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ABSTRACT: Ultrathin active chiral metamaterials with
dynamically tunable and responsive optical chirality enable
new optical sensors, modulators, and switches. Herein, we
develop ultrathin active chiral metamaterials of highly
tunable chiroptical responses by inducing tunable near-field
coupling in the metamaterials and exploit the metamaterials
as ultrasensitive sensors to detect trace amounts of solvent
impurities. To demonstrate the active chiral metamaterials
mediated by tunable near-field coupling, we design moire ́
chiral metamaterials (MCMs) as model metamaterials,
which consist of two layers of identical Au nanohole arrays
stacked upon one another in moire ́ patterns with a
dielectric spacer layer between the Au layers. Our simulations, analytical fittings, and experiments reveal that spacer-
dependent near-field coupling exists in the MCMs, which significantly enhances the spectral shift and line shape change of
the circular dichroism (CD) spectra of the MCMs. Furthermore, we use a silk fibroin thin film as the spacer layer in the
MCM. With the solvent-controllable swelling of the silk fibroin thin films, we demonstrate actively tunable near-field
coupling and chiroptical responses of the silk-MCMs. Impressively, we have achieved the spectral shift over a wavelength
range that is more than one full width at half-maximum and the sign inversion of the CD spectra in a single ultrathin (1/5
of wavelength in thickness) MCM. Finally, we apply the silk-MCMs as ultrasensitive sensors to detect trace amounts of
solvent impurities down to 200 ppm, corresponding to an ultrahigh sensitivity of >105 nm/refractive index unit (RIU) and
a figure of merit of 105/RIU.
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Chiral molecules such as amino acids and proteins are
the building blocks of life. Optical activities such as
circular dichroism (CD) and optical rotation dis-

persion (ORD) arise from the disparity in interactions of the
chiral molecules with left-handed circularly polarized (LCP)
light and right-handed circularly polarized (RCP) light. The
understanding of the optical chirality in natural molecules has
led to chiral metamaterials with exceptionally strong optical
activities.1−8 In particular, the sophisticated engineering of the
interactions between photonic nanostructures has led to chiral
metamaterials with near-unity CD and extraordinary rotation of
linearly polarized lights, paving the way toward a wide range of
ultracompact chiroptical devices such as broadband circular
polarizers, chiral sensors, metamirrors, and circularly polarized
radiation sources.9−17

Ultrathin active chiral metamaterials with their dynamically
tunable and responsive optical chirality enable new devices and
applications.18−20 For example, active modulation of optical
handedness, that is, CD sign inversion, underpins applications

such as polarization engineering and information storage.21,22

Modulation of resonant wavelengths in CD spectra, typically by
at least one full width at half-maximum (fwhm),23,24 can
enhance the applications in optical sensors and spectroscopy.25

So far, the CD spectral shift has been regulated by the refractive
index of the surroundings of the metamaterials25 and by the
optical handedness by the structural handedness.26,27 However,
these approaches have encountered challenges in inverting the
optical chirality of simple planarized metamaterials for compact
chiroptical devices. It is even more challenging to achieve both
active modulation of spectral shift and the reversible inversion
of chiroptical responses in single metamaterials, which are
qualities desired for chiroptical devices such as metamirrors and
stereo displays. In addition, to generate strong CD often
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requires multiple layers of unit cells, making the metamaterials
too bulky to be applied in ultracompact devices.
To overcome these challenges, we explore an alternative

mechanism−tunable near-field coupling−to realize ultrathin
active chiral metamaterials for high performance applications.
Specifically, the active chiral metamaterials exhibit the active
control of the optical handedness and the precisely controlled
CD spectral shift over a wavelength range that is more than one
fwhm. To demonstrate the conception and application of the
active chiral metamaterials, we have organized the Results and
Discussion of this paper into four subsections. In the first
subsection, we design chiral metamaterials that not only
support near-field coupling that can be highly tuned in a
convenient manner but also can be fabricated at large scale and
high efficiency. Our design leads to moire ́ chiral metamaterials
(MCMs) which consist of two layers of identical Au nanohole
arrays stacked into moire ́ patterns with a dielectric spacer layer
in between. As discussed in the second subsection, our
numerical, analytical, and experimental studies reveal that the
MCMs support near-field coupling between different plasmonic
modes, which can be described by Fano resonance and a
coupled oscillator model. Controlling the spacer thickness of
the MCMs tunes the near-field coupling which in turn
enhances the optical chirality of the MCMs.
In the third subsection, we introduce a silk fibroin thin film

into the MCM as the spacer layer to demonstrate the active
chiral metamaterials. Silk fibroin is a natural protein from the
Bombyx mori cocoon that exhibits precisely controllable
swelling caused by solvent up-take. With the solvent-control-
lable swelling of the silk fibroin thin films as the spacer layers,
we demonstrate actively tunable near-field coupling and
chiroptical responses of the silk-MCMs using different solvents
and their mixtures. We have achieved a spectral shift over a
wavelength range that is more than one fwhm. In the same
device, we have also demonstrated the active control of the
optical chirality, including the ON/OFF switching of CD values
and the inversion of CD sign at the peak or dip wavelengths of

the silk-MCMs. In the last subsection, we apply the silk-MCMs
as ultrasensitive sensors to detect trace amounts of solvent
impurities. We have shown that our silk-MCMs can detect trace
amounts of water (0.1% v/v) in isopropyl alcohol (IPA) and
methanol (200 ppm) in hexane, corresponding to an ultrahigh
sensitivity of >105 nm/RIU and a figure of merit of 105/RIU.

RESULTS AND DISCUSSION
Design of Chiral Metamaterials That Support Tunable

Near-Field Coupling. When designing model systems, we
keep in mind chiral metamaterials that not only support near-
field coupling that are highly tunable in a convenient and
precise manner but also can be experimentally fabricated at
large scale and high efficiency for their practical applications.
Based on these criteria, we choose the MCMs where the
structural chirality is transferred to chiroptical responses when
two layers of achiral plasmonic nanohole arrays are stacked
together with a relative in-plane rotation to form moire ́
patterns.28 Plasmonic nanohole arrays exhibit extraordinary
optical properties such as strong localization of electromagnetic
waves and enhanced optical transmission. Herein, we insert a
thin dielectric spacer between the two rotated plasmonic Au
nanohole arrays (Figure 1) to induce near-field coupling in the
chiral metamaterials. As detailed in the next subsection, the
near-field coupling arises from the interaction between surface
plasmon modes at the outer surfaces of the Au nanohole arrays
and the inner Au-dielectric interfaces.
As shown in Figure 1a, each of the MCMs consists of two

layers of identical Au nanohole arrays with triangular lattices
separated by a dielectric spacer. We defined the MCMs as right-
handed (RH) (top panel in Figure 1a) when the top layer of Au
nanohole array has a 15° in-plane rotation relative to the
bottom layer and vice versa (bottom panel in Figure 1a). As
illustrated in Figure 1b, surface plasmon polaritons (SPPs) can
be generated at the Au-dielectric interfaces by incident light.31

The incorporation of a dielectric spacer layer between the two
Au nanohole arrays enables the generation of gap surface

Figure 1. Design of chiral metamaterials that support tunable near-field coupling. (a) Perspective views of right-handed (RH) (top panel) and
left-handed (LH) (bottom panel) MCMs with the relative in-plane rotation angles of 15° and −15°, respectively. (b) Cross-sectional view of
the MCMs where surface plasmons are excited by circularly polarized light. Red: Left-handed circularly polarized (LCP) light. Blue: Right-
handed circularly polarized (RCP) light. (c) Simulated CD spectra of RH (top panel) and LH (bottom panel) MCMs as a function of spacer
thickness (h). The MCMs are embedded in a homogeneous environment where the refractive indices of the dielectric spacer layer (nspacer), the
substrate (nsubstrate), and the superstrate (nsuperstrate) are equal to 1.46. The CD values are described in ellipticity (θ), that is, θ (degree) = 32.98
× (TLCP − TRCP).

29,30
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plasmons (GSPs) or internal SPPs.32 The resonant wavelength
of the GSPs can be described as32
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where the |G⃗| is the reciprocal lattice vector of the nanohole
array, εs and h are the dielectric function and the thickness of
the dielectric spacer layer, d is the thickness of the metal layers,
and kp = 2π/λp = ωp/c, where ωp and c are the plasma
frequency of the metal and the vacuum light speed. As can be
obtained from eq 1, the resonant wavelength of the GSPs can
be effectively modulated by spacer thickness h. In contrast, the
resonant wavelength of the SPPs can be described as32,33
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where the εi and εm are dielectric functions of the environment
and the metal. From eq 2, the resonant wavelength of SPPs
does not vary with spacer thickness h. Therefore, we can
efficiently tune the spectral overlap and thus the coupling
efficiency between the SPPs and GSP in the MCM by
controlling the spacer thickness h. Benefiting from the
nanoholes and the ultrathin thickness (<1/10 of resonant
wavelength) of the Au thin films, hybridization can occur
between the fields generated by SPPs and GSPs, as detailed in
next subsection. Guided by eqs 1 and 2, we designed the
structures of MCMs to introduce near-field coupling, which
enhances the transfer of the structural chirality to the optical
chirality in the MCMs. We have modulated the near-field
coupling and thus the chiroptical responses of the MCMs by
tuning the thickness (h) of the dielectric spacer layer.

To reveal the effects of the dielectric spacer layer on the
optical chirality of the MCMs, we have simulated the CD
spectra using a finite-difference time-domain (FDTD) method.
Figure 1c shows the simulated CD spectra of the RH (top
panel) and LH (bottom panel) MCMs when the spacer
thickness varies from 0 to 70 nm. The in-plane rotation angles
(−15° and 15°) were optimized to achieve the strongest optical
chirality (Figure S1). The RH and LH MCMs show identical
spectral line shapes with opposite CD values at all spacer
thicknesses. The optical chirality of the MCMs is significantly
enhanced by the existence of the dielectric spacer, as shown in
Figure S2, where the CD spectra of RH MCMs without spacer
and with a 30 nm dielectric spacer are compared. A further
study of the CD spectra reveals that both amplitude and peak
(or dip) wavelength are effectively modulated by the spacer
thickness. Specifically, an increased spacer thickness makes a
blue shift in the CD peak (or dip) wavelength. A large shift of
160 nm occurs when the spacer thickness changes from 10 to
70 nm. A large CD value occurs at a spacer thickness of ∼25
nm, where the optical chirality of 42°/μm is among the largest
values that have been reported so far.34

Mechanistic Studies on Chiroptical Responses Medi-
ated by Near-Field Coupling. We have applied optical
simulations and analytical fitting to reveal the physical
mechanisms behind the tunable and enhanced chiroptical
responses of the MCMs. We start with the RH MCM with a
spacer thickness of 30 nm, where the strongest chiroptical
responses appear, as shown in Figure 1c. Figure 2a−d shows
the CD spectrum of the RH MCM as well as the transmission
spectra under RCP, linearly polarized, and LCP light. A large
asymmetric transmission dip appears near λ = 700 nm on the
simulated RCP transmission spectrum (black solid curve) in
Figure 2b, indicating the strong near-field coupling between

Figure 2. Optical simulations and analytical fitting reveal the critical role of near-field coupling in the enhanced chiroptical responses of the
MCMs. (a) CD spectrum of the RH MCM with a spacer thickness of 30 nm. (b−d) Optical transmission spectra of the RH MCM under (b)
RCP, (c) linearly polarized, and (d) LCP incident light obtained from FDTD simulations (black solid curves), Fano fitting (red dashed
curves), and EIT model fitting (blue dash-dot curves). (e−h) Cross-sectional view of simulated mapping of (e, g) normalized electric intensity
|E|2 and (f, h) normalized current density (Jx) in the RH MCM under RCP light at the wavelength of (e, f) 700 nm and (g, h) 775 nm. The
dashed lines mark the cross sections of the Au nanohole arrays. The arrows in (f) show four pairs of antiparallel surface currents, indicating
the antibonding (dark) mode under RCP light at the wavelength of 700 nm. No obvious antiparallel surface currents are observed in (h),
indicating diminished dark modes at the wavelength of 775 nm. The (+) and (−) signs in (h) illustrate the dipolar charge distributions in the
top layer of Au nanohole arrays, indicating the bonding (bright) mode at the wavelength of 775 nm. The in-plane rotation angle between top
and bottom Au nanohole arrays was 15°.
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plasmonic modes in the RH MCM under RCP incident light.
In contrast, both the asymmetry and the amplitude of the
transmission dip are largely reduced for linear polarization and
nearly eliminated for LCP light, as shown in Figure 2c,d. We
believe that the polarization-dependent near-field coupling in
the MCM causes the large difference between the LCP and
RCP transmission, leading to the strong optical chirality near
the coupling wavelength, as shown in Figure 2a.
We have further revealed the near-field origins of the

coupling shown in Figure 2b. Figure 2e shows the cross-
sectional view of simulated mapping of normalized electric field
intensity |E|2 in the RH MCM at a wavelength of 700 nm under
RCP incident light. The large number of strong hot spots in the
spacer layer indicates that strong GSPs are excited at this
wavelength, which correspond to the transmission dip in Figure
2b. In contrast, the hot spots are largely diminished in the
spacer layer at a wavelength of 775 nm under RCP incident
light, while the propagating SPPs at the holes of the top Au
layer become more obvious, as shown in Figure 2g. Figure 2f
shows the cross-sectional view of the simulated mapping of
normalized current density (Jx) in the RH MCM at a
wavelength of 700 nm under RCP incident light. Four pairs
of antiparallel surface currents (as marked by arrows) are
observed, indicating the mirrored charge distribution between
the two Au-spacer interfaces. The mirrored charge distribution
has led to the antibonding (dark) mode supported by the GSPs.
Similar antibonding modes have also been observed in the
dielectric spacers between two layers of plasmonic structures in
metal-insulator-metal metamaterials.35,36 In contrast, no
obvious antiparallel currents are observed in the normalized
current density distribution at a wavelength of 775 nm, as
shown in Figure 2h. The (+) and (−) signs in Figure 2h show
the dipolar charge distributions in the top layer of Au nanohole
arrays, indicating the bonding (bright) mode supported by the
SPPs. The SPP-related bright mode has been studied for
extraordinary optical transmission through metal nanohole
arrays.37,38

Furthermore, we have investigated analytically the plasmonic
coupling in the MCMs. In plasmonic systems, the coupling
between the bright and the dark modes leads to a Fano
resonance, featuring the asymmetric transmission dip in Figure
2b.39−41 The Fano resonances are well-studied as the
consequence of spectral and spatial overlap between a super-
radiant (bright) mode and a subradiant (dark) mode.39−41 The
spectra of Fano resonances in plasmonic systems can be
mathematically fitted by the product of a symmetric resonance
(σs) and an asymmetric resonance (σa):

36
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where a, ωs, andWs are the maximum resonance amplitude, the
central spectral position, and spectral width of the symmetric

resonance, respectively, ωa and Wa are the central spectral
position and spectral width of the asymmetric resonance,
respectively, and q and b are the asymmetric parameter and the
modulation damping parameter in Fano resonances, respec-
tively. Using eqs 3−5, we can fit the transmission spectra to
retrieve the coupling parameters that lead to the asymmetric
line shape. The fitted spectrum of transmission of the RH
MCM under RCP light using the Fano model is shown as the
red dashed curve in Figure 2b. The good match between the
Fano fitting and the simulation confirms the Fano resonance
due to the plasmonic bright and dark modes in the MCMs. The
details and parameters of the Fano fitting are described in
section 3 of the Supporting Information.
We have further demonstrated the polarization dependence

of the Fano resonance. The red dashed curves in Figure 2c,d
show the Fano fitting for the transmission of the RH MCM
under linearly polarized and LCP incident light. Table 1 shows

the values of the Fano parameter q retrieved from the fitting.
The Fano parameter q for the RCP incident light is
approximately 5 times that for the LCP incident light,
indicating the larger asymmetry in transmission spectrum
under RCP incident light. As expected, the q value for linearly
polarized incident light is between the RCP and LCP ones
since the linearly polarized light is regarded as the combination
of RCP and LCP light. The complete parameters of the Fano
fitting are described in section 3 of Supporting Information.
From our analytical fitting, we conclude that the Fano
resonances in MCMs highly depend on the chirality of incident
light, leading to the large chiroptical responses of the MCMs.
It is worthy of noticing that the transmission spectrum in

Figure 2b shows the feature of an optical coupling
phenomenon known as electromagnetically induced absorption
(EIA), which is an analogue of electromagnetically induced
transmission (EIT).42−44 We refer to such phenomenon as EIT
in this article for consistency. It has been reported that under
special conditions, the Fano resonance can be viewed as
EIT.45,46 In such cases, both Fano and EIT can explain the
plasmonic coupling in a same structure.43,44,47 The coupling
between bright and dark modes in EIT can be understood by a
coupled oscillator model, which was applied to study the optical
chirality in plasmonic systems.42,48 In contrast to the Fano
resonance, which focuses on the spectral asymmetry, the
coupled oscillator model directly provides the coupling strength
between the plasmonic modes. Therefore, to estimate the
coupling strength between the bright and dark modes in
MCMs and its influence on the optical chirality, we have fitted
the transmission spectra in Figure 2b−d using the coupled
oscillator model.42,43 The bright and dark modes in this model
are described by42,43

ω γ ω κ̈ + ̇ + = − ̃− −p t p t p t f t q t( ) ( ) ( ) ( ) ( )b
2

b b
1

(6)
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2

d d
1
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where p(t), ωb, and γb are the excitation, resonance frequency,
and damping factor of the bright mode, respectively, q(t), ωd,

Table 1. Fitting Parameters for Curves in Figure 2 Based on
the Fano Resonance and EIT Model

coupling parameters RCP linear LCP

Fano model q 0.095 0.07 0.02
EIT model κ (× 10−2) 10.0 6.5 1.9
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and γd are the excitation, resonance frequency, and damping
factor of the dark mode, respectively, and f(t) is the external
force that excites the bright mode. The coupling strength
between the bright and the dark modes is described as a
constant κ̃. A phase shift between the bright and dark mode is
considered in the complex coupling constant κ ̃ = κe−i(θ−ϕ).
Considering that the optical transmission of plasmonic
nanohole arrays arises from the scattered light by the
nanholes,49,50 we derive an expression of the transmission by
solving the eqs 6 and 7, as detailed in section 4 of Supporting
Information. The expression is applied to fit the simulated
spectra, as shown in Figure 2b−d. Table 1 summarizes the
coupling constant κ derived from the coupled oscillator model.
The coupling constant for the RCP light is approximately 5
times that of the LCP light with the constant for the linear
polarization light between them. The fitting from the coupled
oscillator model indicates that the strong optical chirality in
MCMs can be attributed to the polarization-dependent
coupling strength between the bright and the dark modes.
The complete fitting parameters using the coupled oscillator
model are described in section 4 of Supporting Information.
We attribute the tunable chiroptical responses to the spacer-

dependent near-field coupling in the MCMs. As shown in
Figure 3a,b, both the CD spectra and the near-field coupling
(i.e., the transmission dips in the spectra of Figure 3b) highly
depend on the spacer thickness of the MCMs. Figure 3b shows
that the increased spacer thickness leads to a blue shift in the
transmission dip of the RH MCMs under RCP incident light.
The spacer-dependent near-field coupling arises from the
dependence of the GSPs on the spacer thickness, as predicted
by eq 1, which is an analogy of a LC circuit model.51,52 In
contrast, the SPPs at the outer surfaces of the Au nanohole
arrays do not depend on the spacer thickness, as predicted by
eq 2. Therefore, the spectral overlap between the dark modes
and the bright modes varies when the spacer layer thickness is
changed, leading to the tunable chiroptical responses. The
variations of the dark mode and the near-field coupling at the
different spacer thickness are verified by the space-dependent
fitting parameters from both Fano and EIT models (Figure

3c,d), which are retrieved from the fitting in Figure 3b. The
fitting parameters in the coupled oscillator model clearly
demonstrate the variation in coupling strength between the
bright and the dark modes in the MCMs. At the spacer
thickness of 20 and 30 nm, strong EIT phenomena occur due
to the large coupling strength in the MCMs, as indicated by the
large κ values in Figure 3d. The small Fano parameter q (i.e.,
close to 0) in the RH MCM with the spacer thickness of 20 and
30 nm confirms the existence of EIT phenomena.45,46 The
small difference between the asymmetric resonance wavelength
λa in the Fano model and the dark mode wavelength λd in the
EIT model is attributed to the collective excitation of the bright
and dark modes that leads to the asymmetric resonance.36 The
complete fitting parameters are described in sections 3 and 4 of
Supporting Information.
The spacer-dependent coupling and the resulting chiroptical

responses are also observed in the simulated scattering and
absorption spectra, as shown in Figure S3. Both scattering and
absorption spectra show a large discrepancy between LCP and
RCP incident light near the coupling wavelength. It is worthy of
noticing that the scattering spectra in Figure S3 have similar
features to the transmission spectra in Figures 2 and 3,
confirming that the transmission of the plasmonic nanohole
arrays arises from the scattered light by the nanoholes.49,50

Another important factor in the spacer-dependent near-field
coupling is the dephasing time (T) of the Fano resonance,
which impacts applications in energy conversion, optical
switches, and sensors.53−55 From the Fano fitting in Figure
3b, we have obtained the dephasing time of the induced Fano
dip by T = 2ℏ/Γ, where the Γ is the line width of the
asymmetric resonance in Fano fitting.55 Table S2 shows the
dephasing time T of the asymmetric resonances at variable
spacer thickness. The increase of the spacer thickness from 20
to 40 nm leads to a decrease of the dephasing time T from 11
to 8.3 fs, indicating the increase of radiative damping in the
MCMs.55 As a result, the Fano dip is broadened with the
increase of the spacer thickness. The larger dephasing time for
the MCM with a spacer thickness of 20 nm also indicates the
stronger electromagnetic field confinement in the MCM,

Figure 3. Optical simulations and analytical fittings reveal the critical role of near-field coupling in the tunable chiroptical responses of the
MCMs. (a) CD spectra of the RH MCMs of the variable spacer thicknesses, that is, 20, 30, 40, and 50 nm. (b) Three types of optical
transmission spectra of the RH MCMs of the variable spacer thicknesses corresponding to (a), which are obtained from simulation (black
solid curves), Fano fitting (red dashed curves), and EIT fitting (blue dash-dot curves). (c, d) Fitting parameters from (c) Fano and (d) EIT
models for the RH MCMs of the variable spacer thicknesses corresponding to (a). The in-plane rotation angle between top and bottom Au
nanohole arrays was 15°.
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leading to the better sensing applications.56 It is worthy of
noticing that, when the spacer thickness is above 40 nm, the
increase of dephasing time does not lead to the more
prominent Fano dip, as shown in Table S2 and Figure 3b.
This effect is attributed to the significantly enhanced energy
loss to metallic structures, which is parametrized by the
increased value of b parameter in the Fano resonance,36 as
shown in Table S2.
We have further elucidated how the near-field coupling

affects the CD line shapes of the MCMs. As shown in Figure
3a, the line shapes for the MCMs with the spacer thicknesses
below 30 nm exhibit the bipolar characteristics of static
coupling, which is related to the helical oscillator model.28,48

Specifically, when the thickness of the spacer layer in MCMs is
small, the interlayer near-field coupling is strong, as indicated
by the analytical fitting in Figure 3. Therefore, the perturbations
from the electrostatic fields exerted by the other Au layer are
strong, as described in the static coupling mechanism. The line
shapes for the MCMs with the thicker spacer layers (≥40 nm)
exhibit dynamic coupling, which is related to Born−Kuhn
model.48 Specifically, in dynamic coupling, the perturbations
are attributed to electrodynamic radiation from the other Au
layers in the chiral environment under the influences of
incident light. In the case of MCMs, the near-field coupling is
weakened when the thickness of the spacer layer is above 40
nm, as indicated by the analytical fitting in Figure 3. Therefore,

the electrodynamic radiation from the top layer becomes
dominant.
We have experimentally verified the simulations on the

tunable optical chirality of the MCMs. For this purpose, we
fabricated MCMs of precisely controllable spacer thickness (see
Supporting Information section 5 and Methods). As examples,
Figure 4a,d shows the scanning electron microscopy (SEM)
images of the RH and LH MCMs with the relative in-plane
rotation angles of 15° and −15°, respectively. The Au nanohole
arrays have lattice constants and thicknesses of 300 and 60 nm,
respectively. The thickness of the dielectric spacer, which is a
thin layer of spin-on glass (IC1-200, Futurrex Inc.), is ∼20 nm.
Figure 4b,e shows the optical transmission spectra of the RH
and LH MCMs under RCP and LCP light irradiation. The
corresponding CD spectra are shown in Figure 3c,f. We clearly
observe the near-field coupling (“RCP” curve in Figure 4b and
“LCP” curve in Figure 4e) and the strong optical chirality, as
predicted by our simulations in Figure 2.
We have further verified the dependence of the optical

chirality on the spacer thickness. Figure 4g,h shows the
measured and simulated CD spectra of the RH MCMs with the
variable spacer thicknesses from 15 to 70 nm. The good match
between the measured and simulated spectra confirms the large
tunability of the optical chirality by the thickness of the
dielectric spacer. The measured CD spectra make blue shifts to
the simulated spectra when the spacer thickness is smaller than
20 nm. Such discrepancies between the measured and

Figure 4. Experimental demonstrations of the near-field coupling and the optical chirality of the MCMs. (a, d) SEM images of the RH and LH
MCMs. The scale bars are 2 μm. (b, e) Measured optical transmission spectra of the RH and LH MCMs under the LCP and RCP light
irradiation. The spacer thickness is 20 nm. (c, f) Measured CD spectra of the RH and LH MCMs. The spacer thickness is 20 nm. (g, h)
Measured and simulated CD spectra of the RH MCMs of various spacer thicknesses.
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simulated spectra are attributed to the increased surface
roughness of the dielectric spacer with the reduced thickness.
We can precisely tune the spacer thickness and thus the
chiroptical responses of the MCMs by RIE time, as shown in
Figure S5.
Demonstration of Active Chiral Metamaterials. With

the knowledge of the spacer-dependent optical chirality of the
MCMs, we further demonstrate dynamically tunable MCMs by
using thin films of silk fibroin protein as spacers. The silk
fibroin extracted from the Bombyx mori cocoon exhibits
excellent bonding with Au surfaces57 to form a uniform thin
film between the Au nanohole arrays. It also undergoes highly
controllable swelling behavior in response to the polarity of
surrounding solvents. Details on the fabrication of the silk-
MCMs are available in Supporting Information section 6.1 and
Figure S6. We built a microfluidic cell to deliver various
solvents onto the top of the silk-MCMs (i.e., superstrate), as
shown in the top panel of Figure 5a. The as-prepared silk
spacer had a thickness of ∼25 nm, which is determined by
atomic force microscopy. As shown in the bottom panel of
Figure 5a, the hydrogel-like silk fibroin can swell up to 60% in
volume when exposed to solvents of high polarity.57,58 The
swelling is highly reversible upon a change in the solvent
polarity.

We measured the chiroptical responses of the silk-MCMs
exposed to solvents of different polarities. Figure 5b shows the
measured CD spectra of the RH silk-MCM exposed to
chlorobenzene and deionized water. The CD spectrum of the
RH silk-MCM exposed to air was also measured and shown as a
reference. If only considering the effects of refractive index
(without the spacer expansion) on the CD spectra, one would
expect a continuous red shift in the CD peak wavelength when
the sample was subsequently exposed to air, water, and
chlorobenzene due to their increased refractive indices, that is,
air (n = 1), water (n = 1.333), and chlorobenzene (n = 1.53).
Surprisingly, a blue shift in the CD peak wavelength was
observed when we changed air to water. We hypothesize that a
substantial change in the thickness of the silk spacer layer
would play a critical role in the CD behavior of the MCMs
exposed to the different solvents.
We furthered our experiments and simulations to test our

hypothesis and to understand the physics behind the observed
effects of the different solvents on the CD spectra of the silk-
MCMs. We measured the CD spectra of the silk-MCMs
exposed to more types of solvents with the different polarities,
including chlorobenzene, IPA, methanol, and water (Figure
S7). Figure 5c compares the measured CD peak wavelengths of
a single silk-MCM subsequently exposed to the various
solvents. The values of solvent polarity (p) are also given in

Figure 5. Active chiral metamaterials where silk thin films serve as the spacer layers in the MCMs. (a) Top panel: A perspective view of a silk-
MCM integrated into a microfluidic cell. Bottom panel: A cross-sectional illustration of the reversible tuning of the silk thickness by solvent
polarity. (b) Measured CD spectra of a RH silk-MCM exposed to air (black dashes), chlorobenzene (red stars), and water (blue circles). (c)
Measured CD peak wavelengths of the RH silk-MCM exposed to chlorobenzene, IPA, methanol, and water. The solvent polarity values (p) are
given below the symbols. The CD peak wavelength of the silk-MCM in air is marked by the dashed line as a reference. (d) Simulated CD
spectra of the RH silk-MCM exposed to chlorobenzene (red stars) and water (blue circles). 30% thickness expansion of the silk spacer was
considered when chlorobenzene was changed to water. The CD spectrum of the silk-MCM exposed to water, but without the swelling of the
silk spacer, was also simulated as a reference (blue solid curve).
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Figure 5c. A dashed line marks the measured CD peak
wavelength when the silk-MCM was exposed to air.
Chlorobenzene (p = 0.188) and IPA (p = 0.546) solvents
with relatively low polarity caused little change in the silk spacer
layer. Thus, the effects of the refractive index dominated the
CD spectral changes. Accordingly, the higher refractive indices
of chlorobenzene (n = 1.53) and IPA (n = 1.378) led to a
continuous red shift in the CD peak wavelength when the
exposed environment of the silk-MCM was changed from air to
IPA to chlorobenzene. In contrast, the polarities of methanol (p
= 0.762) and water (p = 1) were large enough to cause
significant swelling of the spacer layer due to the up-take of the
solvent molecules by the silk matrix. The expanded silk spacer
(compared with the silk spacer exposed to air) led to a blue
shift in the CD peak wavelength, which dominated over the
effects of the refractive index on the CD spectra.
We have further confirmed the critical role of spacer

expansion in the tuning of the chiroptical responses of the
silk-MCMs based on the simulations of the CD spectra.
According to our experimental measurements in Figure 5b, we
assumed that there was no change in silk spacer layer when the
silk-MCM was exposed to chlorobenzene. We set the initial
thickness and refractive index of the silk spacer layer as 25 nm
(determined by atomic force microscopy) and 1.5. When the
silk-MCM was exposed to water, the silk spacer layer expanded
by 30% in thickness, leading to a final spacer thickness of 50 nm
with a refractive index of 1.4.58 As shown in Figure 5d, the CD
spectrum underwent a large blue shift in the peak wavelength
with a decreased CD value when the exposure environment of
the silk-MCM was changed from chlorobenzene to water,
matching well with the measured CD spectra in Figure 5b. We
also simulated the CD spectra of the silk-MCM on the

condition that there was no spacer expansion when the
exposure environment of the silk-MCM was changed from
chlorobenzene to water. As shown in Figure 5d, little change
would occur to the CD spectrum if there was no spacer
expansion upon the exposure of the silk-MCM to water. Thus,
our simulations support our hypothesis that the large tunability
of the chiroptical responses of the silk-MCMs is enabled by the
controllable silk spacer thickness in response to the solvents,
which modulates the near-field coupling.
By taking advantage of the high sensitivities of the silk spacer

thickness to the solvent polarity and of the optical chirality to
the spacer thickness, we have further demonstrated a fine
control of the CD spectra of silk-MCMs that were exposed to
various water-IPA mixtures. The ratio of water and IPA in the
mixture precisely controls the polarity and thus the swelling of
the silk spacer layer. Figure 6a shows the measured CD spectra
of the RH (top panel) and LH (bottom panel) silk-MCMs
exposed to pure IPA, 1% water in IPA, 2% water in IPA, 3%
water in IPA, and pure water, respectively. The increased ratio
of water in IPA expanded the silk spacer thickness from 25 to
50 nm, leading to a continuous blue shift of the CD peak (or
dip) wavelength from ∼710 nm to ∼665 nm. The CD peak
shift was reversible as a function of the water-IPA ratio. Figure
6b shows the three-cycle reversible peak shifts of the RH (top
panel) and LH (bottom panel) silk-MCMs being alternatively
exposed to IPA and water.
We have further analyzed the reversible modulation of CD

values and the inversion of chiroptical responses at the specific
wavelengths, as shown in Figure 6c−e. Figure 6d shows the
measured CD spectra of the RH silk-MCM exposed to IPA and
water, respectively. As indicated by the brown double arrow,
the CD value at a wavelength of 708 nm changed from the

Figure 6. A precise and reversible modulation of the optical chirality of the silk-MCMs by the water-IPA mixtures. (a) A precise tuning of the
CD spectra of the RH (top panel) and LH (bottom panel) silk-MCMs by controlling the water-IPA ratio. (b) Reversible shifts of the CD peak
(top panel) and dip (bottom panel) wavelengths of the RH (top panel) and LH (bottom panel) silk-MCMs being alternatively exposed to IPA
and water for three cycles. (c) Reversible inversion of chiroptical responses at a wavelength of 648 nm when the silk-MCMs were alternatively
exposed to IPA and water for three cycles. The horizontal dashed lines indicate a CD value of 0. (d) CD spectra of the RH silk-MCM exposed
to IPA and water, respectively. The arrows indicate where the data in (c) and (e) were collected. The horizontal dashed line indicates a CD
value of 0. (e) Reversible ON/OFF switching of the CD values at a wavelength of 708 nm when the silk-MCMs were alternatively exposed to
IPA and water for three cycles. The top and bottom panels in (c) and (e) are for the RH and LH silk-MCMs, respectively.
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maximum value (∼2.6°) for IPA to ∼0° for water. Thus, we
could reversibly switch ON and OFF the optical chirality at the
wavelength of 708 nm by an alternative exposure of the silk-
MCMs to IPA and water, as shown in Figure 6e. Since the silk-
MCMs have an ultrathin thickness of 150 nm, we obtain a large
modulation depth of ∼17.3°/μm. The alternative exposure to
chlorobenzene and water further increases the modulation
depth up to ∼25°/μm, which is among the largest modulation
depths reported for active chiral materials.18,25,59

To further our excitement, we can even achieve an inversion
of CD sign at a wavelength of 648 nm when the exposure
environment was changed from IPA to water, as indicated by
the cyan double arrow in Figure 6d. Figure 6c shows the
reversible inversion of the CD values between ∼−0.6° and
∼0.7° at the wavelength of 648 nm when the silk-MCMs were
alternatively exposed to IPA and water for three cycles. For the
planar metamaterials, previous demonstrations of the inversion
of chiroptical responses have been limited to those with
complex structures and large thickness. With an ultrathin
thickness of ∼150 nm and the well-defined moire ́ structure, our
silk-MCMs will open up new opportunities for ultracompact
devices.
As an initial effort, we show how the reversible large-depth

modulation of the CD values of the silk-MCMs can benefit
applications that exploit circularly polarized imaging. Using a
digital camera combined with a 650 nm long pass filter, we have
demonstrated the reversible ON/OFF switching of color
contrast between the LH and RH enantiomers in the silk-
MCMs that were under LCP (or RCP) light illumination and
alternatively exposed to IPA and water. Please refer to
Supporting Information section 7 and Figure S8 for the more
details. When a 650 nm short pass filter was applied, we were
able to visualize the flip of the color contrast between the LH
and RH silk-MCMs that were under LCP (or RCP) light
illumination and alternatively exposed to IPA and water, as
shown in Supporting Information section 8 and Figure S9. Such
a versatile and vivid control of color contrast under the
circularly polarized light illumination is highly relevant to
applications such as stereo displays.
Ultrasensitive Detection of Solvent Contamination.

The high sensitivity of the optical chirality of the MCMs to the
spacer thickness underpins the development of a variety of
sensors. For any targeted analytes, one would select spacer
materials that can change their thickness in response to the
desired analytes. For the silk-MCMs, we take advantage of the

high sensitivity of the silk thickness to solvent polarity and
demonstrate the ultrasensitive detection of trace amount of
solvent impurities, including water impurity in IPA and
methanol impurity in hexane.
Water molecules are often regarded as impurity in many

high-grade liquids such as purified organic chemicals, oil, and
lubricants. A trace amount of water impurity (<1%) in the
lubricants or chemicals can lead to degradation of precise
instruments and mechanical devices or cause problems in
chemical synthesis. Therefore, it is highly desired to develop the
ultrasensitive detection of water contamination in the high-
grade nonpolar liquids during their storage, transportation, and
usage. Optical sensors have advantages over chemical counter-
parts in remote and high-sensitivity detection methods.
However, a trace amount of solvent impurities usually causes
little change in refractive index of the solvents, which makes
many powerful refractive-index-based optical sensors such as
plasmonic sensors and photonic crystal sensors ineffective in
the impurity detection. Our optical sensors that exploit the
optical chirality of the MCMs enhanced by the near-field
coupling can overcome this limitation.
As an initial demonstration, we have shown that the silk-

MCMs enable the ultrasensitive detection of water impurity in
IPA. Figure 7a shows a series of CD spectra of the RH silk-
MCM when subsequently exposed to various water-IPA
mixtures with the water concentrations of 0%, 0.1%, and
0.2% in volume. We apply two algorithms to interrogate the
CD spectra for the quantitative analyses of the water impurity.
One is shown in the top panel of Figure 7b, which exhibits the
normalized zoom-in CD spectra around the wavelength of λM
as indicated by a dashed square in Figure 7a. λM is located
between 680 and 720 nm. The other is shown in the bottom
panel of Figure 7b, which exhibits the normalized zoom-in |
CD|−1 spectra60 around the wavelength of λ0, as indicated by a
dashed square in Figure 7a. λ0 is located between 660 and 680
nm, which covers the zero-crossing points.
Both panels in Figure 7b reveal that λ0 and λM make

continuous blue shifts when the water concentration is
increased gradually. As shown in Figure 7c, tracking λ0 and
λM shifts from the CD spectra of our silk-PCMM offers a
superior sensitivity when compared to a conventional
refractive-index sensor with the state-of-the-art performance.
At an impurity level of 0.1% water, our sensitivities based on λ0
and λM are 1 × 105 nm/RIU and 8 × 104 nm/RIU, respectively.
In contrast, the conventional refractive-index sensor experi-

Figure 7. Ultrasensitive detection of water impurity in IPA based on the optical chirality of the silk-MCMs. (a) A series of CD spectra of the
RH silk-MCM subsequently exposed to water-IPA mixtures with the ultralow water concentrations of 0%, 0.1%, and 0.2%, respectively. (b)
Top panel: Normalized zoom-in CD spectra around the wavelength of λM as indicated by a dashed square in Figure 6a. Bottom panel:
Normalized zoom-in |CD|−1 spectra around the wavelength of λ0, including the zero-crossing points, as indicated by a dashed square in (a).
(c) Shifts of λM and λ0 as a function of water concentration in the water-IPA mixtures. For a comparison, the spectral shift as a function of
water concentration for a conceptual refractive-index sensor with the state-of-the-art sensitivity of 1500 nm/RIU is also shown.
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ences little spectral shift due to the extremely small refractive-
index change (Δn ∼ 5 × 10−5) caused by the low-concentrated
water impurity in IPA. In addition, as shown in Figure 7b,
tracking λ0 provides a figure-of-merit (FOM) of ∼1 × 105

/RIU, which is ∼70 times higher than the FOM (∼1455/RIU)
from tracking λM. The higher FOM arises from an extremely
narrow fwhm of ∼0.8 nm (bottom panel of Figure 7b) in
comparison to a fwhm of ∼55 nm (top panel of Figure 7b).
In a similar way, we have demonstrated the ultrasensitive

detection of methanol in hexane. As shown in Figure S10, we
can easily detect methanol with a volume percentage of 0.02%
(i.e., 200 ppm) and even below. This demonstration indicates
the capability of the silk-MCMs in detecting a trace amount of
alcohol impurity in a high-purity lubricant or oil, which is
crucial to many industrial applications.
We have further analyzed the theoretical sensitivity limit of

the sensor based on the silk-MCMs. In the silk-MCMs, the
spectral shifts for high-performance sensing are due to the large
blue shifts of the GSPs caused by the polarity-dependent
swelling of the silk spacer. When applying the spectral shifts of
propagating surface plasmons for sensing, the sensitivity limit
can be obtained by analyzing the minimum detectable change
in the resonance wave vector dkr:
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where n0 and k0 are the refractive index of the dielectric
environment and the wave vector of incident light, εi and εr are
the imaginary and real part of the permittivity of the plasmonic
material, and N is a dimensionless quantity describing the noise
of the experiments, which is defined as
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In the silk-MCM, which is a double-layer plasmonic
nanohole array with a silk dielectric spacer, the propagation
of GSPs, which are known as internal SPPs, is described as32
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where ns and h are the refractive index and the thickness of the
dielectric spacer layer, d is the thickness of the metal layers, and
kp = 2π/λp = ωp/c, where ωp and c are the plasma frequency of
the metal and the vacuum light speed. Combining eqs 8 and 10,
we obtain the following relation:

λ π ε
ε

×
−

+
=

λ π

⎡

⎣

⎢⎢⎢

⎤

⎦

⎥⎥⎥
( )

dh
k n k d

h

Nn k
lim

coth( )/

1

1.3
k d

h

1
2 0 s p p

2 coth( ) /

s
3

0 i

r
2

p p

(11)

Therefore, the sensing limit of our silk-MCMs can be
described in terms of the minimum detectable changes in
spacer layer thickness:
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where X = λp coth(kpd)/π. For the solvent sensing with our
silk-MCM, ns = 1.4, h = 25 nm, d = 60 nm, and ωp = 2.1 × 1015

Hz. At an initial wavelength (∼700 nm) of the GSP, we
consider the εi and εr of Au as 1.1 and −16.5, respectively.

Using N ≈ 10−3 for typical experiments,61 we obtain a
sensitivity limit in the minimum detectable change of spacer
thickness lim(dh) ≈ 9 × 10−14 m. Such a small value indicates
the ultrahigh sensitivity of our sensors based on silk-MCMs. A
tiny change in the thickness of the silk spacer layer caused by
the uptake of solvent impurities can lead to a substantial
spectral shift in the optical spectra. The sensitivity limit in terms
of contaminant percentage depends on the specific type of
solvent impurities and the difference in polarity values between
the solvents and impurities. Eq 12 can guide us on the further
developments of ultrasensitive sensors based on the variation of
spacer thickness in MCMs. For example, decreasing the initial
spacer thickness or choosing active materials with the smaller
refractive index as the spacer can further increase the sensitivity.

CONCLUSIONS

In summary, near-field coupling is effective in enhancing and
tuning the optical chirality of chiral metamaterials. This
innovation pioneers a new category of active chiral
metamaterials that exhibit a large modulation depth. With
their spacer-sensitive near-field coupling, ultrathin thickness
and compatibility with large-scale high-throughput fabrication,
our model systems, that is, MCMs with dielectric spacer layers,
feature tremendous advantages for various device applications
such as active metamirrors, tunable optical polarizers, and
sensors. Specifically, we have shown that the high sensitivity of
near-field coupling to the spacer thickness in the MCMs
enables the strong modulation of the chiroptical responses. The
physical mechanisms behind the spacer-dependent near-field
coupling have also been revealed through analytical fitting. The
active MCMs that include functional silk fibroin thin films as
spacer layers are well suited for high performance uses
including the ON/OFF switching of CD values and the
handedness inversion of the optical chirality in response to the
solvent polarity. Such silk-MCMs have been applied as sensors
to detect solvent impurities with an ultrahigh sensitivity (down
to 200 ppm) and an extremely large FOM (∼1 × 105/RIU).
We could apply the MCM sensors to various types of analytes
by incorporating the functional spacer layers that change their
volumes in response to the targeted analytes. The near-field
coupling concept is general and can be extended to other types
of chiral metamaterials for both chiral enhancements and active
functionalities.

METHODS
Materials and Sample Preparation. We fabricated various chiral

metamaterials by combining nanosphere lithography and wet-transfer
processing (see details in Supporting Information and Figure S4).
Polystyrene (PS) spheres with a diameter of 300 nm were purchased
from Thermo Scientific Inc. (5030A). Thermal evaporation was
applied to deposit Au to form nanohole arrays. Electron beam
evaporation was applied to deposit Cu sacrifice layer. The O2 plasma
etching of the PS spheres was performed on a reactive ion etcher
(March Plasma CS170IF) using a flow rate of 20 sccm and a power of
60 W. The SF6 plasma etching of the spin-on glass (IC1-200, Futurrex
Inc.) was conducted at a flow rate of 20 sccm and a power of 60 W. All
other chemicals were purchased from Fisher Scientific Inc. unless
otherwise specified. The microfluidic cell of 9 mm in diameter and 0.5
mm in depth was made of a Press-to-Seal silicone isolator (Invitrogen,
Inc.) and covered by a glass slide.

Optical Characterizations. The optical transmission spectra were
measured by optical microspectroscopy that integrates a spectrometer
(Andor Inc.) and an inverted optical microscope (Ti-E, Nikon Inc.). A
linear polarizer (LPNIRE100-B, Thorlabs Inc.) and a quarter-wave
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plate (AQWP10M-980, Thorlabs Inc.) converted an unpolarized light
into a circularly polarized light. The handedness of the circularly
polarized light was controlled by rotating the fast axis of the quarter-
wave plate with respect to the polarization axis of the linear polarizer.
Numerical Simulations. The optical spectra were simulated using

a commercially available software package provided by FDTD
Solutions, Lumerical Inc. The wavelength-dependent dielectric
functions of Au were adapted from Johnson and Christy.62 The
refractive indices of other materials are listed: glass substrate (n =
1.46), as-prepared silk (n = 1.5), silk after swelling (n = 1.4), spin-on
glass (n = 1.4), and PMMA (n = 1.485). The total-field scattered-field
(TFSF) source generating a plane wave was used to supply incident
light. The size of the mesh covering the region of the plasmonic
structures was 3 nm. Perfectly matched layers (PMLs) were used as
boundaries at all directions. The effective simulation area was set as 5
μm × 5 μm, which covered about 280 nanoholes in each layer of the
MCMs. The simulation time and the auto shut-off level were set as
3000 fs and 1 × 10−5 to avoid numerical errors.
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