
1088 | Nanoscale Horiz., 2020, 5, 1088--1095 This journal is©The Royal Society of Chemistry 2020

Cite this:Nanoscale Horiz., 2020,

5, 1088

Reconfigurable all-dielectric Fano metasurfaces
for strong full-space intensity modulation of
visible light†

Sun-Je Kim,a Inki Kim,b Sungwook Choi,c Hyojin Yoon,d Changhyun Kim,a

Yohan Lee,a Chulsoo Choi,a Junwoo Son, d Yong Wook Lee,c Junsuk Rho be

and Byoungho Lee *a

Dynamically reconfigurable nanoscale tuning of visible light properties is

one of the ultimate goals both in the academic field of nanophotonics

and the optics industry demanding compact and high-resolution display

devices. Among various efforts incorporating actively reconfigurable

optical materials into metamaterial structures, phase-change materials

have been in the spotlight owing to their optical tunability in wide

spectral regions including the visible spectrum. However, reconfigurable

modulation of visible light intensity has been limited with small

modulation depth, reflective schemes, and a lack of profound theo-

retical background for universal design rules. Here, all-dielectric phase-

change Fanometasurface gratings are demonstrated for strong dynamic

full-space (reflection and transmission) modulation of visible intensities

based on Fano resonances. By judicious periodic couplings between

densely arranged meta-atoms containing VO2, phase-change induced

thermo-optic modulation of full-space intensities is highly enhanced in

the visible spectrum. By providing intuitive design rules, we envision that

the proposed study would contribute to nanophotonics-enabled opto-

electronics technologies for imaging and sensing.

1. Introduction

By the virtue of simple nanofabrication processes and unprece-

dented optical functionalities within an ultracompact volume,

metasurfaces have facilitated the development of a wide range

of flat optical applications including displays and sensors.1–5

Their geometric structures are designed in terms of individual

subwavelength antennas and their periodic coupling to exhibit

the ability of resonant trapping and re-scattering of an incident

beam with a desired vectorial wavefront. Ultrathin and functional

optical-elements have been demonstrated and studied to effec-

tively replace bulky ray optical elements. By modulating the

phase, polarization, and amplitude of reflected or transmitted

beams, it has been possible to focus,6 absorb,7 filter,8 and steer9

light with desired properties. These exciting properties of passive

functional metasurfaces with fixed optical functions have prompted

research on dynamically tunable metasurfaces providing new

opportunities, most notably chipscale beam steering devices

and ultrathin modulators. Actively tunable material platforms

including graphene,10–12 semiconductors,13–15 transparent con-

ducting oxides,16–18 liquid crystals,19 phase-change materials

(PCM),20–31 and mechanical actuators32–34 have been extensively

studied in the last decade. However, due to the extremely short
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New concepts

Among various efforts incorporating actively reconfigurable optical materi-

als into metamaterial structures, particularly nanophotonic devices using

phase-change materials have been in the spotlight owing to their relatively

large optical tunability in wide spectral regions including the visible

spectrum. However, in the visible regime, reconfigurable modulation with

phase-change materials has been limited with small modulation depth,

reflective schemes, and a lack of profound theoretical background for

universal design rules. Here, all-dielectric phase-change Fano metasurface

gratings are proposed and studied to relieve such conventional drawbacks.

We theoretically and experimentally demonstrated strong dynamic full-

space (reflection and transmission) modulation of visible intensities based

on Fano resonances in all-dielectric metasurface gratings. It is verified that

the concept of all-dielectric Fano resonance is highly effective for enhancing

phase-change-induced thermo-optic modulation of full-space intensities in

the visible spectrum. By providing both intuitive design rules and high

performances, we envision that the proposed study would contribute to

nanophotonics-enabled optoelectronics technologies for practical imaging

and sensing applications.
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interaction length for light–matter interactions in resonant

metasurfaces, all of these platforms lack good performances

of practical value. Thus, it is hard to achieve large tunability,

high efficiency, and modulation capability in multiple optical

properties using a single resonant metadevice. In particular,

modulation of visible light waves in free space has been hardly

achieved despite its substantial practical value in miniaturized

display and sensing technologies with extremely high resolution.

Rather than the other materials and platforms mentioned above,

PCMs such as vanadium dioxide (VO2) and chalcogenide com-

pounds show large thermo-optic tunability of the dielectric

functions in the visible and near-infrared regime.20–31 PCM-

based metadevices provide a large design degree of freedom in

the optical regime by virtue of their relatively large tunability of

the dielectric function compared to other material platforms.

Several experimental studies have reported modulation of

optical intensities using PCMs in the optical range. Compared

to the near and mid infrared range, nanophotonic designs of

visible range metadevices based on PCMs are very challenging

since they show relatively small tunability and large absorption

coefficients with low quality factors at visible wavelengths. The

empirical demonstration of large intensity modulation based

on a strong physical background and intuition has been

elusive. Moreover, despite the clear significance and necessity

of extremely miniaturized and integrated flat optics systems,

dynamic and effective full-space modulation of both reflection

and transmission beams has never been studied thoroughly

except for several passive metasurfaces.35,36

In this paper, we propose a holistic study on simple and

effective Fano-resonance methods to tune full-space visible wave

intensities using all-dielectric phase-change metasurface gratings

based on VO2 phase-change. Via theoretical and experimental

studies, we show that judicious combinations of Fano resonance

phenomena in metasurface gratings and the insulator-to-metal

transition (IMT) of a VO2 film exhibit good modulation perfor-

mances in simple structures in the visible range. Here, a frame-

work of optical Fano resonance, one of the general phenomena in

nanophotonic systems, is introduced for systematic and intuitive

understanding.37–44 For rigorous theoretical design and analysis,

zeroth and second-order effective medium theory (EMT), temporal

coupled mode theory (TCMT) and Rayleigh–Wood’s anomaly

(RWA) are introduced in three different types of metasurface

devices. The rest of the paper is as follows. Firstly, the thermo-

optic properties of a VO2 film, VO2 nano-waveguide modes, and

resonators are investigated as a fundamental step of the study.

Then, nanostructured VO2 metafilms and diffractive silicon–VO2

hybrid metagratings are demonstrated with different dynamic

modulation characteristics. Last, concluding remarks are made

with future perspectives.

2. Results and discussion
2.1 Thermo-optic properties of VO2 waveguides and resonators

Ahead of reconfigurable metadevice design, we characterized a

tunable VO2 thin filmmade by conventional pulsed laser deposition

on a sapphire substrate45,46 (see part 1 of the ESI†). The dielectric

function implies that VO2 is a highly absorptive dielectric in the

visible range and it shows a decrease and increase of its refractive

index in heating and cooling processes. Based on such tunable VO2

properties and low loss materials47 (see part 2 of the ESI† for the

optical properties of a-Si:H), the design strategy is focused on

incorporating this thin film into all-dielectric Fano metasurfaces

for simultaneous effective control of reflection, absorption, and

transmission as shown in Fig. 1(a). In general, an optical Fano

resonance with an asymmetric spectral lineshape is constructed by

coherent interference of bright continuum scattering and resonant

dark mode scattering.37,39 Thus, individual VO2-containing

meta-atoms and their periodic coupling effects are considered

rigorously to design tunable and strong Fano interference. As

depicted in the inset figures of Fig. 1(a), nano-resonators with

Mie resonances48 and gap photonic mode resonances (GPMR),49

which confine light mostly in the VO2 and lossless low-index

SiO2 regions, respectively, are considered as unit cell meta-

atoms. The first one inherits the conventional advantages of

Fig. 1 (a) Concepts of full-space modulation by a reconfigurable all-

dielectric Fano metasurface designed using efficient meta-atoms and their

periodic coupling. rd, rid, td, and tid correspond to direct reflection, indirect

reflection, direct transmission, and indirect transmission coefficients,

respectively. (b) Comparison of the calculated waveguide effect in terms

of the effective quality factor in the insulating phase (left y-axis, black lines)

and effective mode index change (right y axis, blue lines). Solid, dashed,

and dotted lines denote a homogeneous VO2 medium, 100 nm-thick VO2

slab waveguide, and hybrid a-Si:H–SiO2–VO2 waveguide, respectively.

The inset field profiles show the normalized Ey field of the guided

TM-polarized modes in the VO2 slab waveguide and the hybrid waveguide

in the insulating phase (wavelength: 600 nm). (c) VO2 phase-change-

induced absorption modulation of the VO2 ridge resonator (width =

100 nm, thickness = 320 nm). The sub-figures denote the normalized

magnetic field intensity at the resonance peaks excited by TM-polarized

normal incidence from the top. The white stream lines in the sub-figures

present the power flow of incident TM illumination around the resonator.

(d) VO2 phase-change-induced absorption modulation of the hybrid

silicon–silicon dioxide–VO2 resonator. The resonator width, a-Si:H thickness,

SiO2 thickness, and VO2 thickness are 200 nm, 50 nm, 10 nm, and 50 nm,

respectively. The subplots show the normalized real part of the Ey field (left)

and magnetic field intensity (right) at the insulating phase resonance (wave-

length: 600 nm) under TM illumination.
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strong magnetic Mie resonances owing to the relatively large

refractive index of VO2 so that light–VO2 interactions are

enhanced easily. On the other hand, a novel GPMR meta-atom

shows more advantages with respect to signal efficiency and

quality factor as the field penetration into an active VO2 region

is lowered compared to the Mie type meta-atom. The GPMR

meta-atom shows interesting field-confining features resembling

gap plasmon resonances50 which exhibit plasmon-assisted utlra-

compact capacitive field confinement. However, as a-Si:H and SiO2

show low absorption loss in the visible regime, GPMR is more

advantageous for modulating both reflection and transmission

beams rather than gap plasmon resonances. Fig. 1(b) shows an

analytical comparison of the effective quality factors and tunability

of the refractive index in a homogeneous VO2 medium, 100 nm-

thick VO2 waveguide, and hybrid a-Si:H (50 nm-thick)–SiO2

(10 nm-thick)–VO2 (50 nm-thick) waveguide at room temperature.

Numerical full-field simulations are conducted using the RF solver

of COMSOL Multiphysics 5.3 and custom-built rigorous coupled

wave analysis. The solid, dashed, and short dashed lines refer to

the homogeneous VO2, VO2 waveguide, and hybrid a-Si:H–SiO2–

VO2 waveguide, respectively. It is clearly shown that the intrinsic

material quality factor, Q = |e1/e2|, of about 3 is too low to make a

strong resonance in the bare film. Here, e1 and e2 are the real and

imaginary parts of the dielectric function, respectively. On the

other hand, the nanostructured waveguides show improved

effective quality factor (Qeff = |e1,eff/e2,eff|) according to their

geometry and wavelength, as described in Fig. 1(b). The effective

guided mode index, neff, is the square root of e1,eff + ie2,eff. By

sacrificing a bit of effective mode index tunability, it is expected

that a more efficient and narrower resonance design could be

achieved based on the waveguide study. In Fig. 1(c) and (d), Mie-

like resonances and GPMR are numerically investigated with

good tunability and enhanced resonance strength compared to

the bare film. The two sub-figures in Fig. 1(c) show two strong

absorption resonances in a 2-dimensional VO2 nanobeam resonator.

The sub-figures in Fig. 1(d) describe the electromagnetic field

properties at the GPMR with enhanced Q-factor compared to the

Mie-like one (Fig. 1(c)). Based on the two distinct resonance proper-

ties, tunable Fano metasurface gratings are demonstrated with

judicious periodic arrangements of the reconfigurable meta-atoms

for modulation of reflection and transmission. A 1-dimensional

grating structure is advantageous to study fundamental physical

principles of reconfigurable Fano resonances and to apply

electrodes for electrical heating without harm to designed

optical functions,14,16–18 rather than 2-dimensionally patterned

metasurfaces.

2.2 Fano-resonant modulation of a VO2 metafilm

We first propose a nanostructured metafilm modulator made of

periodic subwavelength VO2 nanobeams. The metafilm strategy

has been widely studied for various nanoscale optoelectronics

and photonics applications51–54 in terms of Mie resonances and

Fig. 2 (a) Schematic diagram of the nanostructured VO2 metafilm (t = 320 nm and w = 180 nm). The subplot shows a scanning electron micrograph of

the fabricated device (b) Schematic diagram of the two-port Fano-resonance mechanism in the metafilm assisted by effective medium theory. rd, rid, td,

and tid correspond to the direct reflection, indirect reflection, direct transmission, and indirect transmission coefficients, respectively. (c) Design of the

dynamically tunable metafilm. The left 2-dimensional plot shows the absorptance spectra according to varying pitch (p) of the unit cell. The oblique and

horizontal black dashed lines refer to the diffraction phase-matching condition and p = 330 nm condition, respectively. The right figure shows the

reflectance of the approximated metafilm (thickness = 320 nm) effective medium depicted in (b) according to varying refractive index and extinction

coefficient at a wavelength of 650 nm. The white and sky blue coloured lines denote the 1st and 2nd order effective medium theory for TM polarization as

the filling factor of VO2 (fVO2
) varies from 0 to 0.7. The solid and dashed lines exhibit the location of the effective index coordinate in the insulating and

metallic phases of VO2, respectively. (d) Indirect scattering intensity of transmission and reflection. The bright green, blue, and black legends refer to

indirect reflectance, indirect transmittance, and doubly resonant Lorentzian fitting results of indirect reflectance. The sub-figures show the two indirect

resonances via normalized magnetic field intensity profiles. The full-field simulation results of gradually tunable (e) reflectance and (f) transmittance

spectra according to the filling factor (legends) of the metallic phase VO2. The simulations are conducted for the tapered metafilm (inset figure of (e)).

Measurement results of gradually tunable (g) reflectance and (h) transmittance spectra in the heating process. The legends in (e) and (f) denote the filling

factors of metallic VO2, and thus the 0 and 1 values correspond to the insulating and metallic phases, respectively. The legends in (g) and (h) denote

device temperatures in the heating process.
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their periodic coupling effect owing to its simple but extra-

ordinary properties of light trapping and modulation with large

design extensibility. Since VO2 shows significantly tunable dielectric

properties in the visible range, densely arranged subwavelength VO2

nanobeams can be of great advantage to generate strongly recon-

figurable Fano resonances with large absorption. As depicted in

Fig. 2(a), we propose a Fano-resonant phase-change VO2 metafilm

excited by normal illumination with transverse magnetic (TM)

polarization for a dielectric magnetic-like Mie resonance. We fix

the thickness (tVO2
) of the VO2 at 320 nm and the width of each VO2

nanobeam (w) at 180 nm considering fabrication stability of

pulsed laser deposition (VO2 deposition) and focused ion beam

milling (nano-patterning). The inset figure in Fig. 2(a) shows a

well-defined fabricated metafilm cross-section image captured by

scanning electron microscopy assisted by focused ion beam

milling (see the detailed fabrication process in part 3 of the

ESI†). The working principle of the resonant metafilm device

can be described as an effective tunable metafilm with direct

and indirect resonant scattering for two radiation channels

(Fig. 2(b)). The effective metafilm is constructed from a compo-

site of air and VO2 nanobeams. The design and analysis of the

device are conducted based on the 0th and 2nd order EMTs55,56

and TCMT formalism38–42 as follows. As shown in the left

2-dimensional plot of Fig. 2(c), when t and w are fixed, variation

of the unit cell pitch (p) critically affects the optical resonance

spectra as the filling factor (fVO2
= w/p) of VO2 in the metafilm

layer and its effective refractive index (eTM and eTE) change. Such

effective medium analysis of the metafilm can be further

studied via the 0th and 2nd order effective medium theories.

According to the 0th order EMT of such a 2-dimensional

periodic nanobeam structure,55 the effective dielectric functions

for TE and TM polarizations are described as follows.

eTE,0 = fVO2
eVO2

+ (1 � fVO2
)eair, (1)

eTM;0 ¼
fVO2

eVO2

þ
1� fVO2

� �

eair

� ��1

: (2)

However, it is well known that the 2nd order EMT is much

more accurate than the 0th order one when the pitch of the unit

cell is not much smaller than the wavelength, as is the case with

photonic crystals and general metasurfaces exhibiting Fano

resonances.51–56

eTM;2 ¼

eTM;0 1þ
p
2

3

p

l

� �2

fVO2

2
1� fVO2

� �2 eVO2
� eair

� �2
eTE;0

e0

eTM;0

eaireVO2

� �2
( )

:

(3)

As shown in eqn (3), the second order EMT for TM polarization

is determined by adding an additional 2nd order compensation

term proportional to (p/l)2 based on the 0th order formulas in

eqn (1) and (2). We analytically calculated the reflectance

resonance of the effective metafilm at a wavelength of 650 nm

using Airy’s formula for various effective complex refractive

indices of the metafilm. The two distinct 0th and 2nd order

EMT calculation curves in the 2-dimensional reflectance map

show that the 2nd order curves accurately account for the

reflectance at the wavelength of 650 nm both in the insulating

and metallic phases of VO2 in comparison to the full-field simula-

tion results. While the 2nd order EMT is useful to estimate

effective metafilm characteristic more accurately, the 0th order

EMT is highly advantageous to explain the Fano resonance

mechanism. The reflection and transmission beams are generated

by interference between the direct background scattering (bright

mode) and indirect resonant scattering (dark mode) of the

metafilm.37–44 Since the 0th order EMT is based on the assumption

of the deep subwavelength limit and it cannot explain subwave-

length Mie or plasmonic resonances in metamaterials, rd and td
are the reflection and transmission coefficients of the thin meta-

film with dielectric functions of the 0th order EMT. On the other

hand, rid and tid originate from local subwavelength optical

resonances with Lorentzian characteristics. Thus, using temporal

coupled mode theory with the 0th order EMT, two port radiation

(reflection and transmission) of a single Fano resonance mode can

be modelled analytically as follows (part 4 of the ESI†).38–42

rtot ¼ rd þ rid ¼ rd þ
aeir

i o� o0ð Þ þ gtot
; (4)

ttot ¼ td þ tid ¼ td þ
beif

i o� o0ð Þ þ gtot
; (5)

ridj j2¼
a2

o� o0ð Þ2þgtot
2
; tidj j2¼

b2

o� o0ð Þ2þgtot
2
: (6)

rtot, ttot, rd, rid, td, and tid in the above equations are the complex

coefficients of total reflection, total transmission, direct reflection,

indirect reflection, direct transmission, and indirect transmission,

respectively. It is known that direct scatterings rd and td are

analytically calculated as Fabry–Pérot scatterings of reflection

and transmission of a dielectric film with a dielectric function

of the zeroth order EMT in eqn (2). Then, the rid and tid indirect

resonant pathways account for Lorentzian type optical resonance

in the system. Thus, we conducted numerical fitting of indirect

scattering intensities |rid|
2 and |tid|

2 by determining a, b, o0, and

gtot (part 5 of the ESI†). However, the formulation of TCMT does

not perfectly account for the low Q-factor resonance and multi-

resonant case.41 As depicted in Fig. 2(d), dual indirect resonances

are observed in the subwavelength regime. The inset figures of

the magnetic field intensity profiles show two resonances with

large field enhancement inside the VO2 nanobeams. We conducted

numerical fitting in the insulating phase based on an approximated

single resonance formulation near the resonances. By approxi-

mately fitting two different Lorentzian resonances independently

and adding them, the full spectrum of the reflection is fitted. It

is also worth noting that the |tid|
2 spectrum is very similar to

|rid|
2 in terms of the resonance location, which matches well

with the TCMT formulation (see part 5 of the ESI† for detailed

fitting results).

The simulation results considering the fabricated device

with tapering walls in Fig. 2(e) and (f) exhibit gradually tunable

reflection and transmission via the phase change of VO2 similar

to the non-tapered ideal design (part 6 of the ESI†). The gradual
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phase change is analytically approximated as the Maxwell-Garnett

EMT for intermediate phases between the insulating and metallic

phases (part 7 of the ESI†). The measurement results in the

heating process in Fig. 2(g) and (h) also match well with the

simulation results (see part 8 of the ESI† for reconfigurable and

repetitive thermo-optic measurement results). It is remarkable that

a large modulation depth reaching 0.8 in a broad bandwidth is

achieved both in the visible reflection and transmission intensities

(part 8 of the ESI†). Here, the modulation depth (Z) is defined as

Z = |Ii � Im|/max(Ii,Im), which is a positive value between 0 and 1.

Ii and Im denote the signal intensities in the insulating and

metallic phases, respectively.

2.3 Fano-resonant modulation of a VO2 metafilm with a

transparent dielectric coating

In the previous section, it is verified that nano-structuring of

a VO2 thick film as a nanobeam type metafilm is simple and

effective to modulate full-space visible intensities. In this section,

we propose a simple additional method of a transparent optical

coating on the metafilm to improve the Q-factor (spectral band-

width) and to make use of a different Fano-resonance mechanism,

RWA, in addition to coupled Mie resonance. By spin-coating a

transparent optical film (hydrogen silsesquioxane, HSQ, with a

refractive index of 1.41) on the VO2 metafilm device, an additional

sharp Fano resonance is generated and the tunability of the

coupled Mie resonance can be enhanced. Fig. 3(a) shows a

schematic illustration of the transparent dielectric-coated meta-

film device, and the inset figure shows the fabricated device

image captured by a scanning electron micrograph (see the

detailed fabrication process in part 3 of the ESI†). A full-field

simulation is conducted to investigate the effect of the HSQ spin

coating thickness on the absorption resonance spectra (Fig. 3(b)).

Here, Dt is the difference between the HSQ thickness (thsq) and

VO2 thickness (t = 320 nm). As shown in the plots of Fig. 3(b), two

absorption resonances are generated. One is the strong near-unity

absorption resonance with coupled Mie scatterings excited near

the wavelength of the RWA condition of phase-matching as

described in eqn (7).57–61

lRWA ¼
pnsub � sin yi � 1ð Þ

m
; m ¼ �1; 2; 3 . . . : (7)

Here, nsub and yi are the refractive index of the substrate (sapphire)

and the incident illumination angle. In addition another Mie

resonance is generated with relatively weak resonance strength

in the red–near infrared wavelength region. In the case of the

weaker one, EMT is an effective way to analyse the resonance

(Fig. 3(c)). The 2nd order EMT accurately accounts for sub-

wavelength range resonance switching of reflectance compared

to the 0th order EMT. The inset figure of Fig. 3(c) of the HSQ

coated metafilm describes the reflectance calculation scheme

using EMT. The 320 nm-thick metafilm layer made of VO2 nano-

beams and HSQ nanobeams is capped between the 80 nm-thick

Fig. 3 (a) Schematic diagram of the transparent dielectric-covered VO2 metafilm (p = 330 nm, t = 320 nm, and w = 180 nm). The subplot shows a cross-

sectional scanning electron micrograph of the fabricated device. (b) Design of the dynamically tunable metafilm. The 2-dimensional plots show the absorptance

spectra according to varying pitch (p) of the unit cell in the insulating (left) andmetallic (right) phases, respectively. The horizontal black dashed and vertical white

dashed lines refer to the selected HSQ deposition condition (thsq = t + 80 nm) and diffraction phase-matching condition, respectively. (c) Reflectancemap of the

approximated metafilm (thickness = 320 nm) effective medium according to varying refractive index and extinction coefficient at a wavelength of 700 nm. The

white and sky blue coloured lines denote the 1st and 2nd order effective medium theory for TM polarization as the filling factor of VO2 (fVO2
) varies from 0 to 0.7.

The solid and dashed lines exhibit the location of the effective index coordinate in the insulating and metallic phases of VO2, respectively. (d) Indirect scattering

intensity of transmission and reflection. The bright green and blue legends refer to indirect transmittance and indirect reflectance, respectively. The doubly

resonant Lorentzian fitting results of indirect scatterings correspond to the dashed lines. The subplots of (d) show the resonant magnetic field intensity profiles in

the insulating phase at a wavelength of 585 nm (left) and 705 nm (right) normalized equally. Phase-change induced gradually tunable reflectance spectra from

(e) simulations and (f) measurements. The inset figure of (e) describes the simulation unit cell considering tapering walls. Phase-change induced gradually tunable

transmittance spectra from (g) simulations and (h) measurements. The experimental results of (f) reflectance and (h) transmittance spectra are measured in the

heating process. The legends in (e) and (g) denote the filling factors of metallic VO2, and thus the 0 and 1 values correspond to the insulating andmetallic phases,

respectively. The legends in (f) and (h) denote device temperatures in the heating process.
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HSQ coating and half-infinite sapphire substrate, and the effective

dielectric function of the metafilm layer is described by EMT.

As discussed in the previous section, the 0th order EMT explains

direct scatterings while indirect scatterings can be modelled via

Lorentzian resonance. The plots in Fig. 3(d) show dual resonances

of indirect reflection and transmission Lorentzian resonance (see

detailed fitting results in part 9 of the ESI†). The inset figures of the

magnetic field intensity show that two Lorentzian resonances are

excited as coupledMie-like resonances with large field enhancement

and different field profiles. The resonance at higher frequencies

shows higher coupling between neighbouringmeta-atoms, while the

other one shows higher confinement only in the VO2 region rather

than theHSQ region. This abrupt evanescent coupling induced RWA

resonance occurs since the metafilm layer is composed of HSQ

(refractive index of about 1.41) and VO2 so that the index contrast is

lowered and the nearest-neighbour coupling effect of meta-atoms is

increased compared to the air–VO2 composite metafilm.57–61 As the

indirect absorption resonance at higher frequency is well overlapped

with the RWA wavelength in the spectrum, a strong RWA resonance

is formed. Such two different resonances contribute to large tun-

ability in reflectance and transmittance (Fig. 3(e)–(h)). Fig. 3(e) and (f)

show the reflectance tuning results of numerical calculations

and measurements, respectively. Fig. 3(g) and (h) present

the transmittance results of simulations and measurements,

respectively. While the reflectance and transmittance resonances

show blue and red shifts on heating and cooling of the device, the

Mie resonance anti-reflection effect, RWA, and Mie resonances

are tuned with large modulation depths reaching about 0.8 and 1

(see Fig. 3(e)–(h) and part 10 of the ESI†). The difference between

the calculation and the experiment seen in Fig. 3(e) and (f) mainly

originates from the inherent angle sensitivity of the sharp RWA

resonance. It is numerically found that portions of slightly

oblique incidence light due to the highly focusing objective lens

(50�) in the microscopy setup critically suppress the sharp RWA

resonance and induce the blue shifted resonance with a lowered

Q-factor (see the detailed numerical analysis in parts 11 and 12 of

the ESI†).57–61

2.4 Fano-resonant Rayleigh–Wood’s anomaly in a hybrid

metagrating

In this section, we propose a Fano-resonant diffractive meta-

grating for enhanced Q-factor and efficiency. Since it is hard to

make a high Q-factor even with conventional low loss dielectric

metasurfaces and nanoantennas, achieving a high Q-factor with

high signal efficiency and its reconfigurable modulation in

lossy PCM metasurfaces is limited with conventional dielectric

Fig. 4 (a) Schematic diagram of the hybrid metagrating (t = 80 nm and w = 200 nm). The subplots show top-view images of the scanning electron

micrograph (up) and atomic force micrograph (down) of the fabricated device with a pitch of 400 nm. (b) Investigation of the pitch effect on the

dynamically tunable metagrating. The 2-dimensional plots show the insulating phase absorptance (left) and phase-change-induced absolute difference

of absorptance spectra (right) according to the varying pitch of the unit cell. The horizontal black dashed and oblique white dashed lines refer to the

selected pitch condition (p = 400 nm) and diffraction phase-matching condition, respectively. (c) Numerically calculated reflectance spectra in the

insulating and metallic phases (solid lines) with Fano-resonance fitting results (dashed lines) (d) Normalized profiles of the Ey field (left) and magnetic field

intensity (right) at the insulating phase resonance. The white streamlines in the left sub-figure denote the power flow of TM-polarized incident light

toward the resonator. (e) Simulation and (f) measurement results of reflectance. The legends in (e) denote the filling factors of metallic VO2, and thus the

0 and 1 values correspond to the insulating and metallic phases, respectively. The legends in (f) denote the device temperature in the heating process.
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resonances including the Mie resonant VO2 metafilms proposed

in the previous section.

Our idea to relieve these limitations is to combine the less

lossy GPMR meta-atom (Fig. 1(a) and (d)) and RWA resonance

phenomenon at the RWA diffraction condition (p = l/nsub).

Fig. 4(a) describes a schematic diagram of the metagrating

device. The two inset figures of the scanning electron micro-

graph (upper) and atomic force micrograph (lower) of the top-

view image show a fabricated metagrating with a 400 nm pitch

produced by the conventional e-beam lithography technique

using a thin sputtered VO2 thin film (see the details in part 13

and 14 of the ESI†). In a diffractive regime (p o l/nsub), as

discussed in the previous section, the 1st and �1st diffraction

channels are generated and RWA occurs with extraordinary

resonance effects leading to sharp spectral change, which can be

engineered by designing individual unit cell nanostructures.57–61

In this case, to enhance the Q-factor, the low loss GPMR meta-

atom is adopted. It is expected that the phase-change of VO2would

only affect the strength of the sharp resonance peak at the RWA

wavelength (lRWA) but not the location of the resonance wave-

length according to eqn (7). To investigate the principles of the

hybrid metagrating, we calculated absorption spectra according to

varying pitch length in the insulating phase as shown in Fig. 4(b)

(left). With the fixed geometry of the unit cell structure, the pitch is

chosen to be 400 nm for achieving a sharp resonance with large

tunability within the visible regime (black dashed lines in

Fig. 4(b)). With such an abrupt sharp absorption resonance peak,

the reflectance peak is significantly modulated with a narrow and

asymmetric Fano lineshape near resonance (Fig. 4(c)).57–61 The

numerically calculated and measured reflectance spectra in both

VO2 phases are successfully fitted to the conventional Fano

resonance formula (Fig. 4(c) and part 15 of the ESI†),37

R ¼ R0 þ

H
o� o0ð Þ

q
þ g

� �2

o� o0ð Þ2þg2
: (8)

Here, R, R0, H, q, g, o, and o0 refer to the reflectance, baseline

reflectance, resonance strength, asymmetry factor, decay rate,

angular frequency, and resonant angular frequency, respectively.

The electromagnetic field profiles in Fig. 4(d) at the resonance

show that the GPMR phenomenon with large field confinement

occurs and a large amount of absorption is generated at the VO2

region rather than the SiO2 and a-Si:H regions. Gradual full-space

modulation performances with enhanced Q-factor and efficiency

are verified both in simulations (Fig. 4(e)) and measurements

(Fig. 4(f)). Moreover, the transmittance dip can be modulated

significantly near the RWA resonance (part 16 of the ESI†).

Similar to the case in the previous section, the little discrepancy

between the calculations and experiments seen in Fig. 4(e) and (f)

mainly originates from the angle sensitivity of the sharp RWA

resonance. Owing to portions of oblique incidence light due to

the focusing objective lens (10�) in the microscopy setup (part 12

of the ESI†), the Q-factor and resonance location of the RWA

resonance are a little distorted (see the detailed numerical

discussions in part 17 of the ESI†).

3. Conclusions

In conclusion, inspired by Fano resonances with EMT and RWA

in periodic nanophotonic gratings, we demonstrated simple

and effective metasurface devices to dynamically modulate the

visible light intensity in both reflection and transmission beams

for the first time. We proposed and studied three different types

of Fano-resonant grating devices with different modulation

characteristics. By simultaneously achieving high modulation

depths of both reflection and transmission, we expect that the

proposed methods of all dielectric Fano-resonant dynamic light

modulation could be applied for practical use in a wide range of

optoelectronics technologies such as advanced high-resolution

spatial light modulators, structural colours, smart windows,

photodetectors, tunable anti-reflection coatings, tunable smart

windows, thermal light sources, and image sensors that essentially

require strong and efficient visible range operation. Moreover, the

universal intuitive design rules provided in this paper would be also

fruitful to design reconfigurable nanophotonic devices based on

other active material platforms. It seems to be very promising that a

spatial light modulator with the proposed metasurface grating

pixels can be also demonstrated with pixel-by-pixel electro-

thermal control if transparent conductors like indium tin oxide

and graphene are introduced for electrical heating.
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