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Gold bilayered slit arrays with rectangular holes embedded into the metal surface are designed to
enhance the circular dichroism (CD) effect of gold bilayered slit arrays. The rectangular holes in
these arrays block electric currents and generate localized surface plasmons around these holes,
thereby strengthening the CD effect. The CD enhancement factor depends strongly on the rotational
angle and the structural parameters of the rectangular holes; this factor can be enhanced further
by drilling two additional rectangular holes into the metal surfaces of the arrays. These results help
facilitate the design of chiral structures to produce a strong CD effect and large electric fields.
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1. INTRODUCTION
1

Circular dichroism (CD) denotes the different optical
response at the origin of left-handed circularly polarized (LCP) and right-handed circularly polarized (RCP)
lights. The CD effect is widely applied in broadband
circular polarization,2–4 analytical chemistry,5 biological
monitoring,6 7 and enantiomeric sensing.8
Helical plasmonic structures can generate a strong CD
effect given the different couplings of the oscillation
strengths of electric dipoles as excited by LCP and RCP.9
However, well-defined helical structures are difficult to
prepare.2 3 8 The CD effect can also be observed in planar and layer-by-layer chiral plasmonic structures;10–29 in
the former, CD effects are generated by breaking the chiral symmetry and inducing small-scale defects.10–12 The
electric resonant mode alone is observed in such structures under normal illuminations with circular polarization; nonetheless, the CD effect in planar structures is
weak. Both electric and magnetic resonant modes can
be excited in layer-by-layer structures.13–15 In the second mode type, the two layers sustain antiparallel currents and produce local magnetic dipole moments that
are mainly confined to the separation of the layers.
The CD effects of layer-by-layer structures are usually
stronger than those of planar structures;13–15 therefore,
the former has attracted much attention. To generate
strong CD effects, researchers have recently designed
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bilayered rosette structures,16 mutually twisted wires,17–19
bilayered mutually twisted cross structures,20 21 conjugated
gammadion structures,15 22 double-layer metallic crossed
gratings,23 bilayered twisted U-shaped structures,24–26 and
dual-layer twisted-arc structures.27 At the resonant wavelength, the charges of the aforementioned chiral structures
congregate at the endpoint of the structure and energy
is transmitted to the space around the structure. As a
result, energy flux congregation is reduced. By contrast,
the charges of chiral plasmonic structures with slits congregate at the boundary of the slits, and the electric field
is confined to these slits.28–30 Therefore, energy distribution is concentrated. In addition, localized surface plasmons (LSP) can efficiently enhance both the electric and
the magnetic fields of light. Nevertheless, the CD effect of
the chiral structure with slits is weak.28 29
In the current study, gold bilayered slit arrays with rectangular holes (BSARH) embedded into the metal surfaces
are designed to enhance the CD effect of gold bilayered
slit arrays (BSA). BSARH generates a strong CD effect
because the rectangular holes block electric currents and
LSP are formed around these holes. The effects of rotational angle and structural parameters on the CD enhancement factor (CDEF) are determined in this work; this
factor can be enhanced further by drilling two additional
rectangular holes into the metal surfaces of these arrays.
This study not only presents a simple method to enhance
the CD effect but also contributes to the understanding of
the mechanisms of this effect.
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3. RESULTS AND DISCUSSION
3.1. CD of BSA and BSARH with  = 90
Figure 2(a) shows the transmittance spectra of BSA and
BSARH when  = 90 , a = 30 nm, and b = 90 nm
under LCP and RCP illuminations. The resonant peaks are
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Figure 1. (a) The schematic diagram of proposed BSARH and parameters definition. (b) The vertical view of the unit cell with the associated
geometric features designated in the lower-right corner.
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Figure 1(a) shows the configuration of the BSA with
embedded rectangular holes (BSARH) in the top layer.
Circularly polarized (left-handed and right-handed) incident plane wave vector along the −z direction normally
illuminates to the proposed structure. The BSARH consists
of two metal slit layers parallel to the x-y plane separated
by a SiO2 layer with refractive index of n = 145. The
two metal slit layers have the same thickness of 50 nm.
Rectangular hole arrays are embedded in the top layer.
The centers of the rectangular holes are coincide with the
centers of the overlap of two metal layers. The rectangular holes are anticlockwise rotated around their geometric
centers.  represents the angle that the holes rotate from
the original position.  = 0 denotes the case that the long
side of rectangular hole is parallel to x-axis. The
√ geometry is described
by
several
parameters:
w
=
50
2 nm and
1
√
w2 = 150 2 nm for the width of metal and slit,  = 45
for the rotation of the two metal slit layers, d = 50 nm
for the thickness of SiO2 layer, and a and b for the width
and the length of rectangular hole. The vertical view of the
unit cell is rhombus, as
√ depict in Figure 1(b). The length
of the rhombus is 200 2 nm.
COMSOL Multiphysics based on finite element method
is used to calculate transmittance of plasmonic structures.
The transmittance is defined as T = Pout /Pin , where Pout
and Pin represent output power and incident power, respectively. The refractive index of gold is taken from Ref. [31].
We use “+” (“−”) subscript denoting RCP (LCP) light.
T++ (T−− ) represents the transmittance of RCP (LCP) light
and the CD effect is described by: T = T++ − T−− .20
To quantify the CD enhancement, we introduce a scale
factor, namely, the “CD enhancement factor” (CDEF).
We define CDEF as the fraction of the maximum CD effect
for BSARH over the maximum CD effect for BSA, i.e.,
CDEF = T BSARH /T BSA .

0.20
0.15
BSA T++

0.10

BSA T––

0.05

BSARH with α = 90° T++
BSARH with α = 90° T––

0.00
0.5

1.0

1.5

2.0

2.5

3.0

Wavelength λ (µm)
(b)

BSA
BSARH with α = 90º

0.00

–0.05

∆T

2. STRUCTURE AND SIMULATION METHOD

Zhang et al.

–0.10

–0.15

0.5

1.0

1.5

2.0

2.5

3.0

Wavelength λ (µm)
Figure 2. (a) Transmittance spectra for the BSA and BSARH with
 = 90 , a = 30 nm and b = 90 nm under RCP and LCP illuminations.
(b) The CD spectra for the BSA and BSARH with  = 90 .

observed at roughly  = 1075 m and 1.100 m for BSA
and BSARH, respectively. At the resonance wavelength,
the transmittance at RCP illumination T++ is lower than
that at LCP illumination (T−− ) for BSA. When one rectangular hole is embedded into the upper film, the transmittance at RCP illumination decreases, whereas that at LCP
illumination increases in comparison with those of BSA.
Figure 2(b) displays the CD spectra of BSA and BSARH
with  = 90 . The dips of BSA and BSARH with  = 90
are detected at  = 1050 and 1.075 m, respectively, and
the corresponding maximum transmittance differences are
T  = 0123 and 0.167. Thus, CDEF = 136.
To elucidate the CD enhancement mechanism when a
rectangular hole is drilled into the BSA, we investigate the
electric field distributions and the current density at the
dips in the CD spectra of BSA and BSARH with  = 90 .
The surface current directions at the bottom surface are
almost parallel under LCP and RCP illuminations. Figure 3
depicts the steady-state electric field distributions and the
current density at the upper surface; the red arrows represent the direction of the current. The dips in the CD spectra are attributed to the resonance between the wavelength
of the surface plasmon polariton on the metal surface and
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Zhang et al.

Enhanced Circular Dichroism of Gold Bilayered Slit Arrays Embedded with Rectangular Holes
90
LCP

RCP

(E/E0)2

dBSA, RCP

dBSA, LCP

(d)
dBSARH, RCP

1.2

30

150

1.1

104

(c)

60

1.3

108

(b)

CDEF

(a)

120

1.4

1.0
0

0.9 180
1.0
1.1

dBSARH, LCP

1.2

100

330

210

1.3

Figure 3. Simulated surface current and electric field distributions at
the upper surface of the top layer for (a, b) the BSA and (c, d) the
BSARH with  = 90 at the CD dips under RCP and LCP illuminations. Equivalent electric dipole moments are marked by white arrows
and labeled by “dBSA RCP ,” “dBSA LCP ,” “dSARH RCP ” and “dBSARH LCP ,”
respectively.

the structure period. The electron oscillations on the metal
film can be regarded as effective electric dipoles, and they
are marked by white arrows in Figure 3. In the middle part
of the BSA upper surface, the effective electric dipoles
dBSA RCP move in the −20 direction with respect to the
x-axis under RCP illumination, as depicted in Figure 3(a).
As illustrated in Figure 3(b), the effective electric dipoles
dBSA LCP move in the 45 direction with respect to the
x-axis under LCP illumination. When a rectangular hole
is drilled into the gold surface, the directions of the surface current under RCP and LCP illuminations are similar
to those of dBSA RCP and dBSA LCP , respectively, as exhibited in Figures 3(c, d). Specifically, Figure 3(c) shows that
the currents are blocked by the rectangular hole under
RCP illumination, and localized electric fields are generated around the side surface of this hole. These phenomena reduce the strength of the effective BSARH electric
dipole dBSARH RCP and limit the transmittance displayed
in Figure 2(a). Figure 3(d) demonstrates that under LCP
illumination, more currents flow along the side surface
of the rectangular hole, which increases the strength of
the effective BSARH electric dipole dBSARH LCP over that
of dBSA LCP and enhances the transmittance presented in
Figure 2(a). The different effects of the rectangular hole on
the currents under RCP and LCP illuminations strengthen
the CD effect of BSARH.
3.2. Dependence of  on CDEF
The rotation angle of the rectangular hole affects the effective electric dipoles of dBSA RCP and dBSA LCP . The polar
diagram for the BSARH CDEFs is calculated, as depicted
in Figure 4. CDEF depends strongly on ; this factor
is maximized (1.39) at  = 75 and minimized (0.97) at
 = 160 . Figures 5(a–d) depict the distributions of the
currents and the electric fields at the upper surface of
the top layer under the resonant wavelength of BSARH
with  = 75 and  = 160 . Figure 5(e) exhibits the
J. Nanosci. Nanotechnol. 16, 1–5, 2016
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Figure 4.

The polar diagram for calculated CDEFs of BSARH.

geometric relationship between the directions of the currents at the upper surface of the top layer and the orientation of the rectangular hole. The direction of the
current (iRCP ) under RCP illumination is −20 with respect
to the x-axis while that under LCP illumination (iLCP )
is 45 with respect to the x-axis. Both directions are
marked by dashed lines. The orientation of the rectangular hole is denoted by red lines and is labeled as Max
and Min as the CDEF is maximized and minimized. At
 = 75 , this orientation is almost perpendicular to the
direction of iRCP , which strengthens the LSP around the
rectangular hole and strongly limits the transmittance at
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Figure 5. Simulated surface current and electric field distributions at
the upper surface of the top layer for the BSARH with (a, b)  = 75
and (c, d)  = 160 at the resonant wavelength under RCP and LCP
illuminations. (e) The geometric relationship between the directions of
current at upper surface of the top layer and orientation of the rectangular
hole.
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the resonant wavelength. Thus, CDEF is maximized at
 = 75 . At  = 160 , the orientation of the rectangular
hole is parallel to the direction of the current under RCP
illumination, thus weakening the LSP around the rectangular hole and minimizing CDEF. The angle generated
between the current and the orientation of the rectangular hole facilitates a relationship between CDEF and , as
illustrated in Figure 4.
3.3. Dependence of  and  on CDEF
The drilled rectangular hole in upper layer leads to great
CD enhancement, which also suggested us that embedding rectangular hole in the bottom layer would also be
helpful for enhancing CD effect. We introduce one rectangular hole in the bottom layer, and the center of the
rectangular hole is coincide with the center of the overlap
of two metal layers. The rectangular hole is anticlockwise
rotated around its geometric center with a certain angle
from x-axis. Figure 6(a) shows the intensity of calculated CDEFs as a function of angles  and . The CDEF
is maximized (1.72) at  = 75 and = 150 and minimized (0.97) at  = 165 and = 60 . Figure 6(a) shows
that the effects of  and on CDEF are independently.
Figures 6(b–e) show the surface current and electric field
distributions at the bottom surface of the bottom layer for
BSARH ( = 90 ) at the resonant wavelength with = 60
and = 150, respectively. At = 60 , the directions of
(a)
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the currents are perpendicular to the orientation of the rectangular hole and many currents are blocked by the rectangular hole, which strengthens LSP around the rectangular
hole, which decrease the intensity of effective dipole oscillation strength and results in minimum CDEF, as shown in
Figures 6(b, c). At = 150 , the direction of the current
is parallel to the orientation of the rectangular hole and
the currents flow along the side of the rectangular hole,
which would increase the intensity of the currents and
results in maximum CDEF, as exhibited in Figures 6(d, e).
Therefore, when the rectangular hole drilled in the bottom layer of BSARH, the CD effect would be further
enhanced.
3.4. Dependence of the Width and Length of the
Rectangular Hole on CDEF
Figure 7 shows the CDEF for BSARH as a function of a
with fixed b = 90 nm and  = 90 , and as a function of b
with fixed a = 30 nm and  = 90 , respectively. The solid
curves are the fittings using exponential increase function.
The CDEF is dependent on b more obviously since the
currents are mainly blocked by the longer side of the rectangular hole.
3.5. Dependence of the Shapes of the Holes
Embedded in the BSA on CDEF
The topological shape of the hole embedded in BSA
affects CDEF as well. When circular holes with the same
surface area as the rectangular holes shown in Figure 3
are drilled into the top layer of BSA, CDEF = 111.
Figures 8(a, b) depict the current and electric field distributions at the upper surface of the top layer for the circular
holes embedded in BSA at  = 1075 m. Given the structural symmetry of the circular shape, the currents under
RCP and LCP illuminations both flow along the side of
the circle. As a result, the CDEF in this case is smaller
than that of BSARH.
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Figure 6. (a) The intensity of calculated CDEFs for BSARH as a function of angles  and . The surface current and electric field distributions
at the bottom surface of the bottom layer for BSARH ( = 90 ) at the
resonant wavelength with (b, c) = 60 and (d, e) = 150 under RCP
and LCP illuminations.
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Figure 7. The CDEF for BSARH as a function of a and b. The solid
curves are the fittings.
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Figure 8. Simulated current and electric field distributions at the upper
surface of the top layer under RCP and LCP illuminations of (a, b) BSA
with circular holes drilled in the top layer and (c, d) for the BSA with
three rectangular holes drilled in the top layer.

To enhance the CD effect further, two additional small
rectangular holes are drilled into the upper layer of
BSARH at  = 75 . In this scenario, CDEF reaches 1.76.
These two holes are both 30 nm wide and 60 nm long;
moreover, they are inclined in the same direction (75 with
respect to the x-axis). The centers of these holes are in
the transversal extension line of the rectangular holes; the
gaps are identical at 15 nm. Figures 8(c, d) display the
current and electric field distributions on the upper surface
of the top layer for BSA at RCP and LCP illuminations;
this top layer contains three rectangular holes. As shown
in Figure 8(c), the direction of the current is perpendicular to the orientation of the rectangular hole under RCP
illumination; thus, many currents are blocked by the rectangular holes. Moreover, many enhanced electric fields are
generated around the three holes. Under LCP illumination,
the currents flow along the side of the rectangular hole,
as illustrated in Figure 8(d). Thus, a large CDEF can be
obtained by varying the hole structure and by introducing
additional anisotropic holes.

4. CONCLUSIONS
In summary, rectangular holes are drilled into metal layers
to enhance the CD effect of twist slit arrays. The embedded holes block the currents at the upper surface in different ways under RCP and LCP illuminations; thus, the CD
effect of the twist slit arrays is enhanced. Moreover, CDEF
depends strongly on the rotation angle and the length of
the rectangular holes. Therefore, embedding rectangular
holes in the bottom layer can help enhance the CD effect,
which is also influenced by the topological shape of the
hole embedded in BSA. This effect can be properly engineered by tuning the structural parameters, and the method
of strengthening it in plasmonic structures is significant for
increasing the CD signals of biological molecules.
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