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coupling of the waveguide mode and local surface plasmon

resonances in double-layer asymmetric metal grating
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Circular dichroism (CD) has shown very interesting possibilities as a means to characterize the chiral signal of a chiral
structure. Here, we theoretically demonstrated enhanced and tunable CD in the visible light regime using a composite
structure consisting of a double-layer metal grating gaped by a dielectric waveguide layer. Based on the coupling of
the waveguide modes and the localized plasmonic resonances, the CD could reach a maximum value as high as 0.52 at
635 nm, which is four times higher than the CD value obtained in a conventional double-layer grating without the waveguide
coupling effect. Furthermore, the spectral positions of the enhanced CD bands could be easily tuned by controlling the
structural parameters. The proposed hybrid double-grating and waveguide structures could have potential applications in
chiral selective imaging, sensing and spectroscopy, especially where the transmission measurement is required.

Keywords: circular dichroism, chiral metamaterial, waveguide, surface plasmon
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1. Introduction

Chirality refers to the characteristic in that the mirror im-
age of a structure cannot coincide with itself, which is a ge-
ometric description of structural symmetry.[1] Since Pasteur
first proved the existence of chiral molecules, it has been found
that chiral phenomena are common in nature, such as DNA
and proteins.[2] In recent years, the different characteristics of
chiral structures in asymmetric electromagnetic fields have at-
tracted extensive attention.[3–6] From the classical electromag-
netic point of view, chiral structures show different optical re-
sponses under the irradiation of left-handed circularly polar-
ized light (LCP) and right-handed circularly polarized light
(RCP), and the different optical coefficients lead to circular
dichroism (CD). As one of the means used to characterize the
asymmetric optical response of chiral structures, CD is widely
used in chiral molecular detection, nonlinear imaging, and chi-
ral catalysis.[7–9]

Usually, the CD response of natural chiral materials is
very weak, which makes it difficult to detect.[10] To solve
this problem, researchers combined metal metastructures with
chiral materials, where the local field enhancement associ-
ated with the excitation of plasmonic resonances was em-
ployed to effectively enhance the chiral optical response of
chiral materials.[11–14] It is worth noting that the CD signals
of most biomolecules are in the ultraviolet region; if the plas-
monic resonance frequency of a metal metastructure is in the
visible region, its interaction is still weak.[15–17] Therefore,
for biomolecules with CD bands in the UV region, the plas-

monic resonance frequency could be adjusted in the ultravio-
let region,[18] which provides a possible way to enhance CD
in the ultraviolet band.

Meanwhile, chiral surface plasmon structures with strong
CD signals have attracted great attention.[19–22] Compared
with chiral molecules in nature, the CD signal of a chiral sur-
face plasmon structure could be several orders of magnitude
stronger and easier to manipulate. For example, based on en-
gineered CD signals and the hot electron transfer process in
plasmonic nanostructures, Valentine et al. designed a light de-
tector with the ability to directly distinguish left-hand from
righthand circularly polarized light.[20] Unlike the traditional
circularly polarized photodetector that requires additional op-
tical elements, chiral plasmon based circularly polarized pho-
todetectors are simpler and more compact, and thus suitable
for use in integrated optical devices.[23] Moreover, the res-
onance frequency of surface plasmons strongly depends on
the shape, size, material and surrounding dielectric medium,
which provides an efficient way to tune the operation bands of
the CD signals. Although relatively strong gap-plasmon based
CD responses have been achieved in plasmonic nanostructures
consisting of zigzag nanowires and a metal backplane sepa-
rated by a dielectric spacer,[20,22] such types of chiral plas-
monic structures could only operate in the reflectance mode
due to the existence of the thick metal layer. Double-layer
gold crossed gratings have been demonstrated to exhibit CD
responses in the transmission.[19] However, its generated CD
is still weak and further enhancement of the transmittance CD
remains a challenge.
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In this paper, we investigated the CD response from hy-
brid chiral plasmonic nanostructures, which consist of double-
layer gold crossed gratings separated by a waveguide layer,
in the visible light region. We demonstrated that the CD in
the transmittance could be greatly enhanced with the aid of
the coupling between the chiral plasmon resonances and the
waveguide modes. Compared with conventional double-layer
gold gratings without the waveguide coupling effect, the max-
imum CD of the proposed hybrid plasmonic nanostructures
could be improved more than 4 times. We also demonstrated
that by varying the period of the gratings or the thickness of
the waveguide layer, the enhanced CD band could be easily
tuned in the visible light region.

2. Structure and simulations
Figure 1(a) schematically shows the hybrid chiral plas-

mon nanostructure. The top and bottom gold (Au) gratings
are separated by a layer of Al2O3. As will be demonstrated
later, the thickness of the Al2O3 layer could be used to control
whether or not the waveguide mode could be excited. Fig-
ure 1(b) shows the top view of the unit cell of the structure.
The light is incident along the −z axis. If we look along the
+z axis, the top grating rotates anticlockwise with respect to
the bottom grating. The anticlockwise rotation angle θ within
the range of (0◦, 90◦) corresponds to the right-handed (RH)
chiral structure, while the rotation angle within the range of
(90◦, 180◦) corresponds to the left-handed (LH) chiral struc-
ture.
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Fig. 1. (a) Schematic of the chiral plasmon structure, which consists of
the double-layer gold (Au) nanogratings periodically arranged on glass sub-
strate, separated by a thin Al2O3 spacer layer. The illustration in this fig-
ure corresponds to the right-handed structure. (b) A top view of one peri-
odic unit in the structure. It can be seen that the top layer Au nanogratings
makes a cross-angle θ with the bottom layer Au grating. ttop = tbot = 30 nm,
Wtop =Wbot = 110 nm, hwg = 250 nm, θ = 45◦.

To investigate the optical response and physical mecha-
nism of the hybrid double-layer grating and waveguide struc-
tures, numerical simulations were conducted using the three-

dimensional finite-element method (FEM) software COMSOL
Multiphysics. In the calculations, four sides along the orien-
tation of the two gratings of the unit cell were applied with
periodic boundary conditions, and its top and bottom bound-
aries were terminated with perfectly matched layers to absorb
the reflected and transmitted light in the z-direction. The cir-
cularly polarized light (CPL) was assumed to be normally in-
cident on the nanostructures. The CPL could be regarded as
the coupling of two linearly polarized lights with a phase dif-
ference of 90◦, and field vectors of the right-handed circular
polarization (RCP) and the left-handed circular polarization
(LCP) could then be written as

ERCP = (Ex,Ey)
T =

1√
2

(
1,exp

(
π

2
i
))T

, (1)

ELCP = (Ex,Ey)
T =

1√
2

(
1,exp

(
−π

2
i
))T

. (2)

The transmission coefficient of the CPL is also obtained
by the superposition of transmission polarized light. There-
fore, the total transmittance of the structure (TR for RCP
and TL for LCP) can be calculated using the cross- and co-
polarized transmission coefficient under RCP light and LCP
light: TR = |t++|2 + |t−+|2 and TL = |t−−|2 + |t+−|2. For the
transmission coefficient (t), the two subscripts t+/− denote the
transmitted and incident waves, respectively. For light propa-
gating along the−z direction, the subscript + donates the RCP
light and − donates the LCP light. Finally, CD can be calcu-
lated using the definition of CD = TR−TL. In the calculations,
the dielectric constants of Au are taken from the experimen-
tal data,[24] and the refractive indexes of Al2O3 and glass are
assumed to be 1.7 and 1.459, respectively. The ttop, tbot, and
Wtop, Wbot are represented as the thickness and linewidth of the
top and bottom grating, respectively. Details of the model and
calculation settings can be found in the supporting information
(Fig. S1).

In our proposed hybrid double-grating and waveguide
structures, the effective refractive index of the waveguide
mode (nTE

eff for TE mode and nTM
eff for TM mode) can be solved

from the following equations:

k0hwg

√
n2

wg−
(
nTE

eff

)2
= mπ + tan−1

√√√√(nTE
eff

)2−n2
sup

n2
wg−

(
nTE

eff

)2

+ tan−1

√√√√(nTE
eff

)2−n2
sub

n2
wg−

(
nTE

eff

)2 , (3)

k0hwg

√
n2

wg−
(
nTM

eff

)2
= mπ + tan−1 n2

wg

n2
sup

√√√√(nTM
eff

)2−n2
sup

n2
wg−

(
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eff

)2

+ tan−1 n2
wg

n2
sub

√√√√(nTM
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)2 , (4)
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where m is the order of the waveguide mode (m =

0,1,2,3, . . .), k0 = 2π/λ0 is the wave vector in free space with
λ0 being the incident wavelength, hwg is the thickness of the
waveguide layer, and nwg, nsup, and nsub are, respectively, the
refractive indices of the waveguide layer, air layer and sub-
strate layer. For a fixed waveguide thickness of hwg = 250 nm,
the dispersion curves of the first-order (m = 1) TE and TM
waveguide modes are obtained from Eqs. (3) and (4) and
shown in Fig. S2. It could be seen that the effective refrac-
tive index decreases when increasing the wavelength, and the
effective refractive index of TE mode is larger than that of
TM mode at the same wavelength. It should be noted that
to excite the waveguide modes, the momentum mismatch be-

tween the free-space wave and the waveguide modes needs to
be compensated by the reciprocal vector of the gratings, i.e.,
(2π/λ0)sinα +m(2π/P) = neff(2π/λ0), where P is the peri-
odicity of the grating and α is the angle of the incidence. For
normal incidence (α = 0), the periodicity of the grating that
is required to fulfill the phase matching conditions of the first-
order waveguide modes (m = 1) is thus given by

P =
λ0

neff
. (5)

As shown in Fig. S3, for each resonance wavelength of the
first-order TE and TM modes, the corresponding periodicity
of the grating could then be determined.
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Fig. 2. (a)–(b) Simulated optical transmission spectra of (a) RH and (b) LH metamaterials without considering the waveguide modes, under the
incidence of RCP (black line) and LCP (red line) light. (c)–(d) Intensity distributions of the electric field on the cross section at the wavelength of
686 nm (y cut), corresponding to the circular dichroism spectra dips under the (c) RCP and (d) LCP light of RH metamaterials, respectively.

3. Results
Let us first investigate the optical response of a conven-

tional double layer Au grating. Here, the periodicities of the
top and bottom gratings are both set to be Ptop =Pbot = 300 nm,
and the thickness of the Al2O3 layer is set to be hwg = 250 nm.
In this case, the first-order TE and TM waveguide modes lo-
cate well below 500 nm (see Fig. S3), i.e., out of the range
of (550 nm, 800 nm). The rotation angle θ is chosen to be
θ = 45◦ for the RH structure and θ = 135◦ for the LH struc-
ture, since the maximum CD could be achieved at these two

rotation angles (see Fig. S4). Figure 2(a) shows the transmis-
sion spectra of the RH structure under LCP (red line) and RCP
(black line) illumination. In either case, a transmission dip
could be observed around 650 nm, which could be attributed
to the excitation of the localized surface plasmon resonances
(LSPRs) of the metal grating. It can also be seen from Fig. 2(a)
that the transmission for RCP is significantly smaller than that
for LCP, which indicates that RCP illumination could excite
the LSPR in the RH structure more efficiently. As shown in
Fig. 2(b), an opposite phenomenon could be found in the LH
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chiral structure, where the transmission for LCP is lower than
that for RCP. To identify the transmission dips observed in
Fig. 2(a), the spatial distributions of the electric field inten-
sity are calculated for LCP and RCP illumination at the wave-

length of 686 nm and are shown in Figs. 2(c) and 2(d), re-
spectively. In both cases, the electric fields are found to be
localized around the corners of the metal gratings, which cor-
respond to the excitations of the LSPRs.
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Fig. 3. (a)–(b) Simulated optical transmission spectra of (a) RH and (b) LH metamaterials with considering the waveguide modes, under the
incidence of RCP (black line) and LCP (red line) light. (c)–(d) Intensity distributions of the electric field on the cross section at the wavelengths of
635 nm (y cut), corresponding to the circular dichroism dips under the (c) RCP and (d) LCP light of RH metamaterials, respectively. (e)–(f) Intensity
distributions of the electric field on the cross section at the wavelengths of 660 nm (y cut), corresponding to the other CD spectra dips under the (e)
RCP and (f) LCP light of RH metamaterials, respectively.

To investigate the waveguide mode coupling effect, the
periodicity of the top Au grating needs to be increased to
red-shift the first-order waveguide modes to overlap with the
LSPRs. As seen in Fig. S3, when the periodicity of the top-
layer grating is set to Ptop = 425 nm, the first-order waveguide

modes for hwg = 250 nm could be excited around 650 nm. Fig-
ures 3(a) and 3(b) show the calculated transmission spectra of
RH and LH structures with a periodicity of Ptop = 425 nm un-
der RCP and LCP illuminations, respectively. Due to the cou-
pling between the waveguide modes and the LSPRs, in each
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case three main transmission dips exist within a wavelength
range from 600 nm to 720 nm. The transmission for RCP is
lower than that for LCP in the RH structure, and vice versa in
the LH structure. It is particularly interesting that the trans-
mission features under RCP illumination exhibit a spectral po-
sition shift with respect to that under LCP illumination. In this
case, the transmission peak may overlap with the transmission
dip for the circular polarization with opposite handedness. For
example, as shown in Fig. 3(a), a transmission peak could be
observed at 635 nm for LCP in the RH structure, while a trans-
mission dip appears at the same wavelength for RCP, which is
thus expected to generate a large CD. Similar situations could
be found for the LH structure, as shown in Fig. 3(b).

Figures 3(c) and 3(d) show the field intensity distributions
of the transmission peak for LCP and the transmission dip for
RCP at 635 nm in the RH structure. In the RCP case, the
features of both the first-order TM waveguide mode and the
LSPRs could be clearly seen, which indicates strong coupling
between the waveguide mode and the LSPRs (Fig. 3(c)), and

thus resulted in the formation of a transmission dip. However,
as shown in Fig. 3(d), the intensity of the waveguide mode in
the LCP case is much weaker than that in the RCP case, which
indicates that, under LCP illumination, the coupling between
the waveguide mode and the LSPRs at 635 nm is quite weak.
Due to the large difference in coupling strength between the
LCP and RCP cases at the same wavelength, the transmission
dip for RCP overlaps with the transmission peak for LCP. The
field intensity distributions are also calculated for RCP and
LCP illuminations at 660 nm in the RH structure. It can be
seen in Figs. 3(e) and 3(f) that the features of the first-order
TE waveguide mode and the LSPRs under RCP illumination
are much stronger than that under LCP illumination, which in-
dicates that strong coupling between the TE waveguide mode
and the LSPRs occurs at 660 nm for RCP, and weak coupling
occurs at 660 nm for LCP. As a result, the transmission dip ob-
served at 660 nm for RCP again overlaps with the transmission
peak for LCP.
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Change of CD signal of RH structure under different the period of the top grating in the wavelength of 600 nm–650 nm.

After obtaining the transmission spectra under LCP and
RCP illumination, the CD values are calculated using CD =

TR − TL. Figure 4(a) plots the CD value obtained from the
hybrid RH structure (hwg = 250 nm and Ptop = 425 nm, i.e.,
with the waveguide-mode coupling effect) as a function of the

wavelength. For direct comparison, the CD values for a con-
ventional RH structure (hwg = 250 nm and Ptop = 300 nm, i.e.,
without the waveguide-mode coupling effect) are also shown
in Fig. 4(a). It can be directly observed that the CD could
reach a value as high as 0.52 at 635 nm and 0.43 at 660 nm in
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the hybrid structure. Compared with the CD value of ∼ 0.12
obtained in a conventional RH structure, the maximum CD
value in the hybrid RH structure could be enhanced more than
4 times. As shown in Fig. 4(b), the same CD enhancement
could be achieved in the hybrid LH structure at 635 nm and
660 nm, which provides evidence that the coupling between
the waveguide modes and the LSPRs could significantly en-
hance the CD.

Figure 4(c) shows the calculated CD spectra in the RH
structures with different periodicities of the gratings. Sev-
eral bright branches with obvious anti-crossing behavior can
be clearly seen, which verifies the occurrence of the strong
coupling between the TE and TM waveguide modes and the
LSPRs. The CD values initially increase with the increase
in the periodicity of the top grating, and reach the maxi-
mum value around Ptop = 425 nm due to the coupling between
the waveguide modes and the LSPRs. Further increasing the
periodicity of the top grating moves the waveguide modes
away from the LSPRs, i.e., weakens the coupling between the
waveguide modes and the LSPRs, and thus leads to a decrease
in the CD value.

To more clearly demonstrate the spectral tunability of the
enhanced CD bands, the CD spectra in the hybrid RH struc-
tures with typical periodicities of Ptop = 410 nm, 415 nm,
420 nm, 425 nm, and 430 nm are plotted in Fig. 4(d). It
is clearly seen that with the increase in the periodicity from
410 nm to 430 nm, the CD band continuously shifts from
624 nm to 638 nm, while keeping its maximum value higher
than 0.45. This is because the change in the grating period
could lead to a change in the spectral positions of the waveg-
uide modes,[25] and eventually causes the shift of the CD band.
In addition to the periodicity of the top grating, the other geo-
metrical parameters, such as the thickness of the Al2O3 layer
(hwg) and the periodicity of the bottom grating (Pbot), could
also be employed to tune the spectral position of the CD band.
For example, as shown in Fig. S5, the CD band of the hybrid
structure with fixed Ptop = 440 nm and Pbot = 300 nm could be
tuned from 650 nm to 700 nm by increasing hwg from 260 nm
to 310 nm, and the CD band of the hybrid structure with fixed
Ptop = 440 nm and hwg = 260 nm could be tuned within the
wavelength range from 720 nm to 740 nm by increasing Pbot

from 420 nm to 480 nm.

4. Conclusion
In summary, we have demonstrated that, with the aid of

the coupling between the waveguide modes and the LSPRs,
the CD in the transmission spectra of a hybrid chiral structure
consisting of double-layer Au gratings separated by a dielec-

tric waveguide layer could be significantly enhanced. Com-
pared with the CD value of the conventional double-layer grat-
ing without the waveguide coupling effect, the maximum CD
in the hybrid structure could be enhanced more than 4 times.
We also demonstrated that by varying the geometrical param-
eters, such as the periodicity of the grating and the thickness
of the waveguide layer, the enhanced CD band could be tuned
in a wide spectral range. We hope the proposed hybrid double
grating and waveguide structures could have potential appli-
cations in chiral selective imaging, sensing and spectroscopy,
especially where transmission measurement is required.
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