
1 © 2019 IOP Publishing Ltd Printed in the UK

Introduction

Chirality refers to a structure with geometric property lacking 
any mirror symmetry plane or inversion symmetry. It is a ubiq-
uitous phenomenon in nature ranging from quartz crystals, 
amino acids, to the galaxies in the universe. One par ticular 
property of chiral media is that they show different optical 
response to the circular polarized light (CPL) with different 
spin states and result in chiroptical effects. For example, 
circular dichroism (CD), i.e. the difference in absorption 
between the LCP and RCP light, and optical activity (OA), i.e. 
the polarization rotation of a linearly polarized light as it prop-
agates through chiral media. Chirality is of great significance 
in wide fields such as physics, chemistry, biology and phar-
macy. However, natural chiral media have extremely weak 
chiroptical effects, thus hampering their practical applications. 

Over the past few years, artificially designed chiral materials 
have been proposed to enhance chiroptical effects [1–5]. 
Among them, metasurfaces—2D artificial composite struc-
tures—stand out due to their advantageous features in terms 
of fabrication, cost, and capability in comparison with their 
counterparts (i.e. bulk metamaterials). Metasurfaces could 
provide unprecedented flexibility to manipulate the intensity, 
phase and polarization of light in subwavelength region and 
they have been a promising platform to realize exotic func-
tionality such as super-resolution, negative refractive index, 
optical angular momentum and structural color. In particular, 
by proper design of the metasurface structures, pronounced 
chiroptical effects could be achieved. Extensive works have 
been done to realize each kind of chiral metasurfaces such 
as twisted split rings [6], nanoparticle clusters [7], nano-
rods [8] or helical spirals [9]. They have demonstrated not 
only enhanced CD or OA but also chirality induced negative 
refractive index, asymmetric transmission and superchiral 
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Abstract
We propose and numerically demonstrate a microfluid-enabled spin-selective chiral 
metasurface with tunable circular dichroism. The chiral metasurface consists of periodic array 
of gammadion-like multilayer nanostructures. With the help of microfluidic technology, fine 
tuning of circular dichroism from the chiral metasurface can be achieved. Numerical results 
show that a broad tuning range of 40 nm can be achieved, while the circular dichroism only 
shows a slight decrease. Such a proposed device could be potentially useful for chirality 
detection, polarimetric imaging, and spin-communications.
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electromagnetic fields [10]. Moreover, chiral metasurface-
based functional devices are also proposed including polar-
ization converter [11], beam splitter [12], spin-selective 
absorbers [13] and sensors [14, 15].

In recent years, researchers have witnessed the significant 
progress on the development of chiral metasurfaces. However, 
most reported chiral metasurfaces are still passive, meaning 
that their functions are fixed once they are designed and fab-
ricated. Chiral metasurfaces with tunable or reconfigurable 
capability play an important role in modern photonic systems 
such as holographic imaging, quantum communication and 
bio-sensing. Development of actively controlled chiral metas-
urfaces still remains a grand challenge. Thus far, tremendous 
efforts have been made to achieve tunable chiral metasurfaces 
[16–25]. Despite the significant progress, it is highly desired 
to develop a much easier and flexible approach to achieve tun-
able chiral metasurfaces. Thanks to the rapid development 
of microfluidics in recent years, it is a promising candidate 
to design tunable chiral metasurfaces. Microfluidics means 
the manipulation of fluids in micro-meter level, which have 
already found various applications in multidiscipline areas 
[26, 27]. Microfluidic chips comprise of channel systems, 
liquid reservoirs and actuators such as micropumps and valves, 
are traditionally made from polydimethyl-siloxane (PDMS), 
quartz or silicon. Due to the merits such as high precision and 
easy integration, they have widespread applications in bio-
logical and chemical sensor and reactors. It is known that the 
plasmonic resonance in the metasurfaces is highly sensitive to 
the surrounding environment [28–30]. Microfluidics offer an 
ideal method to precisely control the refractive index of the 
surrounding environment. In combination with chiral meta-
surface, it is possible to achieve fine CD tuning of through 
manipulation of fluids by the microfluidic system.

In this paper, a microfluid-enabled chiral metasurface is 
designed and optimized for strong and tunable CD. We dem-
onstrate that a gammadion-like planar chiral metasurface 
integrated with a microfluidic system could achieve tunable 
CD. The underlying mechanism is to manipulate the refrac-
tive index of surrounding environment of the chiral metasur-
face by controlling the concentration of sucrose in a mixed 
solution, thus leading to tunable chiroptical response of the 
metasurface. Such a proposed device is promising for applica-
tions including chirality detection, polarimetric imaging, and 
spin-communications.

Design and simulation

The physical mechanisms of chiroptical effects result from the 
coupling between the magnetic and electric dipoles in both 
natural and artificial chiral media. In order to achieve extraor-
dinary chiroptical response, the general principle is to obtain 
efficient coupling between the two types of dipoles. The sche-
matic of the proposed microfluid-enabled tunable chiral meta-
surface is illustrated in figure 1(a), which has two inlets and 
one outlet. The proposed chiral metasurface is integrated with 
a microfluidic system. By changing the solution ratio between 
two solvents with different refractive indices, it is convenient 
to adjust the refractive index of the surrounding environment 

(i.e. the mixed solution) of the metasurface. In comparison 
with previous studies, our proposed scheme is much easier in 
integration and configuration. Figures 1(b) and (d) shows the 
detailed design of the proposed chiral metasurface. A sand-
wiched metal–insulator–metal (MIM) structure is designed on 
a quartz substrate. The top patterned gold layer is separated 
from a gold backplane by a dielectric spacer (Al2O3), forming 
a Fabry–Perot-like cavity. The gold backplane is optically 
thick enough to ensure a total block of the transmitted light. 
It is well known that such a cavity could support magnetic 
dipole in the spacer, while the symmetry-broken patterned 
nanostructure in the upper layer could support electric dipoles. 
As a consequence, there could exist strong couplings between 
the electric and magnetic dipoles inside this sandwiched MIM 
structure. The unit cell of the top patterned layer is a gam-
madion-like structure that consists of four-fold rotationally 
symmetric L-shaped gold strips. It is worth noting that our 
proposed chiral structure sits on commonly shared insulating 
and gold layers, which is different from those MIM gamma-
dion and gammadion stereo-structures [31, 32]. The major 
consideration for such a kind of design is the ease of fabrica-
tion. In a single L-shaped strip, the length and the width of the 
shorter and longer arms are l1  ×  w1 and l2  ×  w2, respectively. 
Since the transmitted light is blocked (T  =  0) under the inci-
dence of the left and right circularly polarized (LCP and RCP) 
light, the CD of the chiral metasurface can be simplified as

CD = ALCP − ARCP = RRCP − RLCP, (1)

where ALCP/ARCP and RLCP/RRCP are the absorbance and 
reflectance of the MIM structure upon the LCP and RCP light 
incidence, respectively. In our study, the finite-difference time-
domain (FDTD) method (Lumerical FDTD Solution) was 
used to calculate the reflectance spectra and the field distribu-
tions. Periodic boundaries were applied in x- and y-directions, 
while the perfectly matching layer (PML) boundary condition 
was applied in z-direction. The mesh size was set as 5 nm in 
all directions. The dispersion curves of the SiO2 substrate, the 
Al2O3 insulating layer, and the gold layer were taken from the 
Palik optical handbook [33] to ensure consistency and acc-
uracy. The LCP and RCP light was normally incident onto 
the chiral metasurface to obtain the reflection spectra. We 
can then obtain the absorption spectra for the left and right 
circularly polarized light and the resulting CD spectra from 
equation (1). It is well known that the resonance and chirop-
tical properties of the designed chiral structures are largely 
dependent on their geometric parameters. With this proposed 
design, we then optimized the key parameters of the L-shaped 
strip, i.e. the length (l1 and l2) and the width (w1 and w2) of the 
shorter and longer arms. In our simulation, parameter sweep 
of above geometric parameters were gone through one by one. 
With optimization, we chose the reasonably high CD value 
with the structure of practically implementable fabrication.

Results and discussion

Simulation results indicate that after the optimization, a rela-
tively strong CD can be achieved. Figures 2(a) and (b) shows 
the calculated reflection and CD spectra for LCP and RCP 
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light within the interested wavelength range from 1.0 to  
1.5 μm for the sandwiched MIM structure. We can see a sig-
nificant difference in reflection between LCP and RCP at 
~1.23 μm, indicating strong chirality. At λ  =  1.23 μm, the 
MIM structure has a strong absorption of 0.874 for LCP but 
much weaker absorption for RCP of only 0.304. As a result, 
the resulted CD is ~0.57, which is much larger than the 
reported CD value previously but with much simpler design 
[31, 34, 35]. In addition, compared to previous results [36], 
narrow bandwidth of the CD spectrum is obtained.

The spin-selective absorption arises from the excitation of 
plasmonic resonance modes in the chiral metasurface, which 
is induced by charge oscillation and accumulation on the 
metal–insulator interface. To further understand the physical 

mechanism, we calculated and plotted the induced field and 
charge distributions at the resonant wavelength of 1.23 μm. 
Figure  3 shows the calculated distributions of electric and 
magnetic fields at the interface between the top patterned gold 
structure and the Al2O3 dielectric layer under the LCP and 
RCP incident light, respectively. Figures  3(a)–(c) illustrate 
the electric field, magnetic field, and charge distributions for 
LCP incident light, while figures 3(d)–(f) illustrate the corre-
sponding ones for RCP incident light. For the sake of better 
comparison, the color scale bars are set to be same for the 
same type mappings. We can see clearly from figure 3 that the 
LCP incidence induces much stronger electric and magnetic 
fields than the RCP incidence at the resonance wavelength. We 
can also observe that the induced electric fields localize at the 

Figure 1. Schematic of the chiral metasurface integrated with a microfluid system (a). The designed gammadion-like chiral metasurface 
(b) with the decomposed structures and detailed geometric parameters (c) and (d), p   =  0.75 μm, t1  =  0.1 μm, t2  =  0.61 μm, t3  =  0.03 μm, 
l1  =  0.2 μm, l2  =  1.02 μm, w1  =  0.58 μm, w2  =  0. 19 μm.

Figure 2. Simulated reflectance for the LCP and RCP light incidence, respectively, (a) and CD spectrum (b) of the proposed gammadion-
like chiral metasurface.
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edges and corners of the gammadion-like structure, while the 
induced magnetic fields exist inside the structures. The charge 
distributions under the LCP and RCP light excitation show 
that the charge accumulation mainly occurs at the nanostruc-
ture’s edges and corners, confirming that the observed optical 
response results mainly from the plasmonic resonances. The 
induced field and charge distributions manifest that the plas-
monic resonance modes are highly dependent on the CPL spin 
state. The CPL absorption is mainly attributed to the ohmic 
dissipation of the induced current, which leads to the drasti-
cally different absorption and hence a large CD.

The integration of chiral metasurface and microfluidics pro-
vides great advantage to tune the chiroptical properties precisely 

via manipulation of fluids by the microfluidic system. As shown 
in figure  1(a), we chose the sucrose solution and pure water 
as the respective supplying solution for each inlet. When they 
meet together and then mix well inside the microfluidic channel 
before the mixed solution reaches the cavity where the metas-
urface chip resides. By changing the volume ratio of injected 
pure water and sucrose solution, the sucrose concentration of 
the mixed solution can be precisely adjusted. The mixed solu-
tion can have a refractive index ranging from 1.33 to 1.45 as 
the sucrose concentration increases from 0% to 72% [37]. We 
can then use the achieved refractive index to tune the chirop-
tical properties of the metasurface. Figure 4(a) shows the CD 
spectrum as a function of the refractive index. We can see from 

Figure 3. The electric field ((a) and (d)), magnetic field ((b) and (e)), and charge ((c) and (f)) distributions under the LCP (a)–(c) and RCP 
(d)–(f) light incidence at the resonant wavelength of 1.23 μm.

Figure 4. (a) The CD spectrum as a function of the refractive index of the mixed solution, and (b) the relationship between the CD peak 
and the refractive index.
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figure 4(a) that the CD peak demonstrates larger redshift as the 
refractive index increases. With the refractive index changes 
from 1.33 to 1.45, the tuning range of the CD peak is about 
40 nm from 1.34 to 1.38 μm. More importantly, figure  4(b) 
plots the relationship between the CD peak and refractive 
index of the mixed solution, which shows an excellent linear 
response. The linear relationship between resonant wavelength 
and the refractive index can be well fitted as λ = 0.31n + 0.926 
with a detecting sensitivity of 333 nm/RIU, indicating that our 
proposed system could be further utilized to quantitatively cal-
culate the concentration of the detection analyte. As known, 
the tuning range of the CD peak is mainly determined by the 
change of the refractive index of the surrounding medium. 
The tuning range (~40 nm) of the CD peak based on the mixed 
microfluids is quite significant compared to other active media 
like liquid crystals [23, 24]. Though even larger tuning range 
could be achieved using the phase change materials, it requires 
much more expensive technique to prepare their deposition 
and/or patterning. Therefore, our proposed tuning approach is 
still very competitive in providing much easier preparation and 
control with the widely applied microfluidic technology.

Conclusion

In summary, we have numerically demonstrated a micro-
fluid-enabled chiral metasurface with linearly tunable CD. 
The chiral metasurface consisted of a MIM structure on the 
quartz substrates with the top, middle and bottom layers being 
a periodical gammadion-like gold structure, an insulating 
Al2O3 spacer, and a backplane gold, respectively. The FDTD 
simulation results showed that one spin state of specific circu-
larly polarized light can be efficiently absorbed by the meta-
surface, and the magnitude of the CD can reach ~60%. As 
a proof-of-concept, with the help of microfluidic technology, 
fine CD tuning from the chiral metasurface can be achieved. 
Numerical results show that a broadband tuning range from 
1.34 to 1.38 μm can be achieved, while the magnitude of the 
CD only shows a slight decrease. Such a proposed device 
could be potentially useful for chirality detection, polarimetric 
imaging, and spin-communications.
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