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ABSTRACT: The optical properties of chiral plasmonic metasur-
faces depend strongly on their architecture, in particular the orien-
tation and spacing between the individual building blocks assem-
bled into large arrays. However, methods to obtain chiral met-
amaterials with fully tunable chiroptical properties in the UV, visi-
ble and near infrared range are scarce. Here, we show that the chi-
roptical properties of silver nanowires assembled in helical 
nanostructures by Grazing Incidence Spraying and Layer-by-Layer 
assembly can be finely tuned over a broad wavelength range using 
simple design principles. The angle between the oriented nanowire 
layers controls the intensity of the circular dichroism, reaching el-
lipticity values higher than 13° and g-factor values up to 1.6, while 
the shape of the circular dichroism spectra depends strongly on the 
spacing between the layers which can be tuned at the nm-scale. The 
structure-dependent optical properties of the assembly are success-
fully modeled using a transfer matrix approach. 

KEYWORDS: nanowire assemblies, chiral nanostructures, 
plasmonics, metasurfaces, circular dichroism 

Chirality, as a fundamental property of molecules and materials, 
has been a major focus of interest in chemistry1-3 since the seminal 
work of Louis Pasteur in 1848.4 In recent years, artificial chiral 
nanostructures have attracted much interest in the nanoscience and 
nanotechnology community for their wide potential of applications 
in a vast variety of fields,5-7 in particular for sensing of (bio)mole-
cules,8, 9 optical recording10, as broadband circular polarizers11 or 
in quantum materials based on optical cavities.12 Many strategies 
from bottom-up to top-down approaches have been proposed for 
the fabrication of such nanomaterials. While top-down techniques 
are suited to produce well-defined micrometer-scale structures, 
they require expensive equipment, multistep processes and are not 
able to make nm-scale structures over large areas at low cost.9, 13, 14 
Bottom-up approaches have thus been proposed to tackle these 
challenges.15, 16 One approach consists in using chiral molecules to 
template the shape of inorganic nanocrystals during their synthesis, 
which was successfully applied to synthesize chiral gold nanopar-
ticles17, 18 and nanorods.19 This strategy however relies on molecu-
lar templates with limited tunability, while a more flexible strategy 
consists in assembling achiral nanoparticles, ranging from isotropic 

metallic nanospheres to anisotropic 1D-nanobjects, into chiral con-
figurations such as twisted nanorod mesostructures,20, 21 nanoheli-
ces22, 23 and Bouligand nanostructures.24-26 Those assemblies are of-
ten composed of noble metal nanoparticles as surface plasmon res-
onances in chiral structures have been shown to give rise to excep-
tionally high circular dichroism (CD) compared to chiral mole-
cules.27, 28 Obtaining nanostructures that display intense CD bands 
that can be tuned to various frequency ranges is especially im-
portant for chiral sensing of molecules that have absorption bands 
in the UV and visible range and display inherently low chiroptical 
signals. Inter-particle interactions, plasmonic coupling in particu-
lar, play an important role in the emergence of chirality and the 
associated chiroptical properties of plasmonic metasurfaces, alt-
hough solid interpretations of these observations are yet to be 
clearly provided.29  

The controlled positioning of the repeating unit cells in those 
metamaterials allows engineering their far-field optical properties 
and their polarization-dependent transmittance, absorbance and re-
flectance. The collective response does not only derive from the 
bulk properties of the base materials and from the shape-dependent 
properties of the individual building blocks, but also from the ori-
entation and arrangement of the individual building blocks. The ap-
proaches proposed up to now are often expensive or time-consum-
ing or unable to produce large arrays with a well-controlled archi-
tecture. Furthermore, the highly structure-dependent properties 
cannot be tuned at will because the structural parameters (in partic-
ular the interparticle spacing and angle) are constrained by the tem-
plate itself or by the fabrication method.  

We have recently reported25 that scalable chiral Bouligand 
nanostructures whose mesoscale anisotropy is controlled with sim-
ple macroscopic tools can be prepared from non-chiral plasmonic 
nanowires and nanorods by combining Grazing Incidence Spray-
ing30-33 and Layer-by-Layer assembly.34-36 The obtained chiral su-
perstructures composed of two or three layers of oriented silver 
nanowires (AgNWs) or gold nanorods exhibit very strong chirop-
tical properties over the entire UV-Vis-NIR spectral range, while 
the fabrication process has proven to be exceptionally simple and 
efficient. Here, we show that our approach allows to finely tune the 
mesostructure, in particular the spacing between the plasmonic lay-
ers at a nm-scale and the angle between the oriented AgNW layers, 
which allows controlling the resulting chiroptical properties, giving 
rise to an extremely high CD over a broad spectral range. We also 
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show that the structure-dependent optical properties can be suc-
cessfully modeled using a transfer matrix approach.  

Results and Discussion 

The hybrid chiral plasmonic assemblies rely on the Layer-by-
Layer assembly of twisted films of oriented AgNW layers sepa-
rated by a dielectric polymeric spacer of controlled thickness. The 
bottom layer of AgNWs is deposited using Grazing Incidence 
Spraying of the nanowire suspension on a substrate previously 
coated with polyelectrolytes. The shear flow of the flowing liquid 
induces the oriented deposition of the AgNWs, leading to a mono-
layer of nanowires pointing in the same direction (Figure 1a) that 
displays highly linearly anisotropic optical properties, as shown 
previously.33 The density in NWs can be easily controlled using the 
suspension concentration and the spraying time. Next, polyelectro-
lytes of opposite charges can be alternatively deposited to form a 
polyelectrolyte multilayer dielectric spacer of controlled thickness 
d (Figure 1b). We have used poly-(ethylene imine) (PEI) as the first 
polycation deposited on the nanowire layer, followed by negatively 
charged poly-(styrene sulfonate) (PSS) and positively charged 
poly-(allylamine hydrochloride) (PAH). The adsorption of each 
polymer layer is followed by a rinsing step, and the adsorption of 
the layer pair (PSS/PAH) can be repeated as many times as needed 
to reach the desired thickness. Finally, a layer of PEI is deposited 
on the last PSS layer. The substrate can then be rotated by an angle 
α before spraying the second layer of oriented AgNWs (Figure 1c). 
We have limited our study in this paper to films composed of 2 
layers of AgNWs with a varying spacing d and a varying angle α 
but we have previously shown that this process can be continued to 
build films with more AgNW layers, or in which the nature of the 
plasmonic 1D-nanoobject can be varied.25  

 

Figure 1. Scheme of the sample fabrication. a) A first layer of ori-
ented silver nanowires (AgNWs, d ≈ 60 nm, L ≈ 3–5 μm) is formed 
by Grazing Incidence Spraying on a PEI-coated substrate, b) be-
fore depositing a polyelectrolyte multilayer dielectric spacer 
(PEI/(PSS/PAH)n/PSS/PEI) of a precisely tunable thickness d by 
Layer-by-Layer assembly of polyelectrolytes. c) Finally, the sample 
can be rotated by an arbitrary angle α before depositing the ori-
ented AgNW top layer. 

The hybrid chiral plasmonic assemblies rely on the Layer-by-
Layer assembly of twisted films of oriented AgNW layers sepa-
rated by a dielectric polymeric spacer of controlled thickness. The 
bottom layer of AgNWs is deposited using Grazing Incidence 
Spraying of a AgNW suspension on a substrate previously coated 
with polyelectrolytes. The shear flow of the flowing liquid induces 
the oriented deposition of the AgNWs, leading to a monolayer of 
nanowires pointing in the same direction (Figure 1a) that displays 
highly linearly anisotropic optical properties, as shown previ-
ously.33 The density in NWs can be easily controlled using the sus-
pension concentration and the spraying time. Next, polyelectrolytes 
of opposite charge can be alternatively deposited to form a poly-
electrolyte multilayer dielectric spacer of controlled thickness d 
(Figure 1b). We have used poly-(ethylene imine) (PEI) as the first 
polycation deposited on the nanowire layer, followed by negatively 

charged poly-(styrene sulfonate) (PSS) and positively charged 
poly-(allylamine hydrochloride) (PAH). The adsorption of each 
polymer layer is followed by a rinsing step, and the adsorption of 
the layer pair (PSS/PAH) can be repeated as many times as needed 
to reach the desired thickness. Finally, a layer of PEI is deposited 
on the last PSS layer. The substrate can then be rotated by an angle 
α before spraying the second layer of oriented AgNWs (Figure 1c). 
We have limited our study in this paper to films composed of 2 
layers of AgNWs with a varying spacing d and a varying angle α 
but we have previously shown that this process can be continued to 
build films with more AgNW layers, or in which the nature of the 
plasmonic 1D-nanoobject can be varied.25  

Effect of the angle α between AgNW layers 

In order to probe the effect of the angle α between the AgNW 
layers, a series of two-layer structures have been prepared with a 
fixed interlayer spacing of 13 nm. The deposition sequence can be 
described as: 
PEI/PSS/PAH/PSS/PEI/AgNWs 0°/PEI/(PSS/PAH)5/PSS/PEI/AgNWs α. 
Depending on the sign of the angle α, left-handed or right-handed 
structures can be prepared, which lead to symmetric CD spectra 
(Figure S4).25 Here we focus on left-handed structures (Figure 1c), 
for which the angle α between the two layers of AgNWs was varied 
from 0° to 90° (Figure 2a).  

 

Figure 2. Variation of the angle α between the AgNW layers. 
a) SEM images of two-layer structures with a fixed interlayer spac-
ing d = 13 nm and with a varying angle α. b) CD spectra measured 
in the UV-Vis-NIR range for samples with a varying angle α, from 
which c) the g-factor measured at 385 nm and 800 nm as function 
of the angle α is calculated. d) Modeled CD of two-layer structures 
with a fixed interlayer spacing d = 13 nm as function of the angle 
α. The radius corresponds to the wavelength, the angular coordi-
nate to the angle α between the AgNW layers and the color scale to 
CD in mdeg. 

Samples with α = 0° or 90° have a CD close to 0, which is ex-
pected for non-chiral structures, while CD is maximum at α = 45° 
(Figure 2b). The dimensionless g-factor was calculated from the 
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ellipticity θ using Equation 1 (the g-factor spectra are given in Fig-
ure S5):  

𝑔 =
௱஺ಽ಴ುషೃ಴ು

஺
=

ఏ(௠ௗ௘௚)

ଷଶଽ଼ଶ
  (1) 

The g-factor, which quantifies the chiroptical anisotropy, reaches 
a maximum value of 0.3 at α = 45° and 385 nm. The g-factor is 
plotted as function of the angle α for λ = 385 nm and 800 nm as an 
example in Figure 2c, the normalized variation being the same for 
all wavelengths.  

The CD of the superstructures have been modeled as function of 
the angle α at a fixed interlayer spacing (d = 13 nm) according to 
the Berreman transfer matrix formalism (BTM)37 based on the 
measured optical properties of an AgNW oriented layer. The ordi-
nary and extraordinary complex dielectric functions of a typical 
AgNW monolayer are fitted from measured reflection ellipsometry 
spectra (Figure S2) and are used to model the Mueller Matrix of the 
2-layer chiral thin films at varying angle α, from which the CD is 
calculated (Figure 2d and Figure S6 and S7).38 The measured CD 
is well-reproduced by the simulations, with CD = 0 mdeg for α = 
0° or 90° and CD being maximum for α = 45°, the position of the 
peaks being reasonably well reproduced. The polar spectrum of the 
CD intensity (Figure 2d) is centrosymmetric as α and α + 180° rep-
resent identical structures. Furthermore, enantiomorphic structures 
are obtained for α and −α, for which the CD has the same spectral 
shape with an opposite sign. Simulations of the Circular birefrin-
gence (CB) and of the Linear Dichroism (LD) and Birefringence 
(LB) for varying α can be found in the supporting information (Fig-
ure S6 and S7). 

The measurements and simulations clearly show that the inten-
sity of the CD can be very conveniently and easily tuned by con-
trolling the angle between the AgNW layers. However, the spectral 
shape, in particular the position of the CD peaks does not depend 
on the angle α.  

Varying distance d and fixed angle α. 

The LbL-assembly approach allows to tune the polyelectrolyte 
multilayer thickness between two layers of AgNWs with a nanome-
ter-scale precision. Indeed, the number of polyelectrolyte layers 
that constitute the dielectric spacer between the two plasmonic ori-
ented layers can be chosen at will. We thus varied the number of 
polyelectrolyte layer pairs between two layers of AgNWs in order 
to tune the interlayer spacing d, while keeping the angle between 
the orientation of the two AgNW layers constant at 45°. The depo-
sition sequence can be written as: 
PEI/PSS/PAH/PSS/PEI/AgNWs 0°/PEI/(PSS/PAH)n/PSS/PEI/AgNWs 45°. 

Figure 3a shows the cross-section SEM images of two-layer 
structures with different interlayer spacing d. The spacing is pro-
portional to the number n of layer pairs of PSS/PAH (Figure 3b), 
and each polyelectrolyte layer pair has a thickness of 2.1 nm. The 
thickness of the polymer multilayer film refers to the interlayer 
spacing averaged from 10–20 different positions on the cross-sec-
tion SEM images. The rather small error bar evidences the excellent 
smoothness of the thin films and thus the very good nm-scale con-
trol that is offered on the interlayer spacing.  

g-factor spectra of the two-AgNW-layer structures with an angle 
fixed at α = 45° and the interlayer spacing d varying from 13 nm to 
200 nm are shown in Figure 3c (the CD spectra are given in Figure 
S8, and the corresponding number of layer pairs n in Table S1). The 
influence of the interlayer spacing on the CD of the films is remark-
able: while the negative CD peak at 385 nm is unchanged, the CD 
peaks in the visible range are red-shifted as the interlayer spacing 
increases, and for large spacing (d ≥ 100 nm), oscillations appear 
on the g-factor and CD spectra, reaching very high values. In par-
ticular, CD > 13 000 mdeg is obtained for d = 200 nm at λ = 1500 
nm (Figure S8), while the extinction of the film is only 0.25, which 

reflects in a g-factor over 1.6 (Figure 3c). This exceptionally high 
value equals the highest g-factor value reported so far,26 but with a 
much simpler structure composed of only 2 plasmonic layers. The 
same trend is observed for samples with a spacer layers of a few 
micrometers (Figure S9), while the period of the oscillations is get-
ting smaller when the spacing increases. The nm-scale control of 
the interlayer spacing thus allows tuning the shape of the CD and 
g-factor spectra (and in particular the wavelength of maximum CD) 
very easily over a large spectral range. 

The LD/LB of thin films with strong linear anisotropies can in-
duce artifacts on the CD measured with a commercial CD spec-
trometer, whereas all the contribution to the polarimetry (LD, LB, 
CD and CB) can be measured accurately with Mueller Matrix Po-
larimetry (MMP). We thus have carefully checked that the CD 
measured on a commercial CD spectrometer is in good agreement 
with the CD measured by MMP (Figure S11).  

 

Figure 3. Variation of the spacing d between the AgNW layers. a) 
Cross-section SEM images of two-layer structures with varying in-
terlayer spacing d. b) Interlayer spacing d as a function of number 
of PSS/PAH layer pairs n. c) g-factor spectra of two-layer struc-
tures with increasing interlayer spacing d. d) Measured (left) and 
modeled (right) CD spectra as function of the interlayer spacing d 
(note the different wavelength scale and the different color scale 
coding for the CD in mdeg).  

Furthermore, the CD modeled using the transfer matrix approach 
(Figure S10 and S11) is in good agreement with the measured CD 
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(Figure 3d and Figure S12), including the red-shifting of the peaks 
in the visible range of the spectra and the oscillations for larger 
spacing. However, even though the main features of the measure-
ments are well-reproduced by the simulations, some differences 
can still be noted, especially regarding the amplitude and the exact 
wavelength at which the peaks appear. As the position of the CD 
peaks are shown to be highly sensitive to the interlayer spacing, a 
slight variation of a few % between the spacing in the modeled 
spectra and in the measured samples can significantly shift the 
wavelength of the main features of the CD spectra.  

The CD spectra have features that do not depend on the spacing 
(like the negative peak at 385 nm and the broad positive band in the 
visible range) on which spacing-dependent “oscillations” are super-
imposed when the distance between the AgNW is larger enough. 
This latter feature resembles very much the interferences observed 
in transmission spectra of Fabry-Perot cavities. Indeed, these oscil-
lations disappear and the CD spectra become spacing-independent 
if the reflections at interfaces are suppressed or if the polymer layer 
is modeled with vanishing coherence (Figure S3). This confirms 
that the interference-like oscillations in the CD spectra at large 
spacing are due to the reflective and anisotropic response of the 
nanowire layers.  

Conclusion and discussion 

We have shown that the chiroptical properties of chiral plas-
monic films composed of two layers of oriented AgNWs can be 
finely tuned with simple design rules during their construction. The 
intensity of the CD depends directly on the angle between the 2 
AgNW layers, the highest chiroptical signal being obtained when 
the angle α between the orientation of the two layers of AgNWs is 
45°, while α = 0° or 90° are achiral structures with no CD. The 
position of the peaks in the CD spectra depend strongly on the spac-
ing between the AgNW layers that can be controlled at a nm-scale 
using polyelectrolyte multilayers deposited by the LbL approach as 
a dielectric spacer. The peaks of the CD spectra in the visible and 
NIR range redshift with the increase of the interlayer spacing and 
oscillations of the spectra appear for large interlayer spacing (> 100 
nm) due to interference-like effects arising from the polarization-
dependent reflection at AgNW/polymer interfaces. An exception-
ally high CD of more than 13° has been reached, which corresponds 
to a g-factor of 1.6.  

All these optical characteristics are successively modeled using 
a transfer matrix approach based on the measured anisotropic prop-
erties of the individual layers and the structural parameters of the 
assembly (angle and spacing). Note that no coupling between the 
plasmon modes of the neighboring AgNWs is necessary to model 
the far-field response. Indeed, the modeling is based on the succes-
sive and independent interaction of the light beam with each layer 
of AgNWs and polymers. Each AgNW layer acts as a linearly po-
larizing filter (exhibiting both linear dichroism and birefringence), 
and the combination of those layers stacked at a certain angle and 
spacing induces circular birefringence and dichroism. However, 
when the two layers of AgNWs are close enough (typically below 
100 nm), a coupling may occur between their localized surface 
plasmon resonance modes, which may also contribute to the CD 
and CB.  

In conclusion, we have introduced in this work an easy way to 
tune the chiroptical properties of chiral nanostructures made from 
non-chiral commercially available products. We have shown that 
the large-scale structure can be finely controlled at the nanometer 
scale using a directed self-assembly approach. Although the pro-
posed chiral structure is the most simple chiral assembly one could 
think of, it displays a huge broadband CD reaching extremely high 
g-factor values that can be easily tuned over the entire UV, Visible 
and NIR range with simple geometric parameters, which is not the 

case for most self-assembly techniques which rely on a template 
whose structure cannot be modified at will. Interestingly, the inten-
sity of the CD can be modulated using the angle between the nan-
owire layers, while the shape of the CD spectrum depends on the 
spacing, which allows controlling independently the intensity and 
shape of CD spectra. Only commercially available products are 
used using simple equipment and room-temperature/ambient-pres-
sure working conditions.  

Chiral plasmonic metasurfaces can be used as polarization pho-
todetectors,39 for chiral second harmonic generation,40 to produce 
chiral forces for enantioseparation,41 for chiral catalysis42 or for 
sensing.43 All these applications require metasurfaces which pro-
duce a very high CD and whose optical properties can be tuned to 
match the desired application. The structure tunability demon-
strated here give simple design rules to prepare efficient metasur-
faces with targeted properties. The proposed approach also allows 
making more complex nanostructures in which various materials 
(like nanoparticles or functional (bio)-molecules) can be placed at 
a well-controlled position within the assembly, opening perspec-
tives for a variety of applications in photonics, optoelectronic, bio-
sensing and chiral catalysis. 
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