness preserved). The reflectance of RCP and

reflectance % = RLCLRR“CP. For a non-chiral sample, it is expected
that Rpg = R;; and Ry, = Ry, and thus Ry = Ry p and % =0.
In particular, a conventional ideal mirror totally reflects circular
polarized light and reverses its polarization, thus Rpy = Rj; =
0 and Ry; = Rz = 1. On the contrary, for a chiral sample that
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selectively reflects one circular polarization without reversing it
(for instance right-handed polarization), Ryz = 1, R; = 0 and
Ry, = Ry, and thus R=0.5and 2% = 2.

The reflectance of the non-chiral oriented monolayer sam-
ple deposited on a silver mirror shows both in the measured
(Figure 2a) and modeled (Figure 2d) spectra a high reflectance
that is independent of the incoming polarization (R;; = Ryy and
R = Ry,). As expected for a non-chiral mirror, the differential
reflectance % is equal to zero (Figure 2a, bottom panel). The
AgNW layer only slightly reduces the total reflectance R com-
pared to the bare silver mirror. Furthermore, the circular polar-
ization of light is partially reversed upon reflection (R;x > R,
and Ry, > RyR) in the visible range.

On the contrary, the chiral metamirrors show polarization-
dependent reflection spectra that are symmetric for LH and RH
samples (Figure 2b,c, respectively). Light with a handedness op-
posite to that of the nanostructure is preferentially reflected, i.e.,
Rpr > Ry for the LH sample (Figure 2b), and R;; > Ryy for the
RH sample (Figure 2c). Furthermore, the handedness of light is
preserved upon reflection in the visible range (R;z = Ry, and
Ryr > Ry for the LH sample and R;; > R, for the RH sample),
while the properties in the NIR range are similar to non-chiral
mirrors. This reflects in a negative peak in the differential re-
flectance % for the LH sample and a positive peak for the RH

sample, with a maximum value of |A—RR| ~ 1.5 around 500 nm.
Note that a mirror with maximum polarization efficiency (R;; =
1, Rgg = 0and Ry, = R, for a RH sample) gives a total reflectance
R=0.5 and a differential reflectance =X = 2. In other words, the
polarization efficiency of such a simple 2-layer oriented AgNW
structure on top of an Ag thin film reaches 75% of the maximum
possible value. This highly polarized reflectance covers the en-
tire visible range (330-1100 nm). To the best of our knowledge,
this is the first report of a handedness-preserving chiral mirror
whose chiral reflection covers the entire visible range. The trans-
mittance and reflectance as well as the differential transmittance
and reflectance are given up to 2000 nm in Figure S3 (Supporting
Information).

Modeling is in good agreement with the experimental results;
in particular, the symmetrical differential reflectance of LH and
RH structures are well reproduced (Figure 2e,f). No coupling of
the LSPR modes is included in the Berreman transfer matrix ap-
proach used for simulation, and the chiroptical properties can
thus be well modeled by considering the AgNW monolayers as
independent linear dichroic and birefringent filters stacked hier-
archically one above another in a helical fashion. However, the
fact that plasmonic coupling can happen between the AgNW lay-
ers and/or the Ag mirror layer may explain the difference in am-
plitude as well as the exact positions of peaks appearing in mea-
surements and simulation. The slight difference in the AgNW
layer thickness or density and interlayer spacing between mod-
eling and experimental samples can also contribute to the differ-
ence between measurements and simulations. We have indeed
previously demonstrated that the interlayer spacing plays a crit-
ical role in the shape of the CD spectra, similarly to what can
be observed for Fabry-Perot interferences.?®! The polarized re-
flectance spectra were measured and modeled with an incidence
angle of 60°. The modeled angle-dependent spectra show that the
polarized reflectance is almost independent of the incidence an-
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gle in the 0-60° range (Figure S4, Supporting Information). This
is also confirmed by the measurement as a function of the angle
of incidence in the 45-60° range (Figure S5, Supporting Infor-
mation).

2.2. Effect of the Spacing between the Oriented AgNW Layers

We have demonstrated previously that the interlayer spacing be-
tween two layers of AgNWs can be finely tuned at nanometer pre-
cision by controlling the number of layers of the polyelectrolyte
film between them.[?! Here we vary the interlayer spacing d
from 5 to 60 nm in a multilayer stack containing two layers of Ag-
NWs oriented at +45° (left-handed structure), and compare the
optical properties to the one described in the previous section for
a LH sample with a spacing of 13 nm (Figure 3).

The total reflectance R of the mirror is reduced by increasing
the interlayer spacing because of Fabry—Perot-type multiple re-
flections emerging at larger interlayer spacing, as already shown
in transmission.!??’! Compared to the small change in total re-
flectance, the interlayer spacing has a major effect on the polar-
ized reflectance spectra and thus on the differential reflectance.
From d = 5 nm (Figure 3a) to d = 13 nm (Figure 3b), the dif-
ferential reflectance peak is largely broadened, and its magni-
tude is doubled. For d = 60 nm (Figure 3c), the chiral reflection
peak not only extends further, but also splits into a double peak.
We observe a dip at 570 nm, where the differential reflection is
close to 0. The peak at 860 nm has an exceptionally high value of
AR/R = -1.90, i.e., 95% of the maximum possible polarization
efficiency. At this wavelength, RCP light is efficiently reflected
without handedness reversal (Rgy = 0.45 and Ry, < 0.01), while
the reflectance of LCP is almost zero (R;; < 0.01 and R, < 0.01).
The measured spectra are in good agreement with the modeled
ones (Figure S6, Supporting Information).

2.3. Effect of the Number of Oriented AgNW Layers

Using LbL assembly, it is possible to prepare multilayer struc-
tures containing unlimited layers of AgNWs. In the present work,
we have limited ourselves to four layers of AgNWs at maximum,
since a large number of AgNW layers causes high absorption and
scattering and thus reduces the total reflectance. Therefore, we
varied the number of AgNW layers from 2 to 4, while keeping the
interlayer spacing at 13 nm and the relative angle fixed at +45°
(LH samples, Figure 4). For this twisting angle, a sample with
four oriented AgNW layers make a Bouligand structure with a
full turn of the helix. While the total reflection is reduced when
increasing the layer number from 1 to 2 (Figure 2a,b), adding
more layer(s) of AgNWs beyond 2 only slightly reduces the total
reflectance of the mirror (Figure 4). Compared to the chiral mir-
ror with two AgNW layers (Figure 4a), the three-layer sample has
a lower differential reflectance, but it covers a larger wavelength
range (Figure 4b). More interestingly, the differential reflectance
of the four-layer structure changes its sign at 700 nm, being pos-
itive in the visible range and negative in the near infrared. A sim-
ilar effect was also measured in transmission, with the sign of
the CD spectra being reversed when more oriented AgNW layers

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Spectra of the measured reflectance R labeled as function of the incoming and outgoing polarization states R,, and of the total reflectance R
and the differential reflectance % for samples consisting of two layers of AgNWSs oriented at +45° (left-handed structure) deposited on top of silver
mirror. The spacing between the AgNW layers is equal to a) 5 nm, b) 13 nm, and c) 60 nm. Note that the sample in (b) is the same as the one of Figure 2b.
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Figure 4. Spectra of the measured reflectance R labeled as function of the incoming and outgoing polarization states R;, and of the average reflectance
R and the differential reflectance % for samples consisting of a varying number of layers of oriented AgNWs deposited on top of a silver mirror. The
AgNW layers are oriented at +45° (left-handed structure) and separated by a constant spacing of 13 nm. The sample consist of a) 2, b) 3, and c) 4 AgNW
layers. Note that the sample in (a) is the same as the one of Figure 2b and Figure 3b.
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were added.l?”2] The measured spectra are in reasonable agree-
ment with the simulated spectra, despite some differences for the
four layers sample, possibly due to the slight variation between
each AgNW layer thickness and density (Figure S7, Supporting
Information).

It should be noted that all the measurements presented above
were done at an angle of incidence of 60°. However, the chi-
roptical properties do not depend much on the angle of inci-
dence (Figure S5, Supporting Information). Beside their chiral
asymmetry, the presented nanostructures also have a linearly
anisotropic character. Therefore, linear dichroism and birefrin-
gence may also be present. The spectrum of the conversion of the
linear polarization from 0° to 90° R, is given in Figure S5e (Sup-
porting Information) as function of the angle of incidence. While
linear effects are significant in the near IR, they are negligible in
the visible range. The linear anisotropy only slightly depends on
the angle of incidence. Therefore, the circular polarization will
be reflected as purely circular polarization in the visible range,
while the circular polarization will be converted to elliptical po-
larization in the near infrared. Due to linear polarization effects,
the chiral reflectance spectra may also vary when the sample is ro-
tated (azimuth angle). The chiral reflectance spectra show only a
small variation with the azimuth angle (Figure S8, Supporting In-
formation). In particular, the spectra are identical for an azimuth
of 0 and 180°, which is equivalent to a reversal of the angle of
incidence.

Furthermore, the chiroptical properties are homogeneous in
a large area, as shown by the mapping of the polarized re-
flectance done on an entire sample (Figure S9, Supporting Infor-
mation). The differential reflectance at 4 = 800 nm is very high
in the entire area over that the two oriented AgNW layers overlap
(8 x 15 mm?), whereas it is almost zero in the regions where a
single oriented AgNW layer is deposited.

The fact that i) the reflectance only slightly depends on the
incidence angle and that ii) the reflectance does not depend on
the handedness of light when the sample is achiral (linearly
anisotropic) underlines the intrinsic character of the chirality. It
cannot be excluded that in addition to intrinsic chiroptical effects
from the structure, there may also be a contribution from extrin-
sic components, but the latter should be very small in compari-
son.

3. Conclusion

We have demonstrated in the present work an efficient strategy
for fabricating chiral mirrors by using LbL assembly and GIS to
prepare twisted Bouligand AgNW superstructures on a reflective
metallic surface. The proposed approach is easy to implement
with simple equipment, notwithstanding the fact that the ob-
tained mirrors show a remarkable broadband chiral reflectance
in the UV-vis—NIR range with an outstanding figure of merit (dif-
ferential reflectance). All the multilayer samples shown here dis-
play a highly polarized reflectance over a broad wavelength range
spanning the UV, visible, and near IR range, and that preserves
the handedness of the incoming light upon reflection. The dif-
ferential reflectance reaches exceptionally high values up to 95%
of the maximum polarization efficiency. Our result demonstrate
that the optical properties can be tuned (both in terms of total
reflectance and differential reflectance, as well as regarding the
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shape of the spectra) by freely choosing during the fabrication
the number of oriented AgNW layers and the spacing between
those layers, including samples that reflect more RCP or LCP
light depending on the wavelength range (Figure 4c). We have
used a thin silver layer to build semi-reflective chiral mirrors, but
it would also be possible to increase the total reflectance if thicker
Ag films are used. It should be pointed out that these samples
are prepared from aqueous suspensions/solutions of commer-
cially available nanowires and polymers and can be prepared in a
wet-chemistry lab using low-cost and simple equipment (at least
compared to vacuum-based lithography processes). Such Layer-
by-Layer assembled oriented nanowire layers have sufficient opti-
cal quality to enable new fabrication methods for optical elements
on different surfaces.

These large-area chiral mirrors with tunable chiral reflectance
in the broadband UV-vis—NIR range have numerous potential
applications in optics, sensing, and chiral light-matter interac-
tions. For example, adding another chiral mirror on top of the
chiral superstructure would lead to a closed chiral cavity, which
could generate tunable chiral cavity modes. This will pave the way
for the research of chiral light-matter interactions in the strong
coupling regime and has a huge potential for chiral catalysis and
enantioselective synthesis.

4. Experimental Section
Materials: Poly(ethyleneimine) (M, ~ 60 000 g mol~') was pur-
chased from BASF (Germany). Poly(sodium 4-styrenesulfonate)

(M,, ~ 70 000gmol~") and poly(allylamine hydrochloride) (M, ~
15 000 g mol~") were purchased from Sigma—Aldrich (Germany). Silver
nanowires were purchased from ACS Material (USA).

Fabrication: The fabrication of the chiral mirrors relies on the depo-
sition of twisted AgNW multilayer structures on a reflective metallic sur-
face. First, 5 nm thick chromium layer and 30 nm thick silver layers were
deposited successively on a glass slide by sputtering. Then, a layer of PEI
was deposited on the silver mirror by spray-assisted LbL assembly. A solu-
tion of PEI (2.5 mg mL~" in water) was sprayed on the silver mirror with an
Air-boy spraying bottle for 10 s, followed by 10 s of water rinsing. Oriented
AgNWs were afterward deposited on the PEl-coated silver mirror by GIS. A
spraying nozzle (1/4) SS, Spraying Systems Co., USA) was connected to a
liquid pump (M50, VICI Valco Instruments Co., USA) and an air flowmeter
(Red-Y, Végtlin Instruments GmbH, Switzerland). A suspension of AgNW's
(0.2 mg mL~" in water) was sprayed on the PEl-coated silver mirror at a
small incidence angle of 10° for 200 s. The distance between the nozzle
and the substrate was set to 1 cm. The fluid flow rate and the air flow rate
were controlled at 1 mL min~" and 30 L min~" by the liquid pump and the
air flowmeter, respectively. The sample was rinsed by spraying with water
using an Air-boy spraying bottle for 10 s before drying with compressed
air.

Then, a polyelectrolyte multilayer spacer with the following structure
PEI/(PSS/PAH),, /PSS/PEI was deposited on the oriented AgNW layer us-
ing the same spraying method as for the PEI layer. This study had pre-
viously shown that this allows tuning the thickness of the spacer with
nanometer precision by varying n.[22b] Here, the thickness was varied from
5nm (n=1), 13 nm (n=5) to 60 nm (n = 28). Another layer of AgNWs ori-
ented in a different direction with respect to the first layer was deposited on
the polyelectrolyte spacer by rotating the sample before spraying the new
AgNW layer. The angle between the AgNW layers was set at 45° for left-
handed structures and —45° for right-handed structures. The same pro-
cess was repeated for the fabrication of three- and four-layer structures.

Characterization: The Mueller matrix of the samples was measured
by a phase modulation ellipsometer (UVISEL). To measure the complete
Mueller matrix, a quarter-wave plate was introduced in the polarization
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state generator. The Mueller matrix was measured in reflection mode at
an angle of incidence of 60° with a beam size is 500 um unless other-
wise specified. The total reflection (R) and differential reflection (AR) as
well as R, were deduced from the Mueller matrix spectra (see Section S1,
Supporting Information, for more details).

Modeling: The simulations were carried out based on the Berreman
transfer matrix formalism (see Section S2, Supporting Information, for
more details). This formalism requires the knowledge of the dielectric
function of each layer. This dielectric function was deduced from ellipso-
metric measurements in reflection performed on films deposited on sili-
con substrate (Figure S2, Supporting Information) for the polymeric and
the oriented AgNW layers. The oriented AgNW monolayer exhibited a uni-
axial anisotropy with an optical axis parallel to the AgNW long axis. The
optical model consisted of a silver mirror covered with a multilayer struc-
ture detailed in Figure S1 (Supporting Information).

Supporting Information

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