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Abstract

The extensive progress in nanofabrication techniques enabled innovative methods 
for molding light at the nanoscale. Subwavelength structured optical elements and, 
in general, metasurfaces and metamaterials achieved promising results in several 
research areas, such as holography, microscopy, sensing and nonlinear optics. Still, a 
demanding challenge is represented by the development of innovative devices with 
reconfigurable optical properties. Here, we review recent achievements in the field of 
tunable metasurface. After a brief general introduction about metasurfaces, we will 
discuss two different mechanisms to implement tunable properties of optical elements 
at the nanoscale. In particular, we will first focus on phase-transition materials, such 
as vanadium dioxide, to tune and control the resonances of dipole nanoantennas 
in the near-infrared region. Finally, we will present a platform based on an AlGaAs 
metasurface embedded in a liquid crystal matrix that allows the modulation of the 
generated second harmonic signal.

Keywords: tunability, metasurface, sensor, nonlinearity, dielectric

1. Introduction

Ultra-flat optical devices allow to manipulate and control propagating light by 
governing its phase, amplitude, and polarization states [1, 2]. Such properties, when 
optimized, can be employed to perform optical operations, such as beam steering and 
wavefront shaping.

This can find application in several fields such as microscopy, holography, imag-
ing, communication, and sensing [3–6]. In traditional bulk optics, the signal modifi-
cations are obtained through refraction, reflection, absorption or diffraction of light 
[7–9]. The working principle is based on the wave propagation through various media 
with different refractive indices, which are optimized to obtain a well-defined optical 
path for specific operating wavelengths.

This mechanism was already known to ancient populations who used, for example, 
primitive lenses to focus the sunlight in tiny spots in order to ignite a fire. From then 
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on, several studies have led to an efficient optical control in several devices based on 
reflection and refraction, such as lenses, waveplates, and optical modulators [10–12]. 
Although a lot of them are still present in many commercial and technical products, 
their bulk nature is the main limiting factor for their integration and miniaturization 
in modern optical systems. In this context, a solution is offered by metasurfaces, which 
are artificial media composed by ensembles of subwavelength resonators (typically 
referred to as meta-atoms) that gained increasing attention in the last years [13–19]. 
Depending on the material composition, one can distinguish between metallic (or 
plasmonic) and dielectric metasurfaces. Both plasmonic and dielectric metasurfaces 
are based on the coupling between the meta-atoms to the incident electromagnetic 
wave. By properly designing the meta-atom shape, dimension and distribution, it is 
possible to implement functionalities that, in a much smaller volume, equal and even 
outmatch those offered by traditional bulky components, thus leading to a dramatic 
reduction of the footprint of the final photonic devices [20].

More specifically, devices such as metalenses, gradient phase shifters, vortex gen-
eration and hologram devices have been proposed and realized [21–26]. More recently, 
the focus shifted to the realization of dynamically reconfigurable metasurface [27, 28]. 
Differently from static metasurfaces, whose performances are defined and fixed by 
geometric constrains, in tunable metasurfaces the electromagnetic behavior can be 
modulated in response to an external stimulus, such as an electrical or optical signal. 
Several implementations have been proposed including ones exploiting thermal diffu-
sion processes, optical tuning via nonlinear effects, and electron-induced phenomena 
[29–34]. A complete survey of these recent results is reported in [35].

Here, we review recent progresses for obtaining tunable functionalities in 
metasurfaces by concentrating on the material chosen as the constituent of the 
nanoresonators or surrounding them. The chapter is organized as follows: in Section 
2 we introduce the concept of Phase-Change Materials (PCM). The PCM tuning 
mechanism relies on the modification of the refractive index across the phase transi-
tion. In particular, we will focus on vanadium dioxide, VO2, and its transition from a 
dielectric to a metallic phase. We will demonstrate the tuning of the optical response 
of a plasmonic nano-resonator in the linear regime. Further, Section 3 is devoted 
to the reconfigurable mechanism in the nonlinear regime. More specifically, we 
report the tunable control of the Second Harmonic (SH) generated by an Aluminum 
Gallium Arsenide (AlGaAs) metasurface embedded in a liquid crystal matrix. Finally, 
in Section 4, we provide final remarks and an outlook on possible research directions.

2. Phase change material coupled with a plasmonic nanoantenna

In this section we report recent results concerning the use of the insulator-to-
metal transition in a PCM to dynamically control the optical behavior of a nano-
resonator [36, 37]. Let us underline that, in this paragraph, we will concentrate on a 
single nano-antennas. However, the reported results are fundamental for approaching 
the metasurface devices. In particular, we focus on VO2 which is an extremely promis-
ing PCM for applications, since its insulator–metal phase transition occurs slightly 
above room temperature (at about 67°C) and can be induced thermally, electrically or 
optically [38, 39]. In [40] the authors perform electrical tuning of a plasmonic meta-
surface based on bow-tie antennas having the gap filled with VO2 showing remarkable 
performances, however they do not provide general guidelines for the design of PCMs 
based resonators. To do so, in the following, we consider a plasmonic configuration: a 
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single gold structure made of two arms with a square 50 × 50 nm2 transverse section 
separated by a gap filled with VO2, as shown in Figure 1(a) [41]. Let us highlight that 
the analysis with numerical simulations performed in Comsol Multiphysics v5.5—
https://www.comsol.com— is useful to highlight some general considerations for the 
usage of PCMs in tunable optical systems which can be easily extended to other PCMs 
such as GeSbTe [42]. The proposed structure is placed in a homogenous surrounding 
material with refractive index equal to 1 (air). In the simulations, the gold nanoan-
tenna is excited by a linearly polarized plane wave with electric field oriented along 
the long axis of the device, see Figure 1. We report – Figure 1(b) – the extinction 
efficiency for diverse arm length values above (dashed curves) and below (continuous 
curves) the critical transition temperature. For completeness, the case of air-filled 
gap is plotted in the figure with dotted curves. In the numerical investigation, we 
use the equilibrium optical constant at T = 30°C and T = 85°C for the insulating and 
metallic states, respectively. Few main aspects can be underlined by carefully observ-
ing the reported results.

Indeed, the optical properties are governed by the geometry of the structure. 
Firstly, when the arms lengths are increased, the resonances red-shift due to retarda-
tion effects, and broaden due to the increasing absorption of gold for wavelengths 
longer than 700 nm. Secondly, there is an evident arm length dependence of the shift 
between the resonances observed when the VO2 inclusion is in either the metallic 
or the insulating phase. Therefore, the arm length represents a crucial parameter in 
these reconfigurable nanodevices. More specifically, the shift is smaller for shorter 
arm lengths. Moreover, the gap size can also affect the optical behavior. To investigate 
this dependence, in Figure 2(a, b) we report the extinction efficiency as a function of 
wavelength and gap size for the insulating and metallic phase, respectively. In these 
simulations the arms lengths are fixed to 200 nm. Regarding the insulating phase, we 
can notice a blue-shift of the resonant peak when the gap size is increased. This can be 

Figure 1. 
(a) Sketch of the designed structure made by two gold arms with a gap filled with VO2. (b) Extinction efficiency 
as a function of wavelength for different arm lengths. The continuous lines are associated with the PCM insulating 
phase; the dashed lines with the PCM metallic phase while the dotted lines correspond to the case where the gap 
is filled with air. The gap is fixed to 50 nm while the length L of the gold antenna is equal to 100 nm (red curves) 
and 200 nm (black curves), respectively.
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understood by considering that, when the gap size is large enough, the two arms act 
as independent antennas. On the contrary, in the metallic state, a red shift of the less 
intense resonant peak as a function of the gap size can be seen. Intuitively, this can 
be explained by the fact that, when VO2 is in the metallic phase, the entire device can 
be seen as a single antenna with increased length. To summarize all these results, we 
define the Switching Parameters, SP, as:

 σ σ−=SP ins met

ext ext
 (1)

where σ ins
ext  and σ met

ext  represent the extinction efficiency for the VO2 insulating or 

metallic phase, respectively. A plot of SP as a function of gap size and wavelength is 
reported in Figure 2(c). The highest SP value is reached for small gaps, which better 
confine the electromagnetic field. Figure 2(d) elucidates the electric field distribu-
tion in the insulating phase for two different gap size values: 20 and 50 nm. One can 
clearly see that the electric field inside the gap is more uniform for the smaller value.

The SP can be evaluated also in the case of an asymmetric gap position. Figure 3 
shows the results obtained for this situation. The numerical predictions reveal that 
the maximum SP is achieved in the symmetric configuration, i.e., when the two 
arms are equal. Notably, the SP is not dramatically affected by small variations of 

Figure 2. 
Extinction efficiency σ ext  as a function of wavelength and gap size for the (a) insulating and (b) metallic phase 
of the VO2 gap inclusion. The antenna arm length is 200 nm. (c) Switching parameter σ ins

ext  ─ σ met
ext  as a function 

of wavelength and gap size. (d) Electric field enhancement (|e|/E0) distribution at resonance for a structure with 
gap equal to 20 (top panel) and 50 nm (bottom panel).
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the gap position with respect to the perfectly symmetric condition. This means that 
the proposed device is robust with respect to fabrication defects that can alter the 
optimal geometrical design condition. Another important result is that the SP is not 
proportional to the volume of VO2. This is of paramount importance since it allows to 
reduce the size of the device without reducing its functionality. Indeed, some recent 
works on PCM metasurfaces proved experimentally that a thin VO2 film underneath 
dielectric resonators is sufficient to tune the behavior of a metasurface [43] and a 
metasurface of VO2 nanocylinders can be employed to perform optical limiting [44].

To conclude, we have reported recent a recent example of a nanoresonator 
designed to maximize the metal–VO2 near-field coupling to obtain tunable optical 
devices. The presented achievements may open new strategies for the implementa-
tion of optical structures whose behavior can be modulated by tuning external 
parameters, such as temperature, bias voltage and optical pump intensity [45, 46]. 
A metasurface composed by a repetition of the reported structure may benefit for 
even higher optical efficiency due to the resonance narrowing. Moreover, in the near 
future, this preliminary study related to the linear integration between nano-resona-
tors and PCMs will also represent a guideline for nonlinear applications. For instance, 
in [47] the authors use the concept of PCM in the nonlinear regime and they numeri-
cally prove the tuning of second- harmonic generation (SHG) by gold metasurface 
made of split- ring resonators with a gap filled with GeSbTe alloy.

3. Liquid crystal-embedded nonlinear dielectric metasurface

In this section, we present recent results concerning the modulation of the 
nonlinear optical emission from dielectric metasurfaces excited in the infrared 
spectral region. As already mentioned before, despite the rapid advancements of 
nano-photonics and nanofabrication techniques, most of the up to now designed 
meta-structures exhibit a static behavior which is dictated by the fabrication process 
and cannot be changed [48–55]. However, the strong light–matter interaction in 

Figure 3. 
Switching parameter as a function of the wavelength for different positions of the gap. The sketch represents the 
two conditions referred to in the legend as 0 nm (top) and 150 nm (bottom). In the legend, the number indicates 
the shift of the gap from the origin (center of the structure). The total length of the arms is 400 nm.
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dielectric materials can pave the way for a dynamic control of the optical response 
via the modification of their electromagnetic properties [56]. So far, different tuning 
mechanisms have been proposed, ranging from electrical to mechanical and thermal 
control [29, 32, 57] and as well PCM [58, 59]. In this context, the first demonstra-
tions were carried out by considering the metasurface as a passive object where the 
output light wavelength is the same as the incoming one [60, 61]. However, dielectric 
materials such as GaAs and AlGaAs have also a strong nonlinear response of the 
second order with higher efficiency with respect to plasmonic nano-antenna [62]. In 
such high-refractive index materials it is thus possible to efficiently generate a signal 
at a different frequency (i.e. the double) than the input laser excitation [63, 64]. In 
this way, the metasurface acts already as an active device.

Recently, liquid crystals (LCs) emerged as excellent candidates for achieving 
dynamic light manipulation at the nanoscale mainly thanks to their high birefringence 
that can be governed by temperature or by an external electric field. Linear dielectric 
metasurfaces embedded in a LC matrix have been successfully implemented [65–67] 
where the molding of the light scattered from the structure depends on the orienta-
tion of the LC axis. However, the reconfigurable control of the nonlinear harmonic 
light emitted by metasurfaces embedded in LCs is still preliminary [68].

In the following, we review one possible implementation to obtain a SHG modula-
tor by using a commercial LC as the immersion material of a metasurface made of 
AlGaAs nanodiscs placed over a low-refractive index substrate.

Let us consider the metasurface depicted in Figure 4(a) [69]. The structure is a 
periodic array of nanodiscs of height equal to 200 nm. The AlGaAs crystal axes are 
oriented as sketched in the inset of Figure 4(b). The dielectric structure is covered 
by a LC whose director is kept in the plane of the metasurface. The employed LC is E7 
which is quite popular in the display industry [70–72].

To demonstrate the modulation capability of the proposed device, nonlinear 
numerical simulations have been carried out. More specifically, the nonlinear SH 
signal coming from the metasurface has been calculated as a function of the lat-
tice period p, the radius r of the nanocylinder and the polarization of the incident 
pump beam. The calculations have been performed using Comsol Multiphysics. The 

Figure 4. 
(a) Sketch of the designed metasurface excited by the fundamental beam at ω. the unitary cell is constituted 
by a AlGaAs nanodisc that is placed on an Al2O3-GaAs substrate. An ITO superstrate is placed in view of 
future voltage-controlled implementations. The light blue arrow indicates the LC director parallel to the x axis. 
The harmonic generated at 2ω is measured as a function of the incident polarization. (b) Scanning electron 
microscopy image of the fabricated metasurface, with period p equal to 910 nm. Inset: The orientation of the 
AlGaAs crystalline axes.
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AlGaAs nanodiscs are layered over an Al2O3 substrate. The refractive indices of the 
materials are the same as in Ref. [68]. For the modeling of the E7 LC we consider a 
homogeneous anisotropic dielectric material with ordinary (no) and extraordinary 
refractive index (ne), respectively equal to 1.5 and 1.6 at the considered wavelength. 
Please note that this values slightly differ from the typically reported ones to account 
for imperfections in the device fabrication that lead to a lower anisotropy. In this way, 
the numerical results can mimic the realistic experimental conditions. The imping-
ing beam is assumed to be a plane wave at normal incidence with a wavelength of 
1551 nm. The SH emission is simulated in two steps. First, the field at the fundamen-
tal incident wavelength is evaluated. Then, the SH sources are computed in terms of 
current densities. More specifically, for the zincblende crystalline structure of AlGaAs 
the current density Ji can be computed as:

 ( ) ( ) ( )(2
2    

)
    ,

0
J j E E withi j k
i SH ijk j k

ω ω ε χ ω ω= ≠ ≠  (2)

where i,j,k indicate the Cartesian axes, ε0 the vacuum permittivity, Ej(ω) the jth 
component of the electric field at the fundamental frequency ω, χ(2)

ijk the second-
order susceptibility that we fix to 200 pm/V [64]. Please note that the nonlinear 
current densities are defined only in the dielectric medium because both the Al2O3 
substrate and the LC have negligible χ(2).

Figure 5. 
Simulated SH emitted power as a function of metasurface period and nanodisc radius for linear pump 
polarization (red arrows) (a) parallel or (b) orthogonal to the LC director (blue arrows). Electric field 
distribution at (c) the electric (ED) and (d) magnetic dipolar (MD) resonance inside the nanodisc, x-z plane.
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The obtained results are reported in Figure 5, where the predicted SH power 
maps computed in the backward direction are reported for the two considered inci-
dent beam polarizations, indicated as red arrows. In the simulations, the metasurface 
period p varies from 895 nm to 960 nm and the radius of the pillar r from 260 nm to 
315 nm. Figure 5(a) and (b) highlight a strong dependence of the SH on the incident 
polarization. In particular, the numerical predictions reveal that the SH stem from an 
electric dipolar (ED) or magnetic dipolar resonance (MD) at the pump wavelength. 
The ED resonance is broader than the MD one, but it displays a more pronounced 
dependence on the relative orientation between the incident polarization and the LC 
director.

For instance, one can notice that, for p = 910 nm, (black dotted line in Figure 5), the 
ED resonances for the two incident light polarizations are observed at radii that differ by 
roughly 20 nm. Hence, the ED resonance is strongly modulated by the relative orientation 
between the incident light and the LC director. The latter is a crucial aspect for obtain-
ing a metasurface that acts as a SH modulator. This promising consideration motivated 
the fabrication of such a device, as described in [69]. Briefly, the structure is fabricated 
by molecular-beam epitaxy on a non-intentionally doped GaAs wafer, with 200 nm 
layer of Al0.18Ga0.82As on the top of an aluminum-rich substrate, which is later oxidized. 
Metasurfaces with varying cylinder radius in the range 260–315 nm and with period fixed 
at 910 nm have been obtained, as already reported in Figure 4. The metasurfaces are then 
embedded in a 12 μm-thick matrix of E7 LC following the procedure reported in [69].

The structures are then experimentally tested with the set-up already described in 
[64]. The source is an ultrafast laser with wavelength centered at 1551 nm which pro-
vides 160 fs pulses at 80 MHz repetition rate. The average excitation power is 10 mW 
that is associated with an average intensity on the sample of roughly 2 KW/cm2 (peak 
intensity equal to 160 MW/cm2) given a beam diameter of 25 μm. Please note that 
the metasurface acts as a diffraction grating for the SH signal. In particular, the first 
diffraction orders are supposed to be emitted with an angle of about 58° (accordingly 
to the Bragg’s diffraction law).

The numerical aperture (NA) of the collection objective is equal to 0.85, hence 
only the first diffraction orders are detected by our set-up. The experimental Back-
Focal Plane (BFP) images of the measured SH signal are reported in Figure 6 as a 

Figure 6. 
Experimental BFP SHG maps of the proposed metasurfaces for the pump beam polarized (a) parallel or (b) 
orthogonal to the LC director. The red arrows represent the pump polarization while the blue arrow indicates the 
LC orientation.
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function of the incident light polarization. Let us stress that the SH emission related 
to the first diffraction orders is at the edge of the NA and hence is partially cut off. 
However, it is clearly visible that the SH power is higher when the pump polarization 
is parallel to the LC director, see Figure 6(a).

To validate and confirm this behavior, we acquired different BFP images by vary-
ing the nanodisc radius and the polarization of the incident light. Figure 7 reports 
the obtained results compared to the numerical predictions. A shift in the SH peak is 
clearly visible when the incident polarization is switched from parallel (blue curve) 
to perpendicular (red curve) to the LC director. The experimental results and the 
theoretical predictions are in good agreement. We attributed the SH power trend to 
the shift of the ED resonance at the fundamental wavelength for the two considered 
excitations, see Figure 5. Importantly, for a metasurface with radius r = 285 nm the 
modulation of the SH power reaches the high value of about one order of magnitude, 
as highlighted by the dashed black line in Figure 7. In [69] the authors reported 
another structure where the LC director is always parallel to the (110) crystal-
lographic axis. However, for the latter metasurface no significant SH modulation is 
expected and we will not further discuss this case here.

To summarize, for the first time to our knowledge, we have experimentally proven 
the modulation of the SH signal coming from an optimized dielectric metasurface 
covered by a liquid crystal matrix as a function of the incident pump beam polar-
ization. Our experimental validation is achieved considering a fixed liquid crystal 
orientation (i.e. planar alignment). By switching the pump polarization, the refrac-
tive index felt by the meta-atoms as the upper medium modifies due to the anisotropic 
LC permittivity matrix. This variation shifts the wavelength position of the excited 
Mie resonances inside the dielectric and consequently the SH signal.

Importantly, for fixed incident wavelength and geometrical parameters of the 
metasurface, we obtain an order of magnitude enhancement in the emitted SH power 
when the incident pump polarization is switched from perpendicular to parallel to 
the LC director. Our experimental measurements, which are well reproduced by the 
numerical predictions, pave the way for the realization of nonlinear modulators in a 
scenario where the pump polarization is kept fixed and the liquid crystal anisotropy is 
controlled electrically or optically.

Figure 7. 
Comparison between (a) experimental SH and (b) theoretical predictions as a function of the nanodisc radius 
for pump polarized parallel (blue line) or orthogonal (red line) to the LC director (light blue arrow). The vertical 
dashed black line marks the value of the nanodisc radius of the metasurface from which the BFP images reported 
in the previous figure were obtained.
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4. Conclusions

To conclude, in this chapter we have briefly discussed some of the recent prog-
ress in the field tunable nanophotonics. In particular, we focused on two recent 
approaches to attain efficient tuning of the meta-devices. We first discuss theoretical 
predictions about a specific phase-change material, VO2, and how it can be used as a 
building block for reconfigurable meta-atoms. We have then reviewed the possibility 
of embedding dielectric metasurfaces in a liquid crystal matrix to achieve modula-
tion of the nonlinear emitted light signal. These results clearly demonstrate how the 
control of the electromagnetic radiation can be achieved by well-optimized tunable 
metasurfaces. For practical applications, more efforts and solutions are needed for 
integrating reconfigurable metasurfaces within conventional electro-optical devices. 
The reduction of the fabrication costs is a key aspect to consider for a wide spreading 
of this technology. The versatility of nonlinear metasurfaces will certainly boost novel 
implementations in this research area.
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