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The circular dichroism (CD) effect plays an important role
in biological detection, analytical chemistry, and plasmonic
sensing. Tilted 3D structures can generate CD signals under
normal illumination. However, fabricating tilted 3D structures is complex and expensive. In this study, we fabricate
a tilted U-shaped nanostructure (TUSN) on a polystyrene
(PS) nanosphere through the glancing angle deposition
method. One branch of the U-shaped nanostructure is tilted
by raising a sheet of SiO2 on the PS nanosphere. And the
CD signal of the TUSN is enhanced because the phase difference increases with increasing thickness of the SiO2
sheet. This work proposes a method for fabricating tilted
nanostructures and elucidates the mechanism of the CD
effect for future research. © 2017 Optical Society of America
OCIS codes: (310.1860) Deposition and fabrication; (310.6628)
Subwavelength structures, nanostructures; (240.6680) Surface plasmons; (160.1585) Chiral media; (220.4241) Nanostructure fabrication.
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Chirality has attracted significant research attention in different
fields due to its essential role in nature. A chiral structure cannot be superposed on its mirror image and elicits different
responses under left circularly polarized (LCP) and right circularly polarized (RCP) light [1–4]. Chiral structures under LCP
and RCP light may induce interesting phenomena, such as circular dichroism (CD) [4] and optical rotatory dispersion [5].
Many chiral structures have been designed to obtain the CD
effect, which is widely applied to many fields, such as biological
monitoring, analytical chemistry, and plasmonic sensing [6–8].
The chiral structure in the natural world is generally 3D,
such as DNA and protein. For artificial metal 3D structures,
such as layer-by-layer structures and helix [9–13], the CD effect
can be detected under normal illumination. The evident CD
effect of layer-by-layer structures originates from electric dipoles with different orientations on different layers. For the helix, the ring current on the helix can generate magnetic dipoles.
The CD effect occurs when the angle between two electric dipoles is less than or greater than 90°. Normal illumination can
also cause the CD effects of planar chiral structures [14–16].
The CD signal of planar chiral structures is due to the chiral
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symmetry and induces small-scale defects. And the CD effect
also occurs when electric resonances are not parallel and there is
phase difference. Planar achiral structures cannot generate the
CD effect under normal illumination [17]. In addition to electric and magnetic dipoles, the CD effect can also be interpreted
by Born–Kuhn configurations [18,19].
Several experimental methods are generally utilized to fabricate nanometal structures that can generate CD effects; these
methods include electron beam lithography (EBL), laser writing, and self-assembly method. EBL is used to fabricate 3D
structures on the plane and layer-by-layer structures, but it
is difficult to apply to fabricate the tilted structures. EBL is
complex and time consuming, and the effective area of the template made through this method is limited [20,21]. Laser writing can also be used to fabricate 3D structure [22]; the size of
the sample fabricated through laser writing not only depends
on the wavelength of light but also on scanning accuracy and
laser focal spot diameter. Compared with these two methods,
self-assembly is regarded as more efficient for preparing chiral
nanostructures for large-scale application; this method is cheap,
fast, and tunable [23,24]. However, this method is restricted
to simple geometries, usually nanospheres and nanorods.
Glancing angle deposition (GLAD) is used to generate simple
plasmonic nanostructures with a large area [25]; this method
comprises several simple deposition steps rather than complex laser writing and EBL technology. The formed tilted 3D
structures can induce the generation of CD signals [26,27].
Fabricating an experimentally tilted structure through EBL,
laser writing, and the self-assembly method is difficult.
Previous studies on the CD of tilted structures involve numerical calculations [26,27,28].
In this study, we fabricate a silver tilted U-shaped nanostructure (TUSN) through GLAD on a self-assembled polystyrene
(PS) sphere monolayer. A branch of the silver U-shaped nanostructure is raised by a slice of SiO2 sheet. Experimental results
show five obvious CD modes in the visible and near-IR regions
of the titled U-shaped nanostructure. The CD intensity of the
TUSN is enhanced with increasing SiO2 thickness, that is, the
U-shaped nanostructure becomes more tilted, and the CD signal is larger. The simulation results are consistent with the experimental data. Moreover, the CD effect could be due to the
surface charge distributions of the Ag sheets. This study not
only provides a concise method for fabricating tilted chiral

Letter
nanostructures but also contributes to elucidating the physical
mechanism of CD.
The main mechanism of GLAD is the geometric shadowing
effect, namely, the evaporated material cannot be deposited on
shadow areas in the vaporing direction [25,27–31], and the
self-assembly of monolayer PS nanospheres on glass substrates
can generate the geometric shadowing effect. The fabrication of
the TUSN starts with the self-assembly of monolayer PS nanospheres on glass substrates. Here we choose the PS sphere with a
diameter d  380 nm to pave on the glass sheet. The progress
of fabricating the TUSN on a template needs four steps, as
shown in Fig. 1(a). In the first step, Ag is deposited on one
side of the monolayer at a fixed polar angle φ  0°, and the
thickness is set as 30 nm. In the second step, SiO2 is deposited
on the other side of the monolayer at a fixed polar angle
φ  180°, and the thickness is set as 60 nm. Then, in the third
step, at the same polar angle φ  180°, 30 nm Ag is deposited
on the SiO2 sheet. In the last step, the substrate is clockwise
(anticlockwise) rotated an angle of Δφ  90°, namely, the polar angle at 90° (270°), Ag is deposited 30 nm, the left-hand
TUSN (L-TUSN) [right-hand TUSN (R-TUSN)] is fabricated, as shown in Fig. 1(b). Here φ is defined as polar angle.
θ is the angle of substrate azimuthal orientation, it is defined as
the angle between the normal of the sample plane and the
direction of vapor. And the azimuthal angle θ is fixed at 86°
in all steps. The actual thickness is about half of the value
of thickness in the electron beam vapor after a lot of experiments and measurement verification [18]. And the whole size
of the sample we made is 1.1*2.4 cm.
Figure 2(a) shows the scanning electron microscope (SEM)
image of the R-TUSN from the top view. It is easy to distinguish the Ag deposited on the PS sphere and SiO2 sheet
through the smoothness and flatness of the surface of Ag.
The Ag on the left part of the PS sphere is smooth and flat,
but the Ag on the right part of the PS sphere is cobbly since
the Ag is deposited on the SiO2 sheet. Figures 2(b) and 2(c)
show the transmission electron microscope (TEM) images of
the R-TUSN, the view of observation and the schematic are
shown in the top of the images. It can be seen from the figures
that the Ag deposited in the last step is tilted [Fig. 2(b)] and the
two branches of the U-shaped structure are in different planes
and separated by SiO2 [Fig. 2(c)]. All of those images can demonstrate that the U-shaped structure is tilted.

Fig. 1. (a) Fabrication steps of U-shaped nanostructures on the PS
sphere. The yellow domain is Ag, and the lake blue domain is SiO2 .
(b) The schematics of L-TUSN and the R-TUSN.
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Fig. 2. (a) SEM image of the top view of R-TUSN. (b), (c) TEM
images of R-TUSN from different observation views.

Chirascan (Applied Photophysics Ltd.) is used to record the
absorbance and CD spectrum. Figure 3(a) shows the absorbance of the L-TUSN (red line) and the R-TUSN (blue line)
with 15 nm thick Ag and 30 nm thick SiO2 under unpolarized
light illumination. The black line in Fig. 3(a) represents the
absorbance of the PS nanosphere on the glass substrate. All
three absorbance spectra show a peak at around λ  520 nm,
which is due to the first diffracted order of 2D close-packed
monolayer arrays [32] and marked as “PS.”
Figure 3(b) shows the CD spectrum and g-factor (the g-factor
is defined as g  ΔA∕A) of the R-TUSN with 30 nm thick
SiO2 . Five resonance modes are marked as I, II, III, IV, and
V and are located at λI  865 nm, λII  535 nm, λIII 
450 nm, λVI  395 nm, and λV  330 nm, respectively.

Fig. 3. (a) Absorbance of L-TUSN (red line) and R-TUSN (blue
line) under the unpolarized light illumination, the black line is the
absorbance of PS nanosphere. (b) The CD spectrum and g-factor
of R-TUSN in experiment.
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The CD spectrum is interfered by linear dichroism (LD)
through Chirascan (Applied Photophysics Ltd.), which is
due to the differences in absorbance caused by anisotropy of
the sample [33] (SI of [18]). The sample was rotated at different
polar angles (φ) along the z-axis to exclude the influence of LD
[Fig. 1(a)]. Figure 4(a) shows the CD spectra of the R-TUSN
with 30 nm thick SiO2 at different φ values. When the sample
is rotated, the intensities of the five modes remain almost
constant; this finding indicates that LD has little effect on
the received CD signal. However, for the CD signal of
SiO2  0 nm, the influence of LD cannot be ignored since
the CD signal is almost zero [as the black line in Fig. 4(b)].
Figure 4(b) shows the CD spectra of the R-TUSN and
L-TUSN with SiO2 of different thicknesses. The CD effect
should be zero when the thickness of SiO2 is 0 nm if we do
not consider the effect of LD. With increasing SiO2 thickness,
the intensity of the CD effect increases. Hence, the U-shaped
nanostructure becomes more tilted and the CD effect becomes
larger. Moreover, almost no CD effect is observed when the two
branches of the U-shaped nanostructure are in the same plane.
The finite element method (radio frequency model
COMSOL Multiphysics) is used to simulate the optical properties of the TUSN. The refractive index of air and SiO2 are regarded as 1 and 1.45, respectively. The frequency-dependent
permittivity of silver is referred from [34]. For the simplification, the increase of thickness of Ag and SiO2 is regarded as a
linear increase with the increase of vapor time [31]. For the
hexagonal honeycomb periodic structure, there are three periodic boundaries. Circularly polarized light normally irradiates
on the port, which is defined as T  (RCP) and T  (LCP) in
the setting of COMSOL Multiphysics. The perfectly matched
layers are applied at the top and bottom of the computational
domain for absorbing light, which pass through the ports.
Transmittance is defined as T  P out ∕P in , which is the ratio
of output power to incident power, and the CD effect is defined
as the difference of absorbance of RCP and LCP, that is,

ΔA  A − A−− , and A  1 − T − R (the R of TUSN is
the same under LCP and RCP) in the siting of COMSOL,
so CD can be defined as ΔT  T  − T  [3].
The schematic diagram of the R-TUSN is simplified in
COMSOL Multiphysics to understand the mechanism of
the CD effect and shown in Fig. 5(a). The geometric parameters of the R-TUSN are acquired by SEM and TEM images
(Fig. 2). After the survey and measurement of the SEM images
of the R-TUSN, the final geometric parameters are obtained
using the average of the measured values of a large number
of structures, namely, calculation results indicate the effect
of a particular kind of tilted U-shaped structure. As shown
in Fig. 5(b), the thickness of Ag and SiO2 are d 1  15 nm
and d 2  30 nm, respectively; the width and length of the
branch of the U-shape are w  105 nm and l 1  205 nm, respectively; and the length of the Ag in the final step is
l 2  130 nm. And the period is an outer hexagon with a radius
of 190 nm (P l  220 nm). Figure 5(c) is the CD spectrum
and g-factor of the R-TUSN in simulation (CD spectrum
and g-factor of the R-TUSN with the SiO2 substrate has similar
results). Because of the varietal arrays of the layout of the PS
nanosphere, variations in the size and shape of the sample, and
the thickness of the Ag sheet on the PS sphere is not uniform,
which results in a shifty aspect ratio. And the offsets for peaks
in Fig. 5(c) are due to the aspect ratio with parameters set in
numerical calculation. And the simulation amplification is
larger than that of the experimental one because of the cancellation effect caused by the random orientation of the PS array in
the experiment [18]. But, it can be seen that there are also five
modes in simulation named i, ii, iii, iv, and v. And in the simulation, the unit of CD intensity is a percentage since the CD is
defined as the difference between the transmission rates in
COMSOL.
Figure 6 shows the charge distribution of the R-TUSN with
30 nm thick SiO2 under RCP illumination at resonant wavelengths. In order to conveniently analyze those five modes, the
R-TUSN is regarded as being made up of four parts, which are
named A, B, C, and D [Fig. 6(a)]. Specifically, at λi  650 nm,
the charge on parts A and B form the electric dipole P i−AB , and
the path of P i−AB is the longest path in the entire R-TUSN
structure; the charge on part D forms the electric dipole P i−D
[as shown in Fig. 6(b)]. And the P i−AB and P i−D form an antibonding mode. The P i−AB in the upper layer needs to rotate
anticlockwise to be parallel to the lower layer P i−D, as shown
by the red dotted arrow in Fig. 6(b). It has a positive effect on
RCP, so the CD sign is positive [18]. At λii  620 nm, the

Fig. 4. (a) Method of eliminating the disturbance of linear dichroism (LD). (b) The CD spectrum of enantiomer results of different
thickness of SiO2 in experiment.

Fig. 5. (a), (b) R-TUSN calculated in COMSOL Multiphysics.
The yellow domain is Ag, and the lake blue domain is SiO2 .
(c) The CD spectrum and g-factor of R-TUSN of simulation.
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Fig. 6. Resonant modes that formed by dipole electron oscillation
of surface charge on different parts of R-TUSN, and the red and green
dotted arrows indicate the positive and negative effect on RCP.
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Compared to other methods mentioned in this Letter, this
method requires a number of simple deposition steps on
existing templates and is simple and convenient to use for controlling the tilt degree. The CD mechanism of the TUSN can
be illustrated by the Born–Kuhn configurations, which are
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