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Metasurfaces built of high refractive dielectric nanostructures could play a key role in controlling

the electromagnetic wave propagation, due to their low energy losses and their ability to excite

not only electric but also magnetic resonances. In this study, we theoretically and experimentally

demonstrate that an array of high-index dielectric nanodimers can perform as tuneable metasurfa-

ces that can be switched from a high transmitter to a high reflector, by just changing the linear

polarization of excitation. The incident polarization alters the hybridization mode of the excited

electric and magnetic dipoles in the dimer, and this leads to either spectral overlap or separation

of the two dipoles. The hybridization of the electric and magnetic modes modifies the effective

permittivity and permeability of the tuneable dielectric metasurface, exhibiting the high transmis-

sion and reflection that can be easily switched by simply changing the linear polarization.

Published by AIP Publishing. https://doi.org/10.1063/1.5018783

Metasurfaces are flat, ultrathin optical components artifi-

cially consisting of arrays of subwavelength optical nanoan-

tennas.1–6 The optical effects that metasurfaces show can be

mainly determined by the resonant properties of the constitut-

ing nanostructures. Plasmonic nanoantennas made of noble

metals have been commonly employed as nanoresonators

forming the unit cells of metasurfaces, due to their ability to

confine and control the light even below the diffraction

limit.7,8 However, ohmic losses and consequently undesirable

heat are inevitable when using plasmonic nanoparticles espe-

cially in the visible and near infrared (NIR) regime. This has

hampered plasmonic metasurfaces from being applied in real

applications.9

Recently, metasurfaces built of high refractive index

dielectric nanoantennas have emerged as alternatives for flat

optical components.10–16 Nanoparticles made of high-index

dielectrics, such as Si, GaAs, and GaP, can exhibit strong

scattering and near field enhancement by exciting Mie reso-

nances without substantial energy losses.17–22 Moreover,

magnetic resonances can be easily excited in dielectric nano-

antennas together with the electric ones.18,19,23 These features

of high-index dielectric nanoparticles enable metasurfaces to

offer unique optical effects. One example is the high resonant

transmission efficiency from a metasurface using low aspect-

ratio dielectric nanoantennas as Huygens’ sources, showing a

spectral overlap between the electric and magnetic dipolar

resonances.24–27 On the other hand, perfect flat reflectors

have also been reported using metasurfaces built of high

aspect-ratio dielectric resonators, by achieving the spectral

separation of the two resonances.28–31

However, the tuneable control over the switching of high

transmission/reflection has been barely explored.32,33 Very

recently, a circular dichroism waveplate was proposed using a

Si-based all-dielectric chiral metasurface, showing high trans-

mittance or reflectance depending on the circular polariza-

tion.34 The switching from transmissive to reflective properties

by incident linear polarization was reported using metallic

metamaterials; however, the efficiency is still low in the visible

and NIR regime because of ohmic losses of metals.35

In this letter, we theoretically and experimentally demon-

strate how high-index dielectric metasurfaces when conve-

niently designed can act as a switch from high transmission to

high reflection by simply changing the linear polarization state

of light in the NIR region. These metasurfaces are composed

of an array of Si dimeric nanoparticles, in which the excited

electric and magnetic dipoles are coupled and form hybridized

modes.36–38 The energy level of the hybridized modes can be

controlled by the incident polarization, allowing these meta-

surfaces to have anisotropic optical responses. The working

principle is theoretically explored with numerical simulations

using an array of Si spherical nanodimers in air. For the exper-

imental demonstration, we measure the transmission and

reflection of an array of Si disk nanodimers that are fabricated

by electron beam lithography on a sapphire substrate. These

ultrathin metasurfaces can work either as transmitters or as

reflectors by simply controlling the linear polarization of the

incident light, showing that they could be one of the key com-

ponents for tuneable optical flat devices.

First, we explore the required conditions to achieve either

high transmission or high reflection from the metasurface
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built of arrays of nanoresonators. For simplicity, we consider

the transmission (T) and reflection (R) of a plane wave illumi-

nating at normal incidence the interface between air and a

semi-infinite medium, which are defined as follows:

R ¼ Z0 � 1ð Þ2 þ Z002

Z0 þ 1ð Þ2 þ Z002
; (1)

T ¼ 1� R ¼ 4Z0

Z0 þ 1ð Þ2 þ Z002
; (2)

where Z¼Z0 þ iZ00 is the complex impedance of the metasur-

face calculated by Z¼
ffiffiffiffiffiffiffi
l=e

p
, in which e (¼ e0 þ ie00) is the

complex permittivity and l (¼l0 þ il00) is the complex

permeability.

First, the near unity transmission, which requires R¼ 0,

can be achieved when Z0 ¼ 1 and Z00 ¼ 0. Simple arithmetic

manipulation gives the requirements of e and l

e0 ¼ l0; (3)

e00 ¼ l00 ¼ 0: (4)

These two conditions can be satisfied in a high-index dielec-

tric metasurface using the electric and magnetic resonances

of its constituent nanoantennas, by tuning them so that they

show a perfect spectral overlap.25 The effective permittivity

and permeability of a metasurface can be equal when the

Mie coefficients a1 and b1 of component nanoantennas are

equal.39 This can be fulfilled in high-index dielectric nanoan-

tennas by analogy with the first Kerker condition, which pro-

vides unidirectional forward scattering when a1¼ b1. The

first Kerker condition has been demonstrated using high-

index dielectric nanoantennas recently.40–42 Furthermore, the

electric and magnetic resonances can be achieved with small

absorption by using high-index dielectric nanoantennas,

leading to the satisfaction of Eq. (4).29 In fact, the near unity

transmission with full 2p phase control has been demon-

strated using metasurfaces made of dielectric nanodisks with

a low aspect ratio.13,25–27

Second, the near unity reflection, which is R¼ 1, is

explored. In this case, the required condition is that Z0 ¼ 0 in

Eq. (2) or in terms of e and l that

e0

l0
< 0; (5)

e00l0 � e0l00 ¼ 0: (6)

High-index dielectric metasurfaces again can fulfill these

two conditions. When the electric and magnetic dipolar reso-

nances of the high-index dielectric nanoantennas forming the

metasurfaces are separated sufficiently, dispersion-like reso-

nances occur in the real part of effective permittivity and

permeability at different wavelengths. This provides a cer-

tain wavelength range where either e0 or l0 can be negative,

satisfying Eq. (5).28–30,43,44 Although Eq. (6) looks more

restrictive, low loss dielectric metasurfaces have near zero e00

or l00, thus allowing its fulfilment. In fact, perfect reflection

has already been theoretically and experimentally demon-

strated using dielectric metasurfaces designed with high

aspect ratio dielectric nanoantennas.29,30

To attain a switch between high transmission and reflec-

tion of dielectric metasurfaces without changing their geome-

tries, we propose the use of mode hybridization in arrays of

high-index dielectric dimers. Similar to the well-known inter-

actions of the electric dipoles of plasmonic nanoparticles,45–47

electric and magnetic resonances excited in the dielectric nano-

particles can also show interaction between the resonances,

and hence, mode hybridizations can occur. Here, only hybridi-

zation modes of electric—electric and magnetic—magnetic

dipole interactions are considered. The higher-order modes,

such as quadrupolar excitations, in general, concentrate the

electric field enhancement inside the particles, leading to less

strong interactions.36 Also, heterogeneous electric—magnetic

dipole interactions can be present in dimers of high-index

dielectric nanoparticles; however, the contribution of this cou-

pling is much smaller than the homogeneous electric—electric

or magnetic—magnetic coupling, and it can be neglected, as

previously reported.36,38

Figures 1(a) and 1(b) show the schematic images of the

electric and magnetic dipoles excited in a high-index dielec-

tric dimer under the illumination of light polarized along

(TM polarization) and perpendicular to (TE polarization) the

dimer axis.38 The TM polarized incidence excites electric

dipoles along the dimer axis, inducing the bonding electric–

electric dipole interaction, similar to the plasmonic dimer

case.45 This interaction can lower the energy of the excited

electric dipoles, resulting in a redshift of the resonant wave-

length of the electric mode, as shown in Fig. 1(c). At the

same time, the magnetic dipoles are excited in each particle

FIG. 1. Polarization dependent dipole excitation and hybridization of the Si

dimer illuminated by [(a), (c), and (e)] TM polarization and [(b), (d), and (f)]

TE polarization. (a) and (b) Schematic images of excited electric and mag-

netic dipoles. (c) and (d) Mode hybridization of the Si dimer. (e) and (f)

Extinction efficiency spectra.
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but perpendicular to the dimer axis. The repulsive force

between the poles in the particles increases the energy level

of the magnetic mode, leading to a blue-shift of the resonant

wavelength.

On the other hand, the other polarization (TE) results in

an opposite effect, both on the spectral shift and on the

energy diagram of the dielectric dimer system. As shown in

Fig. 1(b), the magnetic dipoles are excited along the dimer

axis and form the bonding modes to red shift its energy level

by the TE polarized light [Fig. 1(d)]. The electric modes, in

contrast, are blue-shifted by the coupling of the electric

dipoles excited perpendicular to the dimer axis. Thus, the

optical response and hybridization of modes in a high-index

dielectric dimer can be controlled by changing the linear

polarization state of the incident light.

To confirm the polarization dependent mode hybridiza-

tions described before, we numerically investigate isolated

dimers of spherical Si nanoparticles in air. After optimiza-

tion, we choose a sphere diameter of 300 nm and a gap dis-

tance of 10 nm to be the unit cell of the metasurface. Figures

1(e) and 1(f) show a comparison of the calculated extinction

spectra of the Si spherical dimer and the one of the just iso-

lated Si nanospheres that form the dimer. These spectra are

numerically calculated by the finite-difference time-domain

(FDTD) method under excitation with linearly polarized nor-

mal incidence. The isolated spherical nanoparticle showed

the electric and magnetic dipolar resonances at k¼ 860 nm

and k¼ 1110 nm, respectively. When the Si dimer was

excited by the TM polarized light, the resonances of electric

and magnetic dipoles were red-shifted and blue-shifted,

respectively. As a result, the two resonances approached each

other and showed a spectral overlap around k¼ 1000 nm. The

TE polarized light, on the other hand, blue-shifted and red-

shifted the electric and magnetic dipolar resonances, respec-

tively, causing the large spectral separation between the two

resonant wavelengths. These results agreed well with the

model of mode hybridization, which presents the energy shift

depending on the incident polarization.38 Thus, the illumina-

tion of TM and TE polarized incident light can give rise to

the spectrum overlap and separation in the extinction spec-

trum of the Si nanodimer, respectively.

As discussed above by using Eqs. (1)–(6), high transmis-

sion and reflection of the metasurfaces can be achieved by

simple manipulation of their effective permittivity and

permeability,39,43,44 which can be tuned by the electric and

magnetic resonances of the constituent dielectric nano-

particles.25,28 An array of high-index dielectric dimers show-

ing the pursued spectral overlap or separation between the

electric and magnetic dipolar resonances depending on the

incident polarization could work as a metasurface which can

switch the high transmission and reflection simply by chang-

ing the linear polarization of the incident light.

We numerically simulated the array of the Si spherical

dimers using the FDTD method with an incident plane wave

normal to the dimer array [Fig. 2(a)]. Figure 2(b) shows the

transmission and reflection of the dimer array having the

dimensions described above (diameter of 300 nm and separa-

tion distance of 10 nm). The periodicities of the array along

(x) and perpendicular (y) to the dimer axis were set to

790 nm and 480 nm, respectively. The light illumination of

TM polarization evoked a high transmission of 96.5% at

k¼ 975 nm. However, when the dimer array was excited by

the TE polarized light, the transmission peak disappeared and

the reflection remained as high as R¼ 86% at k¼ 975 nm.

The switching wavelength between high transmission and

reflection by the incident polarization agreed well with the

wavelength where the spectral overlap and separation were

observed in the extinction spectrum of the Si spherical dimer

unit [Figs. 1(e) and 1(f)]. Thus, the high transmission to

reflection switching was theoretically demonstrated using the

linear polarization tuning of the electric and magnetic hybrid-

izations in a high-index dielectric dimer. Compared to a con-

ventional linear polarizer, such as a wire grid polarizer, one

of the advantages that we can obtain from the metasurface of

dielectric dimers is the selectivity in wavelength. The trans-

mission at TE-polarization exhibited a clear narrow peak,

showing potential to be applied for sensing applications.

Moreover, the resonant wavelengths are scalable simply by

changing the dimensions of the unit nanodisk. Note that the

reflection observed from the array of Si spherical dimers

under the excitation of TE polarized light was a bit lower

than the reflection obtained using Si cylindrical nanoparticles

with a high aspect ratio.29 This might be because the spectral

separation of the electric and magnetic modes in the Si dimer

in the case of TE-polarization was too large to achieve the

high reflection. The center wavelength of the large spectral

separation is far from both of the resonances, and hence, the

absolute values of effective permittivity and permeability are

small, leading to the small imaginary part of the refractive

index and allowing the evanescent tunneling to occur. This

can cause the reduction in the reflection value of the

metasurface.28,29

To experimentally demonstrate the switch between high

transmission and reflection of a high-index dielectric metasur-

face, we fabricated an array of Si disk nanodimers on a sap-

phire substrate using electron beam lithography and reactive

ion etching. Positive tone resist, PMMA [poly(methyl meth-

acrylate)], was spin-coated onto a Si-on-sapphire substrate

and baked at 180 �C for 5 min. The substrate was exposed

with an electron beam followed by a development procedure

in a MIBK (methyl isobutyl ketone):IPA (isopropanol)¼ 1:3

solvent. The nanostructured PMMA was covered with a

40 nm Cr layer deposited by thermal evaporation and then

removed by a lift-off process in acetone. The remaining Cr

mask pattern was transferred to the Si layer via reactive ion

FIG. 2. (a) Schematic image of the Si dimer array in air illuminated by the

linearly polarized incident light. (b) Transmission (red lines) and reflection

(blue lines) spectra of the Si dimer array under the illumination of TM (solid

lines) and TE (broken lines) polarization.
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etching and subsequently removed with commercial etchant,

providing the final sample. The SEM images of the fabricated

sample are shown in Figs. 3(a) and 3(b), showing the dimers

of the Si nanodisk of 652 nm diameter and 314 nm height.

The aspect ratio of the Si nanodisk was lower than 1 so that

the electric and magnetic dipoles are excited at closer wave-

lengths under the illumination of the TM polarized incidence,

and the large spectral separation, which reduces the reflection

of the metasurface, can be circumvented under the illumina-

tion of TE polarized incidence. The periodicities of the array

were set to 1544 nm and 852 nm along and perpendicular to

the dimer axis, respectively. These periodicities would meet

the requirement of nanoresonator density, which needs to be

high enough to avoid the strong diffraction effect. As shown

in the SEM images, the array of identical Si dimers was fabri-

cated uniformly throughout the metasurface.

We investigated the transmission and reflection of the

fabricated Si dimer metasurface [Fig. 3(c)] using the FDTD

method and FTIR spectroscopic technique. An FTIR micro-

scope (Bruker Infinion) with 35�Cassegrain objectives was

used to collect the transmission and reflection signals from

the dielectric metasurfaces. The objective has a weighted-

average incident angle of approximately 25�. An aperture

was used for all samples to limit the collection area to

50� 50 lm2 so that dielectric metasurfaces fabricated by the

EBL and RIE techniques can be observed. The transmission

and reflection signals from the samples were normalized by

the transmission in air and the reflection from an Au mirror

under the same settings, respectively. The transmission and

reflection spectra are shown in Figs. 3(d)–3(e). In the FDTD

simulation results, the metasurface exhibited the switch

from the transmission of 99% to the reflection of 95% at

k¼ 1688 nm by changing the polarization from the TM

to TE state. The experimental spectra also showed high

transmission (T¼ 86%) and high reflection (R¼ 77%) at

k¼ 1718 nm depending on the incident polarization. These

results theoretically and experimentally confirmed that the

metasurface built of the dielectric nanodimers can switch

from high transmission to high reflection by changing the

linear polarization state of the incident light. The small dis-

agreements between the numerical simulations and experi-

ments might be attributed to the imperfection of the sample

fabrication and also to the experimental measurement condi-

tions which were different from the ideal simulation. We

used Cassegrain objectives in the experiment to observe

transmission and reflection of the dielectric metasurfaces in

the NIR region, and therefore, the transmitted or reflected

light normal to the substrate cannot be observed. This might

cause the small disagreement with the simulation in the

obtained optical responses. However, the experimental setup

can still monitor a substantial amount of transmitted and

reflected light and, hence, it does not change our conclusion.

A very recent study revealed that arrays of large gold nano-

disks with a rectangle lattice structure can tune polarization-

dependent plasmonic lattice modes, which is in principle

based on the diffraction of light.48 However, additional simu-

lations of the array of dielectric dimers, which are not shown

in this manuscript due to the lack of space, confirmed that

the polarization switching in this study comes from the mode

hybridizations of the excited electric and magnetic dipoles,

rather than from the light diffraction.

In conclusion, we theoretically and experimentally dem-

onstrated that metasurfaces built of arrays of high-index

dielectric dimers can switch the optical response from high

transmission to high reflection simply by changing the polar-

ization of the incident light. Incident polarization can tune

the hybridization modes of the excited electric and magnetic

dipoles in the dielectric dimer. Numerical simulations of an

array of Si spherical nanodimers revealed that the different

mode hybridizations lead to the spectral overlap or separa-

tion between the electric and magnetic dipoles, depending on

the incident polarization. These spectral features resulted in

the linear polarization switching between high transmission

and high reflection of the dielectric dimer metasurface. The

switch between high transmission and reflection was experi-

mentally confirmed using a Si disk nanodimer array fabri-

cated on a sapphire substrate and an FTIR measurement

setup. The tuneable control of the optical response of meta-

surfaces demonstrated in this letter could boost the develop-

ment of a highly functional surface for flat optics.
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