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The strong chiroptical effect is highly desirable and has a wide range of applications in biosensing, chiral catalysis,
polarization tuning, and chiral photo detection. In this work, we find a simple method to enhance the reflection circular
dichroism (CDg) by placing the planar anisotropic chiral metamaterials (i.e., Z-shaped PACMs) on the interface of two
media (i.e., Z-PCMI) with a large refractive index difference. The maximum reflection CDg from the complex system can
reach about 0.840 when the refractive index is set as nyp = 4.0 and npoom = 1.49, which is approximately three times
larger than that of placing the Z-shaped PACMs directly on the substrate (i.e., Z-PCMS). While the minimum reflection
CDg is 0.157 when the refractive index is set as nyp = 1.0 and npgom = 1.49. So we can get a large available range of
reflection CDR from —0.840 to —0.157. Meanwhile, the transmission CD remains unchanged with the refractive index nop
increment. Our in-depth research indicates that the large reflection CDg is derived from the difference of non-conversion
components of the planar anisotropic chiral metamaterials’ reflection matrices. In short, we provide a simple and practical
method to enhance the chiroptical effect by changing the refractive index difference between two media without having to

design a complex chiral structure.
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1. Introduction

Recently, plasmonic chiral metamaterials (PCMs) com-
posed by electric or magnetic resonators have attracted a great
amount of attention for their large chiroptical effect and wide
applications. The strong chiral resonance of the PCMs re-
sults from the matching of space structure and electromag-
netic wave, which leads to two important chiroptical effects,
including the optical activity (OA), which means the capacity
to induce the rotation of the polarization plane.!?! The cir-
cular dichroism (CD), i.e., differential absorption of left-hand
(LCP) and right-hand (RCP) circularly polarization lights, >3]
existing in nature like DNA and protein molecules,*! has a
Meanwhile, the
large CD of the PCMs can reach almost 1, which is about

widespread application in practical fields.

1000 times larger than that from nature chiral molecules.>~7!
These large chiroptical effects of PCMs are used to control the
polarization state of light,#-19 biosensing,[!"!?! and also en-
able many fascinating physical effects, such as negative refrac-

16.17] circular con-

20,21]

tion index,13-13 repulsive Casimir effect,!

version dichroism, 319 and unusual spin Hall effect.!

DOI: 10.1088/1674-1056/ab9def

A strong chiroptical effect is highly desirable for practi-
cal applications. Due to spatial matching, the artificial chiral
structure has a large chiroptical effect. At present, there are
many very well known artificial chiral structures, such as fish-
shaped,??! Y-shaped resonator, >3 split-ring-resonator,[24-26]
helix chiral structures,?”! and twisted-arcs array structures. ?®!
Depending on their spatial dimensions, the structures devel-
oped thus far can be either two-dimensional (2D or planar)!>°]
or three-dimensional (3D).[3%31] The 2D planar structure has
a relatively simple spatial structure and has a stronger chirop-
tical effect compared to nature chiral molecules; while the
3D structure has a relatively complex spatial structure, they
can fell the 3D electromagnetic field distortion along the light
propagation direction, so their chiroptical response is very
strong. Because the optical activity of these structure relies
primarily on the precise geometrical arrangement of their con-
stituent elements in a unit cell, electron beam lithography and
direct laser writing have frequently been used for small-scale
fabrication yet at high cost and time consumption. There are

also relatively simple processing technologies to achieve the
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structure, but the chiral response is small.

To date, a strong chiroptical effect is usually achieved
by designing a new chiral structure. Lastly, a more gen-
eral method to enhance the chiroptical effect through the
micro-cavity interference effect has been found.!*?! We pro-
pose a high-performance active chiral metamaterial absorber
(ACMA) composed by PACMs and a metal layer. Through
in-deep theoretical analysis indicates that the circular conver-
sion dichroism (CCD) from the PACMs plays a crucial role
to achieve the active chiroptical effect. Numerical simula-
tions demonstrate that the maximum reflection CDg from the
ACMA can reach about 0.882.131 In this work, we explore a
new enhancement method by placing the Z-shaped PACMs on
the interface of two media (i.e., Z-PCMI) with large refractive
index differences. The large chiroptical effect is related to the
refractive index difference of the two media. In simulations,
the large range of reflection CDg is from —0.840 to —0.157,
and the maximum reflection CDg is close to the ideal value
of 1. Further research indicates that the non-conversion com-
ponents of the PACMs’ reflection matrices play an important
role to achieve the large chiroptical effect. In addition, the
strong CDR can be applied to various fields.

- bpg 14— 1 [t t Lyy +v _l(txy - tyx) Iy —lyy —
teire = = B

1 _
Tcire =

r—4 r——

The transmissivity 7;; (the reflectivity R;;) and the phase
retardation ¢, ;; (9,;;) can be calculated by T;; = |t;;|*> (R;j =
rj]2), and @, ;; = arg(t;;) (@.;; = arg(r;;)), respectively.

According to the basic definition, the CDr can be calcu-
lated as

R —R_

CDg = =
RTR TR

“4)

where R, =Ry, +R_yandR_=R__+R,_.

In general, for the ideal planar isotropic chiral media,
there are no non-conversion parts in the reflection matrix,
ie., ryy =r__ =0, and the conversion parts are equal to
each other, i.e., ry_ = r_, indicating that no chiroptical ef-
fect is observed in the reflection. While for the ideal planar
anisotropic chiral media, the conversion parts do not exist, i.e.,
ry_ =r_y =0, the chiroptical effect is derived from the differ-
ence of the non-conversion parts in the reflection coefficients,
i.e., r14+ # r__. More discussion on the reflection matrices of
planar isotropic chiral media and planar anisotropic media can
be found in Refs. [36-39].

Fex + Ty +V =11y — Fyx) Toe — Ty —

2. Theoretical model

The Z-PCMI is constructed by one layer of PACMs and
two dielectric layers. The Jones matrix is used to characterize
the chiral metamaterial, and its transmission matrix Zcirc and

reflection matrix 7 are defined as3¥

" Iyt 14— - Pt e
teire = <t+ i Tcirc = rey ; (D

where — and + denote the LCP and RCP, respectively. The
circular transmission/reflection coefficients can be written as
tij/rij, where i and j denote the polarized states of the output
and incident lights, respectively. In order to extract the circular
transmission and reflection coefficients, the transmission and
reflection coefficients for the linear polarization lights illumi-
nate along —z direction have been calculated firstly. The Zline—
and 7jpe-matrix connects for linear polarization lights can be

7 T txy ~ Iex Ty
tline = o y Tline = o , ()
Tyx tyy Tyx Tyy

where x and y denote the X and Y-polarization lights, respec-

written as

tively. Then the circular transmission and reflection coeffi-

cients, i.e., tcirc and T'gire, can be written as (3!

V(b +1y) )

foe =ty +V =1ty +1yx) e 1y — V= 1ty —132)
_ (”++ V+> 1 (rmr>’y+ﬁ(rxy+ryx) ’m+ryyﬁ(rn'r)’x)> 3)
=5 _

V=g + 1)

\
3. Results and discussion

Figure 1(a) shows the structure of the Z-PCMI, which is
to place the Z-shaped PACMs on the interface of two me-
dia. The length and width for the wide and narrow parts
of the Z-shaped PACMs are L; and W;, L, and W, re-
spectively. The thickness of the Z-shaped PACMs is & and
the refractive indexes of the upper and lower dielectric me-
dia are nyp and npowom, respectively. For a comparative
study, another Z-PCMS structure is shown in Fig. 1(b). It
is to place the Z-shaped PACMs directly on the substrate.
The parameters of the Z-PCMS are the same as those in
Fig. 1(a), but there is no upper media. The finite difference
time domain method (FDTD) is applied to numerical sim-
ulation. The periodic boundary is used in both X- and Y-
directions and a perfect matching layer is used in the Z di-
rection. The silver (Ag) is used as the nanostructure mate-
rial and the optical constants of Ag are taken from the pre-

49 In order to extract the circu-

viously measured values.
lar reflection and transmission and reflection coefficients, the

transmission and reflection coefficients for linear polariza-
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tion lights have been calculated firstly by analyzing the sim-
ulated datum from monitors in the reflection and transmission
spaces.

The reflection coefficients of the two structures for the
X- or Y-polarization light illumination along —Z direction are
calculated as shown in Figs. 1(c)-1(f). For planar anisotropic
chiral media, the reflection matrix is a non-Hermitian matrix
with equal off-diagonal elements, while the CCD is caused by
the difference in magnitudes of the diagonal elements. For the
Z-PCMS (i.e., Mpotrom = 1.0), the conversion parts of the re-
flection coefficients are equal to each other, i.e., Ry =R__,
and the reflection CDgy is originated from the difference be-

(a) planar anisotropic chiral metamaterial
placed on the interface of medium
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tween R, and R__, which is about —0.292 at 578 nm. For
the Z-PCMI, i.e., nwp = 4.0 and npoyom = 1.49, a huge dif-
ference is observed from the non-conversion parts, i.e., R
and R__, especially near the wavelength of 1582 nm. This
huge difference together with the near zero value reflectance
of R4 _ and R_ leads to a large reflection CDg about 0.840,
which is about 3 times larger than that from the Z-PCMS,
while the minimum CDg is about 0.227, resulting in a large
variation range from —0.840 to —0.227. These results indi-
cate that placing the PACMs on the interface of two media
with a large reflection index difference will obviously enhance
the reflection CDg.

(b) planar anisotropic chiral metamaterial
placed on the substrate
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Fig. 1. Simulated reflection intensities of the Z-PCMI and Z-PCMS. (a) Schematic diagram of the Z-PCMI. The structure parameters are set
as wi = 115 nm, wp = 85 nm, L = 125 nm, L, = 105 nm, P, = 235 nm, and P, = 335 nm. The thickness & of the Z-shaped PACMs is 40 nm.
(b) Schematic diagram of the Z-PCMS. (c)—(f) The simulated reflection intensities and CDR of the Z-PCMI and Z-PCMS, respectively.
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Fig. 2. The distribution of the electric field of the (a), (b) Z-PCMI and (c), (d) Z-PCMS at the resonant wavelengths of 1582 nm and

578 nm under the illumination of LCP and RCP.

In order to illustrate the resonance mode of the CDg peak,
the distributions of electric field (E) and electric charge (Q)
of the Z-PCMI and Z-PCMS at the resonant wavelengths of
1582 nm and 578 nm are calculated under the illumination
of LCP and RCP, as shown in Figs. 2 and 3.
in Figs. 2(a)-2(d), for the Z-PCMI, the two inflection points
of the Z-shaped structure will excite strong electromagnetic
modes and appear as hot spots. While for the Z-PCMS, the
electric field is evenly distributed and there are no strong elec-
tric field hot spots. The electric field distribution of the two
structures under the illumination of the LCP and RCP is the
same except that a greater electric field intensity is formed in
the Z-PCMI under the illumination of the RCP as shown in
Figs. 2(a) and 2(b).

As shown in Figs. 3(a)-3(d), for the charge distribution of
the Z-CMI and Z-PCMS, under the illumination of the LCP,
the two structures have the same charge distribution with pos-

As shown

itive charge in the upper left and negative charge in the lower
right. While under the illumination of RCP, the charge distri-
bution of the two structures is more obvious with the negative
charge in the upper right and the positive charge in the lower
left. These results indicate that the Z-PCMI not only changes
the electric field mode, but also shows a clearer charge distri-
bution on the interface.

To better clarify the influence of resonance modes and
structural parameters on CD peaks, we plot the reflection CDgr
and transmission CDr spectra of the Z-PCMI by changing the
refractive index nyp as shown in Fig. 4. The refractive index
of the top medium ny,, increases from 1 to 4, while the re-
fractive index of the lower medium npoom keeps at 1.49. The
reflection CDg and transmission CDr of the Z-PCMI are ob-
tained for the light illuminating along —Z direction and +Z
direction as shown in Figs. 4(a)-4(d). As shown in Fig. 4(a),
when the light illuminates along —Z direction, the resonance
wavelength red-shifts from 687 nm to 1582 nm and the reflec-
tion CDR intensity gradually increases from 0.157 to 0.840
when the refractive index nyp increases from 1 to 4. When the
light illuminates along +Z direction, with the increase of the
refraction index nyp, the reflection CDR peak gradually de-
creases from 0.5 to 0.062 and redshifts as shown in Fig. 5(c).
In contrast, the transmission CDt changes a little with the in-
crease of refractive index nyp, and also redshifts as shown in
Figs. 4(b) and 4(d). These results show that the reflection CDr
intensity of the Z-PCMI is significantly related to the refrac-
tive index difference of the two media, while the transmission
CDr intensity is not sensitive to the change of the refractive

index.
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Fig. 4. The influence of the refractive index n¢,p on CD peaks. (a), (b) The reflection CDR and transmission CDr intensities of the Z-PCMI
for the light illuminating along —Z direction. (c), (d) The reflection CDR and transmission CDr intensities of the Z-PCMI for the light
illuminating along +Z direction.
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Then, the transmission and reflection intensities of the
Z-PCMI are discussed as shown in Fig. 5. For the Z-PCMI,
the conversion parts of the reflection coefficient are equal to
each other, i.e., R._ = R_,, and an obvious difference is ob-
served in the non-conversion parts, i.e., R # R__, as shown
in Figs. 5(a), 5(c), and 5(e). When the refractive index ngop
increases, the normal reflection parts, i.e., Ry and R, _, are
near zero, and the difference between the non-conversion parts
gradually increases, resulting in enhanced reflection CDg.
In the transmission coefficient, the non-conversion parts are
equal to each other, i.e., T = 7__, and the transmission CDt
is originated from the difference between 7, _ and 7. When
the refractive index np increases, the difference between the
conversion parts, i.e., 74— and 7_4, changes a little and the
non-conversion parts are not zero. Therefore, the enhancement
of the reflection CDg comes from the increase in the difference
of the non-conversion components.

The simulation results show that when the linear po-
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larization light illuminates along —Z direction, the interface
impedance and reflection coefficients increase with the in-
crease of refractive index nyp. According to Eq. (3), the dif-
ference between R, and R__ comes from the off-diagonal
elements, i.e., 7y, and ry,, of the linear reflection coefficients.
The dispersion relation of the conversion parts (ry, and ryx)
is calculated by changing the refractive index np, as shown
in Fig. 6. As shown in Figs. 6(a)-6(c), when the linear po-
larization light illuminates along —Z direction, the reflection
coefficients ry, and ry, increase with the increase of refractive
index nyop, resulting in the increased difference of R, and
R__.
the reflection coefficients (ryy, and ry,) caused by the increase

Therefore, the large CDg results from the increase of

of the refractive index nyp. When the linear polarization light
illuminates along +Z direction, the reflection coefficients (ry,
and ry,) decrease with the increase of refractive index nyqp, as
shown in Figs. 6(d)-6(f). The decrease of the reflection coef-
ficient will cause the decrease of CDg.
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Fig. 5. (a), (c), (e) The reflection intensities and (b), (d), (f) transmission intensities of the Z-PCMI. The reflection and transmission

intensities are obtained for the light illuminating along —Z direction.
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Fig. 6. The dispersion relation of the off-diagonal elements (ry, and ry,) of the linear reflection coefficients. (a)-(c) The linear polarization light
illuminates the Z-PCMI along —Z direction. (d)—(f) The linear polarization light illuminates the Z-PCMI along +Z direction.

For a better comparative study, the PCMIs, which are
composed of the Ag-metal-grating structure (i.e., G-PCMI)
and the rH-shaped structure (i.e., rH-PCMI), i.e., planar
isotropic achiral metamaterials and planar isotropic chiral
metamaterials, are shown in Figs. 7(a) and 7(b). The lattice
sizes of the chiral nanostructure array in X- and Y-directions
are P, and P, respectively. For the Ag-metal-grating nanos-
tructure, the width and length are W3 and L3. For the -
shaped structure, the total side length, the arm length and
width are Wy, L4, and Ls. The thickness /4 for both of the Ag-
metal-grating and rH-shaped chiral nanostructures is 40 nm.

The reflection coefficients of the G-PCMI and rH-PCMI
are shown in Figs. 7(c), 7(e), 7(g) and 7(d), 7(f), 7(h), respec-
tively. For the G-PCMI, the conversion, i.e., Ry_ and R_,
and non-conversion parts, i.e., R4 and R__, are equal to each
other. The conversion parts gradually increase and the non-
conversion parts approach to zero. When the refractive index
nop increases, the difference between the conversion parts and
the non-conversion parts also gradually increases, as shown in

Figs. 7(c), 7(e), and 7(g). These results indicate that the reflec-
tion coefficients of planar isotropic achiral metamaterials are
significantly related to the refractive index of the two media.
For the H-PCMI, the non-conversion parts are not observed
in the reflection coefficient, i.e., Ry = R__ =0, and the con-
version parts are also equal to each other, i.e., Ry_ = R__,
indicating that no CD signal is observed in the reflection as
shown in Figs. 7(d), 7(f), and 7(h). However, as the refractive
index ny,p increases, the non-conversion parts are zero and the
conversion parts are equal but decrease. Therefore, when the
planar isotropic chiral metamaterials are placed on the inter-
face of two media, no CD signal is observed. Three types
of structures are discussed here, one is the G-PCMI, one is
the rH-PCMI, and the other is the Z-PCMI, only the Z-PCMI
which is to place the PACMs on the interface of two media
can obtain the chiroptical effect, and the large reflection CDgr
is related to the large refractive index difference of the two
media.
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(a) planar isotropic achiral metamaterial

(b) planar isotropic chiral metamaterial
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Fig. 7. The reflection intensities of the G-PCMI and r-PCMI. (a) Schematic diagram of the G-PCMI, the structure parameters are set
as W3 = 115 nm, L3 = 335 nm, P, = 235 nm, and P, = 335 nm. (b) Schematic diagram of the rH-PCMI, the structure parameters are set
as Wy = 50 nm, Ly = 250 nm, Ls = 125 nm, and P, = P, = 450 nm. The thickness h for both of the Ag-metal-grating and the rH-shaped
structures is 40 nm. The reflection intensities of (¢), (¢), (g) the G-PCMI; and (d), (f) (h) the rH-PCMI. The refractive index nyop i increased

from 1 to 4, while the refractive index npoom keeps at 1.49.

4. Conclusion

In this work, we report a simple method to enhance the
reflection CDg by placing the PACMs on the interface of two
media. In simulations, two types of structures have been inves-
tigated, one is the Z-PCMI that places the Z-shaped PACMs on

the interface of two media, and the other is the Z-PCMS that
places the Z-shaped PACMs directly on the substrate. Simu-
lation results indicate that for the Z-PCMS, only a weakly re-
flection CDg signal is observed no matter what the refractive
index difference of the two media is. While for the Z-PCMI, a
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large chiroptical effect can be observed by changing the refrac-
tive index difference. And the maximum and minimum reflec-
tion CDg from the Z-PCMI can reach about 0.840 and 0.157,
respectively, resulting in a large available range of reflection
CDg from —0.840 to —0.157. Meanwhile, the transmission
CDr remains unchanged when changing the refractive index
difference of the two media. Further research on three types
of structures (i.e., G-PCMI, r'-PCMI, and Z-PCMI) indicates
that the reflection CDg is derived from the difference of the
non-conversion components of the PACMs, and a large reflec-
tion CDg is related to the refractive index difference of the two
media. Our results provide a simple approach to enhance the
chiroptical response and can be used in various fileds, such as
biosensing, circular polarizer, chiral catalysis, and chiral photo
detection.
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