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Enhanced circular dichroism of TDBC in a metallic hole
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We investigate the enhanced chirality of chiral molecular J-aggregates (TDBC) by the propagating surface plasmons
(PSPs) in the metallic hole array structure filled with TDBC. The two ends of the hole in the metal film form a low quality
factor Fabry–Perot (FP) cavity, and this cavity confines PSPs. The resonant wavelength of the metallic hole array is tuned
by the lattice constant and the size of the hole. Both the resonant wavelength of Ag hole array and the volume ratio of
TDBC in the hybridized structure influence on the enhancement of the circular dichroism (CD) spectrum. The curve of
CD spectrum shows Fano-like line-shape, due to the interaction between the non-radiative field in the FP cavity and the
radiative field in chiral TDBC. The maximum of the CD spectrum of the hybridized structure is 0.025 times as the one of the
extinction spectrum in a certain structure, while the maximum of the CD spectrum of TDBC is 1/3000 times as the one of
the extinction spectrum. The enhanced factor is about 75. The resonant wavelength of the metallic hole array can be tuned
in a large wavelength regime, and the chirality of a series of molecular J-aggregates with different resonant wavelengths
can be enhanced. Our structure provides a new method to amplify the chirality of molecular J-aggregates in experiments.
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1. Introduction

Chirality and circular dichroism (CD) are very interest-
ing properties of biomolecules.[1,2] In optical spectroscopy,
the CD signals are used to illustrate conformational changes
of biomolecules. Nonzero CD effect in a molecule shows if a
molecule has neither mirror-symmetry planes nor a center of
symmetry. Modern nanotechnology has the ability to assem-
ble hybrid superstructures composed of nano-structures and
biomolecules, which gives a new property of the hybridized
structure.[3–7] In the near field regime, localized surface plas-
mons (LSPs) provide a new way to enhance the electromag-
netic (EM) fields and enlarge the light and matter interaction.
LSPs are the collective electric fields driven by the response of
incident light in noble metallic nanostructures.[8–13] LSPs con-
fine EM fields in the near field, but also enhance the chirality
of molecules.[2,14–19] CD spectra of the hybridized structures
made up of metallic nanostructures and chiral molecules are
much larger than the one without metallic nanostructures.

The propagating surface plasmons (PSPs) are the elec-
tric wave along the interface between a metal and a dielectric,
which are widely used in the enhanced transmission, the sen-
sor devices, optical devices, and so on.[20–30] PSPs also have
the ability to amplify EM fields at the interface between the
metal and the dielectric medium. When PSPs go through an
open end hole array, EM fields can be confined in the slot or

the holes in a certain condition, which is tuned by both the size
of the hole and the lattice constant of the array. These periodic
structures are also used to achieve optical devices based on
metasurface.[31–34] By tuning the geometric phase and plas-
mon retardation phase, the chirality of the devices and the
orbital angular momentum generation are connected together.
The structures are chiral and the materials are achiral. If chiral
molecular J-aggregates such as TDBC are filled in the peri-
odic holes, the chirality may be amplified by PSPs in a certain
condition.

In this paper, we investigate the enhanced chirality of chi-
ral molecular J-aggregates (TDBC) in a silver hole array struc-
ture. Chiral TDBC are filled in the holes. A chiral beam is
injected into our proposed structure. The extinction spectrum
and CD spectrum are obtained by the finite difference time
domain (FDTD) method. The indies of both left hand and
right hand TDBCs are obtained from experiment data. Our re-
searches show a potential way to amplify the chirality of chiral
molecular J-aggregates.

2. Calculation models and results
Our proposed structure is a square hole array in a silver

film. Figure 1 depicts one unit of our proposed structure. The
chemical formula and the absorption spectrum of chiral TDBC
is also shown in Fig. 1. Chiral TDBCs are filled in the hole
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with the size of w×w× d. The lattice constant of the hole
array is l. A chiral beam is injected from the bottom of the
structure. The permittivity of Ag is obtained from Ref. [35].
The dielectric constant of TDBC is described as[19]

εTDBC = ε∞ +∑
i

fiω
2
i

ω2
i −ω2 − iγiω

, (1)

where, i means left (L) or right (R). ε∞ = n2
bg, and nbg = 1.33

is the index of the background. ωi is the resonant frequency
of TDBC, and γi is the damping constant of TDBC. fi is the
oscillator strength, which is influenced by the molar concen-
tration of TDBC. ω is the frequency of incident light. Ac-
cording to the experiment measurement of TDBC, we obtain
ωL = 3.228× 1015 (rad/s), ωR = 3.203× 1015 (rad/s), γL =

γR = 8.195×1013 (rad/s), and fL = fR = 0.01, respectively.[19]

The absorption of TDBC is shown in the inserted figure. There
is a single smooth resonant peak in the absorption spectrum.
The FDTD method is employed to simulate the extinction
spectra and CD spectra. The gird of the structure is 5 nm. The
extinction spectrum comes from Ext = 1−T , where T is the
transmission. The CD spectrum comes from CD=ExtL −ExtR .
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Fig. 1. The schematic diagram of the unit in our calculation structure.

In order to obtain the large interaction between the peri-
odic Ag hole array structure and chiral TDBC, the resonant
peaks of Ag hole array structure and TDBC should be close to
each other. First, we choose the lattice constant l to be 560 nm
and the width of the hole w is 400 nm. The thickness d of Ag
film is 300 nm. The extinction spectrum Ext and CD spectrum
“CD” are shown in Fig. 2. We also simulate the structure with
the air filled in the holes as shown in the inserted picture. As
shown in Fig. 2(a), the asymmetric peak in the extinction spec-
trum due to the interaction between Ag hole array and chiral
TDBC around the resonant wavelengths of chiral TDBC. As
shown in the inserted picture, there is a symmetric peak at the
wavelength of 582 nm, which is close to the resonant wave-
lengths of the chiral TDBC. The effective index at the ends
of the hole structure is much larger than the one of the air.
The holes in the film is treated as Febry–Perot (FP) cavities
with a low quality factor involving the collective behavior.[20]

The resonant wavelength of this FP cavity λhole(d, l) is related

with the thickness of the structure d and the lattice constant
l. The optical characteristic of this structure β can be simply
described as[36]

β =
1

βhole(d)−Sk(l)
, (2)

where βhole describes the radiative and the dissipation of the
fundamental mode as[37,38]

βhole =

√
1−A

1
1+F sin(φ)

e iφ , (3)

where A is the coefficients related to the length, the absorption
of the hole, and the intensity reflectivity of the mirrors, F is
the finesse, and φ is the phase shift of light passing through
the hole, which is expressed as[37,38]

φ = 2π Re(neff)
d
λ
, (4)

where, λ is the incident wavelength and it is the real part of
the effective refractive index neff of the hole to PSPs.[39] Sk(l)
shows the collective behavior which is written as[36]

Sk = ∑exp(ik0l)

[
(1− ik0l)(3cos2 θ −1)

r3 +
k2

0 sin2
θ

r

]
, (5)

where k0 is the wave-vector in the vacuum, and θ is the in-
plane angle between the hole locations. When the incident
wavelength λ is equal to the lattice constant l, there is a dip in
the extinction spectrum called Wood anomaly.[36,40] The pa-
rameter λhole(d, l) is close to the value λ = l. Hence, we take
the lattice constant l as 560 nm and the thickness d as 300 nm,
and we may obtain that the resonant wavelength of Ag hole ar-
ray is close to that of the chiral TDBC. In the extinction spec-
trum, there are several resonant peaks as shown in Fig. 2(a).
The real part of the chiral TDBC index is quite larger or quite
small than that of the air according to Eq. (1). Optical paths
in the holes change a lot, and have the ability to form more
resonant peaks. Also based on Eq. (4), the effective index of
the square hole is influenced by the index of the medium in the
hole. When the chiral TDBC is instead of the air, neff changes
greatly around the resonant wavelength of the chiral TDBC
and the fluctuated curves in Fig. 2 are mainly caused by the
term of sin(φ) in Eq. (3). The extinction spectrum reflects
the resonance of the hybridized structure. In the Fabry–Perot
cavity, all the resonant peaks of the extinction spectrum are
related with the phase changes.[38] According to the analyses
mentioned above, all resonant peaks in the extinction spectrum
in Fig. 2(a) are related with φ in Eq. (3).

This Fabry–Perot cavity with air filled in the holes sup-
ports an EM fields’ confinement at the resonant wavelength,
and provides a dark mode EM field. We plot EM field intensity
distributions in Figs. 2(c) and 2(d) to show the confinement of
the hole array. The incident wavelengths are 560 nm (T = 0.4)
and 582 nm (T close to 0), respectively. The EM field inten-
sity is normalized to the incident intensity. Comparing the two
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wavelengths, the EM field in the hole at λ = 582 nm is as about
twice as the one at λ = 560 nm. The confinement of the EM
field at λ = 582 nm is larger than the one at λ = 560 nm. The
structure provides a non-radiative mode called the dark mode

at the resonant wavelength.[41] These dark mode EM fields in-
teract with bright mode EM fields offered by the chiral TDBC.
Hence, the asymmetric peak is formed in the extinction spec-
trum of the hybridized structure.
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Fig. 2. The extinction spectrum (a) and CD spectrum (b) of our proposed structure with l = 560 nm and w = 400 nm, respectively. The EM field intensity
distributions for Ag hole array structure with air at λ = 560 nm (c) and 582 nm (d), respectively. The insert plot is the extinction spectrum with the air filled
in the hole.

The asymmetric peak is also observed in CD spectrum as
shown in Fig. 2(b), which shows a Fano line shape curve. This
also originates from the interaction between the dark mode
EM fields provided by Ag hole array and the bright mode EM
fields supported by chiral TDBC. The maximum of the abso-
lute value in CD spectrum is as about 0.025 times as the maxi-
mum value in the extinction spectrum. The maximum value in
only TDBC CD spectrum is as about 1/3000 times as the max-
imum of the extinction spectrum of TDBC. The CD spectrum
is amplified by PSPs in our proposed structure. The incident
light is squeezed at the interface between the hole array film
and the air in form of PSPs. The PSPs amplify and confine
EM fields at the resonant wavelength. The strong confined
EM fields interact with TDBC. Hence not only the interac-
tion between PSPs and TDBC is enhanced, but also the CD
spectrum is enlarged. The previous works also report the en-
hancement of CD spectra and Fano curves in CD spectra in the
hybridized structure composed of metallic nanoparticles and
chiral molecules.[2,19] They use the large EM field amplifica-
tion by LSPs. The ability of the EM field confinement for only
PSPs is much weaker than the one for LSPs. Here, we use the
metallic hole array to achieve FP cavities in order to realize
the enhanced CD spectrum by PSPs. There are some previ-
ous works also focusing on the chirality based on PSPs.[31–34]

They mainly create asymmetric structures to achieve the chi-
rality. Comparing with these works, we concentrate on the
chirality of the molecules in visible light and use achiral struc-
ture to amplify the chirality of the molecules.

Furthermore, in order to explore the interaction between

the dark mode and the bright mode, we change the lattice con-
stant l to show how the extinction spectrum and CD spectrum
change. Here we choose l = 520 nm, 560 nm, 600 nm, and
640 nm, respectively. The extinction spectra and CD spectra
are shown in Fig. 3. The other parameters are fixed.

As shown in Fig. 3(a), the extinction curve turns to be
smooth around the resonant wavelengths of the chiral TDBC
with the increase of the lattice constant l. The resonant wave-
length of Ag hole array is tuned by the lattice constant. With
the lattice constant increasing, the resonant wavelength has a
red shift and is far away from that of the chiral TDBC, which
changes from 553 nm (l = 520 nm) to 648 nm (l = 640 nm).
The transmission value at λ = 582 nm rapidly decreases from
0.9 to 0.45 with the increase of l, and PSPs in the holes become
weaker. The interaction between the dark mode EM fields and
the bright mode EM fields is weakened around the resonant
wavelengths of TDBC, and the line shape of the peak turns
to be symmetric. The asymmetric peak is originated from the
strong interaction between the structure and chiral TDBC in
the condition of these two resonant wavelengths being close
to each other. In Fig. 3(a), only the resonant wavelength of
the structure with l = 560 nm is close to 582 nm. The reso-
nant peak around 582 nm is asymmetric. The resonant peaks
of other hybridized structures around 582 nm are symmetric.
The asymmetric resonant peaks in Fig. 3(a) far away from the
resonant peak of the chiral TDBC are mainly caused by the
collective interaction among the FP cavities in the structure.

With the increase of l, Fano-like line shape in CD spec-
trum is also not obvious as shown in Fig. 3(b). The chirality
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of TDBC has not been amplified due to weaker confinement
of EM fields in the hole around the resonant wavelengths of
TDBC. On the one hand, the Fano effect happens in the con-
dition that the resonant wavelengths of both Ag hole array and
chiral TDBC are close to each other. By increasing the lat-
tice constant l, the resonant wavelength of Ag hole array is far
away from that of the chiral TDBC, and the Fano effect gradu-
ally disappears. On the other hand, the volume ratio of TDBC
in the hybridized structure also influences on CD spectrum.
With the decrease of l, the volume ratio of TDBC increases,
and the maximum value of CD spectrum shows a linear rela-
tionship with the volume ratio of TDBC.
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Fig. 3. The extinction spectra (a) and CD spectra (b) of our proposed struc-
ture with w = 400 nm and l = 520 nm, 560 nm, 600 nm, and 640 nm, re-
spectively.

In order to illuminate our point of view as mentioned
above, we fixed the lattice constant l at 560 nm, and tune the
size w of the hole. The size w is adopted as 360 nm, 400 nm,
440 nm, and 480 nm, respectively. The results of extinction
spectra and CD spectra are shown in Fig. 4.

As shown in Fig. 4(a), the resonant peak around λ =

582 nm is more obvious, and the intensity of the extinction de-
creases with the increase of w. The width of the hole w slightly
modulates the resonant peak and has a great influence on the
intensity of the extinction. With increasing w from 360 nm
to 480 nm, the resonant wavelength changes from 575 nm
to 600 nm and the extinction changes from 0.96 to 0.1 at
λ = 582 nm. It means that there are more PSPs in the holes to
interact with chiral TDBC. Hence, the CD spectrum increases
linearly with w. The parameter w impacts on the quality factor
of the FP cavity. With the size of w increasing, the real part
of neff slightly increases by using mode analysis. Here, we
can simply evaluate neff as neff = [nAg(l2−w2)+nTDBCw2]/l2,
where nAg and nTDBC are the indices of Ag and chiral TD-
BCs, respectively. Re[nAg] is lower than 0.2 in visible light.

With the increase of w, Re[neff] is close to Re[nTDBC] and
slightly increases. There is a little change in sinφ , and the
optical path in Fabry–Perot gets longer. The resonant peak
at λ = 678 nm in the structure with w = 480 nm supports our
analyses above. The optical path becomes longer and the reso-
nant peak appears in the long wavelength regime. In Fig. 4(a),
with the width of the hole w increasing, the confinement of
the hole turns to be weaker and the characteristic of the res-
onant peak for the hybridized structure is close to the reso-
nant peak of the chiral TDBC around λ = 582 nm. Here, the
resonant peak of the hybridized structure becomes symmetric
around λ = 582 nm. The other asymmetric resonant peaks far
away from the resonant peak of the chiral TDBC are mainly
caused by the collective interaction among the FP cavities in
the structure. Also, the interaction between the dark mode EM
field and the bright mode EM field becomes weaker and the
curves in both the extinction spectrum and CD spectrum be-
come smooth. Due to the increase of the TDBC volume ratio,
the maximum value of the CD spectrum linearly increases with
parameter w.
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Fig. 4. The extinction spectra (a) and CD spectra (b) of our proposed struc-
ture with l = 560 nm and w = 360 nm, 400 nm, 440 nm, and 480 nm, re-
spectively.

3. Summary
In summary, we reported on the enhanced chirality of

TDBC by the PSPs in Ag hole array. The holes in Ag film
form low quality factor of FP cavities and confines EM fields
of the PSPs. The resonant wavelength of these FP cavities is
tuned by the lattice constant and the size of the hole. Both the
resonant wavelength of Ag hole array and the volume ratio of
TDBC in the hybridized structure influence on the enhance-
ment of the CD spectrum. The maximum value of the CD
spectrum in the structure with l = 560 nm and w = 400 nm is
as 75 times larger as that of only chiral TDBC. The resonant
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wavelength of the metallic hole array can be tuned in a large
wavelength regime, and the chirality of a series of molecular
J-aggregates with different resonant wavelengths can be en-
hanced. Our proposed structure provides a new method to am-
plify the chirality of molecular J-aggregates in experiments.
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