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Abstract
Reprogrammable metasurfaces enable active modulation of light at subwavelength scales.
Operating in the microwave, terahertz, and mid-infrared ranges, these metasurfaces find
applications in communications, sensing, and imaging. Electrically tunable metasurfaces
operating in the near-infrared (NIR) range are crucial for light detection and ranging (LiDAR)
applications. Achieving a NIR reprogrammable metasurface requires individual gating of
nano-antennas, emphasizing effective heat management to preserve device performance. To this
end, here we propose an electrically tunable Au–vanadium dioxide (VO2) metasurface design
on top of a one-dimensional Si–Al2O3 photonic crystal (PC), positioned on a SiC substrate.
Each individual Au–VO2 nano-antenna is switched from an Off to ON state via Joule heating,
enabling the programming of the metasurface using 1-bit (binary) control. While operating as a
nearly perfect reflector at λ0 = 1.55 µm, the materials, thickness, and number of the layers in
the PC are carefully chosen to ensure it acts as a thermal metamaterial. Moreover, with high
optical efficiency (R ∼ 40% at λ0), appropriate thermal performance, and feasibility, the
metasurface also enables broadband programmable beam steering in the 1.4− 1.7 µm range for
a wide steering angle range. This metasurface design also offers active control over NIR light
transmittance, reflectance and absorptance in the wavelength range of 0.75− 3 µm. These
characteristics render the device practical for LiDAR and active filtering.

Supplementary material for this article is available online
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1. Introduction

Beam steering at the near-infrared (NIR) and visible
wavelengths has recently garnered substantial attention due

∗
Authors to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

to its vital importance in a range of technological applic-
ations, including light detection and ranging (LiDAR) [1],
free-space optical communications [2], and holographic
displays [3]. Wavefront engineering using optical phased
arrays (OPAs) is accomplished through the control of phase
and amplitude within the diffracted beam across antennas
arranged in an array. Leveraging the interference of light
scattered from each antenna within the array enables tailoring
of radiated wavefronts to achieve a desired far-field intensity
profile.
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Conventional OPAs alter the phase and amplitude of an
input guided wave using phase shifters that are typically based
on thermo-optic elements [4–6], micro-electro-mechanical
systems (MEMS) [7–9] and p–i–n diodes phase modulators
[10]. However, limited beam steering speed, mechanical fail-
ure rates, and the large inter-antenna spacing to avoid crosstalk
between the adjacent elements reduces device reliability and
limits the grating lobe-free steering range [11]. It has been
demonstrated that beam steering with large field of view
in conventional OPAs can be achieved by employing non-
uniform antenna arrangements in sparse arrays. However, the
noticeable amounts of background noise in the far-field radi-
ation patterns still affects the device performance [12–14].

Alternatively, metasurfaces can be employed to achieve
beam steering with an enhanced field of view. Metasurfaces
are two-dimensional (2D) or planar versions of metamateri-
als and enable versatile wavefront control for scattered light
[15, 16]. These phase arrays can be viewed as arrays of sub-
wavelength antennas such that each antennamay impose a pre-
defined phase shift, amplitude change, and polarization rota-
tion on the scattered light [17]. Unlike the waveguide-based
OPAs with large unit cell sizes, here only the fundamental
beam can be generated by the metasurface due to the sub-
wavelength feature of the unit cells. Another advantage of
employing such metasurfaces for the beam steering applic-
ation is the capability to excite the structure through out-
of-plane illumination [15–17] rather than in-plane one [4–
6] through a network of optical waveguides in traditional
OPAs.

The control offered by metasurfaces over the properties
of reflected or transmitted light, i.e. anomalous transmission
or reflection, has given rise to the field of flat optics. This
field investigates the potential applications of metasurfaces
in developing compact optical components [18–20]. To date,
phased array metasurfaces have been used to realize differ-
ent categories of flat devices, namely beam splitters [17–20],
focusing mirrors [21, 22], focusing lenses [23], holograms
[24], and polarization converters [25, 26]. However, the afore-
mentioned metasurfaces are passive, i.e. their properties are
fixed at the time of the fabrication that limits their use in
applications that require tunability. The ability to actively
and dynamically tune the optical response of metasurfaces
increases their functionality as dynamic beam splitters, holo-
grams and lenses with reconfigurable focal lengths.

In the visible and NIR ranges, the tuning methods can be
divided into two categories. Firstly, mechanical such as tun-
able lens using MEMS [27, 28] and stretchable metasurfaces
[29]. These approaches are practical for relatively low tun-
ing speed applications in a stable condition. In the second
category, tunability at higher speed and efficiency is realized
by employing active materials in the structure. The optical
properties of these materials can be controlled by an external
stimulus, such as optical laser pulses, applied bias voltage, or
heating. The most common examples of these active materi-
als are liquid crystals [30, 31], transparent conducting oxides,
such as indium tin oxide (ITO) [32–39], III–V multiple-
quantum-wells [40], or phase change materials (PCMs), such

as chalcogenide glasses (GST, GSST) [41–46] and vanadium
dioxide (VO2) [47–57]. To achieve active metasurfaces for the
mid-infrared and far-infrared ranges, graphene [58], GST [59]
and VO2 [42, 60–64] are potential candidates.

As a PCM, VO2 undergoes a reversible insulator-to-metal
transition (IMT) upon heating [65]. The IMT in VO2 results
in a significant change in its complex refractive index over
a broad spectral range [66], occurring at Tc = 341 K close to
the room temperature [67]. This feature makes this material a
promising candidate for energy-efficient devices. In the major-
ity of the studies on VO2-based metasurfaces, the IMT was
induced either by direct heating [47–57, 60–63] or by optical
pumping [42, 64]. Another practical mechanism to achieve the
IMT in VO2 is electrical tuning [68]. Despite that the phase
transition is still induced thermally, i.e. Joule heating, the elec-
trical actuation provides a technology to separately address/g-
ate each nano-antenna, enabling independent control of both
the phase and amplitude of scattered light from individual
meta-atom. This allows for realization of NIR reconfigurable
phased array metasurfaces for active beam steering [69–72], a
key requirement for chip-based LiDAR systems. It is worth
noting that, unlike programmable VO2-based metasurfaces
operating in the microwave [23, 73], terahertz [72, 74], and
mid-IR [59] ranges, two critical issuesmust be addressedwhen
designing a NIR programmable device. These challenges arise
due to limitations imposed by the size of the meta-atoms. (i)
For the sake of addressability and feasibility, each VO2-based
meta-atom should have a geometrically simple structure, such
as gratings. (ii) The heat generated through the gating mech-
anism should be effectively managed to maintain device per-
formance, avoiding the need for additional complex cooling
strategies.

It has been recently reported that a continuous phase shift
of up to 250◦ at λ∼ 1550 nm can be obtained by a thermally
tunable VO2 nano-antenna reflect-array [70]. However, there
is reduction in reflection from 25% in the dielectric phase of
VO2 (i-VO2) to only 3% in the metallic phase of VO2 (m-
VO2). The abrupt and nonlinear phase shift variation with
temperature also makes controlling the intermediate states
of VO2 very challenging. Furthermore, the device exhibits
thermal instability, caused by thermal crosstalk between adja-
cent nano-antennas and accumulation of heat inside the device
caused by Joule heating [69].

To address these issues, a recent novel approach employed
1-bit (binary) control over each nano-antenna in a VO2 reflect-
array metasurface, while retaining control over the far-field
pattern [71]. In that study, the metasurface is composed of
376 nm-thick metal–insulator–metal nano-antennas, separ-
ated from a bottom reflector by 600 nm-thick SiO2 nano-
pillars. The heat management within the structure ensures each
antenna can be held in an insulator or metallic state independ-
ent of the neighboring antenna. The metasurface is capable of
continuous beam steering over a 90◦ range at λ0 = 1550 nm.
However, the optical efficiency of the suggested design is low
(reflectance, R, is 20%), and the design relies on deep narrow
channels between the individual nano-antenna which can be
challenging to fabricate.
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Here, through a thermo-optical design approach, we pro-
pose an optically efficient (R∼ 40% at λ0) and thermally
stable metasurface for broadband NIR programmable beam
steering and controlled light–matter interaction. The metasur-
face is composed of geometrically identical, hybrid Au–VO2

nano-antennas on a one-dimensional photonic crystal (PC).
The PC is composed of Si and Al2O3 layers and the whole
structure is on a SiC substrate. The materials, thicknesses, and
number of layers in the PC are carefully chosen to ensure heat
management within the metasurface. This effectively transfers
the heat produced by Joules heating of the Au nano-antennas
to the SiC heat sink. In addition to its high optical efficiency,
the thermal performance and fabrication simplicity, the metas-
urface exhibits broadband programmable beam steering in the
range of 1.4 µm< λ < 1.7 µm. It is also possible to achieve
programmable light–matter interaction through the active con-
trol on the reflectance and absorptance of NIR light in the
wavelength range of 0.75 µm< λ < 3 µm. Furthermore, the
presence of the PC provides the opportunity to shift the spec-
tral location or filter the resonantly transmitted NIR light.
These characteristics makes the designed device practical for
a wide range of applications, including LiDAR, sensing, and
filtering.

2. Results and discussion

2.1. Optical design of the reprogrammable metasurface
beam steerer

In order to exhibit how the VO2 metasurface array functions
as a reprogrammable beam steerer, we first outline the geo-
metry of a single unit cell of the metasurface for the i-VO2

(figure 1(a) right) andm-VO2 (figure 1(a) left) cases. Each unit
cell is composed of a hybridAu–VO2 nano-antennawith thick-
nesses tAu = 0.1 µm and tV = 0.1 µm, respectively, widthw=
0.25 µm and periodicity p which is set to λ0/3.1= 500 nm
for the operating free-space wavelength λ0 = 1.55 µm. The
Au nano-antennas in the metasurface act as both plasmonic
functional elements and the metallic contacts for actuation of
the IMT of the VO2 nano-antennas based on the Joule heating
mechanism.

The hybrid Au–VO2 nano-antennas sit on a PC that is com-
posed ofNPC = 5 pairs of Si and Al2O3 layers with thicknesses
t1 = 0.15 µmand t2 = 0.15 µm, respectively. The whole struc-
ture is on a SiC substrate that acts as a transparent heat sink.
Note that here t1,2 is not taken as λ0/4n1,2 to ensure an effect-
ive heat transfer between the Au–VO2 metasurface array and
the SiC heat sink. This is further discussed in section 2.2.

The structure is designed and analyzed using finite dif-
ference time domain (FDTD) simulations [75], using refract-
ive indices of Au, Si, and Al2O3 taken from [76], nSiC =
2.6 [77] and VO2 from [66] (see figure S1(a) in the sup-
porting information). Reflectance (R) and transmittance (T)
spectra of the bare PC (in the absence of the hybrid Au–
VO2 antennas) at normal incidence (θi = 0) reveal that for
different numbers of Si–Al2O3 pairs, the PC functions as a
broadband reflector with an R> 95% over the wavelength

range 1.36 µm< λBG < 1.95 µm and a narrowband reflector
in the range 0.75 µm< λBG < 0.88 µm (see figure S2(a)).
Here BG stands for photonic bandgap. From an optical per-
spective, NPC significantly influences the number of reson-
ances in the T and R spectra outside the bandgap regions.
Despite a small reduction in the bandgap size at the target
incident angle of 45o (1.48 µm< λBG < 1.75 µm), the bare
PC (NPC = 5, t1,2 = 0.15 µm) maintains a R> 95% at the
operating wavelength λ0, as illustrated in figure 1(b). Figures
S2(b) and S2(c) demonstrate that this observation holds true
for 0< θi < 50o. Consequently, the bare PC acts as a back
reflector in the Au–VO2 metasurface array at λ0. It is note-
worthy that due to the lossy nature of Si in the visible spec-
trum, the bare PC exhibits absorptive feature in the shaded
region in figure 1(b). Moreover, from an optical perspective,
using a Si–Al2O3 PC—instead of a thick Au layer as a bot-
tom reflector—also allows for active control of transmittance
at λ > 0.75 µm. These aspects are deeply explored in section 3
of the supporting information.

Many potential applications of metasurfaces, such as beam
steering, lensing, holography or structured light generation
would require full 2π phase control [15–26]. However, in the
concept of digital metasurfaces, it has been shown that by
employing binary or 1-bit (‘0’ and ‘1’) elements with only
π phase shift it is possible to achieve beam steering (see e.g.
[63]). In case of active control over the binary elements, pro-
grammable metasurfaces are realized [23]. In order to real-
ize the required φ = π radian phase coverage for the reflec-
ted light, we have performed single-element unit cell simu-
lations for the i-VO2 (α= 0, T= 331 K, εi), m-VO2 (α= 1,
T= 365 K, εm) and intermediate states of VO2 (0< α < 1,
εint) where α is the volume fraction and εint, at λ0 = 1.55 µm,
is described by employing a Lorentz–Lorenz effectivemedium
model as [70]

εint − 1
εint + 2

= α
εm − 1
εm + 2

+(1−α)
εi − 1
εi + 2

. (1)

As it is observed from figure 1(c), for the i-VO2 and m-
VO2 cases, corresponding to φ = 0 and φ = π , almost 40%
reflectance is obtained, where the rest of power is lost due to
Ohmic loss. These values exhibit almost two-fold enhance-
ment of the reflectance efficiency compared to the previ-
ous VO2 metasurface [71]. It is worth noting that the NIR
VO2-based metasurface discussed in [68] exhibits nearly 40%
reflection efficiency, however, it lacks thermal performance
due to the substantial accumulation of heat within the device.
In contrast, the ITO-based metasurfaces discussed in [34–39]
are notably suitable for beam steering applications, neverthe-
less, they demonstrate reflection efficiencies lower than 40%.
The GST-based reprogrammable metasurface that is experi-
mentally verified in [46] exhibit considerably high reflection
contrast between the two different phases of GST. In con-
trast, our suggested device in this study shows small con-
trast in the reflected power for both the OFF (i-VO2) and ON
(m-VO2) nano-antennas, demonstrating higher efficiency. For
intermediate volume fractions, α, the phase varies smoothly
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Figure 1. (a) Schematics of a unit cell of the VO2 metasurface for the m-VO2 (left, T= 365 K, I= 14 mA, and the red arrow indicates the
current flow) and i-VO2 (right, T= 331 K, I= 0) cases for NPC = 5. Note that the hybrid Au–VO2 nano-antennas are infinitely long along
the y direction. Here, tAu = 0.1 µm, tV = 0.1 µm, w= 0.25 µm and p= λ0/3.1 where λ0 = 1.55 µm. (b) Reflectance [R (blue)] and
transmittance [T (red)] spectra of the bare PC on the SiC substrate within 0.4− 3 µm range at θi = 45◦. Solid and dashed curves represent
the spectra for NPC = 5 and 10, respectively, with t1 = t2 = 0.15µm. Highlighted region denotes the visible spectrum and the dashed
vertical line highlights 1.55 µm. (c) Dependence of R and φ of x-polarized incident light for the unit cell shown in (a), on the i-VO2 (α= 0,
OFF), m-VO2 (α= 1, ON) and intermediate states of VO2 (0< α< 1) at λ0 and θi = 45◦. (d) Corresponding side-view distributions of |H|
in the unit cell for the i-VO2 and m-VO2 cases. The solid rectangles indicate the Au and VO2 nano-antennas while the dashed rectangles
represent locations of the Si and Al2O3 layers in the PC.

but the reflectance drops to 22% at α= 0.25. However, since
precise control of the intermediate volume factions of VO2

is challenging in practice, we pick α= 0 and α= 1 for the
binary design. The scattered light properties of the hybrid Au–
VO2 nano-antennas are tunable by the IMT of VO2 via an act-
ive control on |H| and |E|. This leads to the π phase differ-
ence between α= 0 and α= 1 cases. Figures 1(d) and S1(b)
demonstrate a magnetic dipole resonance in the i-VO2 case,
as indicated by the significant enhancement of |H| and |E|
within the VO2 nano-antenna. Due to the metallic character-
istic of VO2 in the m-VO2 case, both |H| and |E| are pushed
outside of the nano-antennas denoting the support of a plas-
monic lattice resonance [78]. As a result, rather than utilizing
geometric phase gradient elements, we employ geometrically
identical hybrid Au–VO2 nano-antennas to obtain the phase
control required for the beam steering applications. Note that
here eachAu–VO2 nano-antenna can be separately gated using

the employed gating technology in [37–39]. Furthermore, for
the single-unit FDTD simulations discussed in figures 1(c)
and (d), the periodic boundary condition is applied in the x
direction. In contrast, for the simulations related to the array
(e.g. figures 2(c1) and (d1)), the boundary conditions are
chosen as perfectly matched layer.

According to the generalized Snell’s law, for a periodic
phase gradient metasurface with the phase variation in the x-
direction, the relation between the angle of incidence θi and
angle of anomalous reflection (steering angle) θr is [15, 16].

sin(θr)− sin(θi) =± 1
k0n

dφ (x)
dx

(2a)

where k0 = 2π
λ0
, dφ/dx is the phase gradient of themetasurface

along the x-axis, and n is the refractive index of the surround-
ing medium (here θi = 45o and n= 1). With a phase range
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Figure 2. (a1) Perspective cartoon exhibiting the operation of the metasurface array composed of N= 32 hybrid Au–VO2 nano-antennas
(NPC = 5) with θi = 45◦ and θr =−15◦. (b1) Continuous phase profile (solid blue) and the corresponding binary ON (φ = π or m-VO2)
and OFF (φ = 0, i-VO2) nano-antenna states for θr =−15o. Regions highlighted in pink and blue denote the ON and OFF states,
respectively. Schematically shown on the top of the phase profile is the aperiodic arrangement of the ON (red) and OFF (blue) antennas
along the array. FDTD calculated 3D (c1) and 2D (d1) far-field plots of |E|2 of the scattered beam from the array for θi = 45◦ and
θr =−15◦. In (d1), the dashed red curve exhibits the analytically calculated far-field response, and the vertical dashed line indicates
θr =−15◦. Note that the dimension of the metasurface array is taken as N.p×N.p in the FDTD simulations related to (c1) and (d1). Figures
(a2)–(d2) are similar to (a1)–(d1) while θi = 45◦ and θr =−30◦.

of 2π , equation (2) generates the continuous (ideal) phase
profiles with a slope dictated by θr, shown by the solid blue
lines in panels (b1) and (b2) of figure 2. This profile can be

discretized using
∣∣∣ dφ(x)

dx

∣∣∣= 2π
m.p for the case of a phase gradient

metasurface, where ∆φ indicates the target 2π phase differ-
ence between the first and themth meta-atom in each supercell
[15, 16, 38]. However, for our aperiodicmetasurface, we use a
binary algorithm to further discretize the phase profile into an
ensemble of φOFF = 0 and φON = π states. In this algorithm,
φOFF = 0 (i-VO2 or OFF state) is applied for−π/2< φ (x)<
π/2, and φON = π (m-VO2 or ON state) is employed for
π/2< φ (x)< 3π/2 [71], where ∆φ = |φON −φFF|= π .

To elaborate further on how the binary algorithm works,
we start with the investigation of the case of θi = 45o and θr =
−15o. Figure 2(a1) represents the perspective schematic of this
case with the expected far-field response. Employing the bin-
ary algorithm on equation (2) for 32 antennas (N= 32), yields
a binary phase profile that represents OFF/ON nano-antennas
vs. their corresponding locations, as shown by black dots in
figure 2(b1). Highlighted blue and pink areas indicate the OFF
and ON states, respectively. The continuous phase profile is
also plotted as the reference (solid blue lines) for ease of under-
standing. Alongside the phase profile, side-view schematic
on the top exhibits how the OFF (blue) and ON (red) VO2

nano-antennas are programmed in an aperiodic arrangement
in accordance with the phase profile. FDTD calculated 3D and
2D far-field plots of the scattered |E|2 in figures 2(c1) and (d1).
They clearly exhibit that the symmetry-broken arrangement of
the nano-antenna, obtained by the binary algorithm, can suc-
cessfully program the metasurface to generate an anomalously
reflected beam at θr =−15o. In figure 2(d1), the FDTD cal-
culated 2D far-field (solid blue curve) is compared with the
analytical far-field response of the array calculated using

E(θ) = Eantenna (θ)
N∑

m=1

ei(k0mp[sin(θi)+sin(θ)]+∆φm). (3)

The agreement between the results verifies the consistency
with the phased array theorem. Moreover, it is noteworthy
that the full width at half maximum (FWHM) of the far-
field response noticeably depends on N. Once figure 2(d1)
is compared to figure S3 it is understood that by increas-
ing the number of nano-antennas from 32 to 64, FWHM is
decreased from 6.48o to 2.99o. Figures 2(a2)–(d2) show the
results for an array configurationwith θr =−30o. Moreover, to
further investigate the beam steering characteristics of our bin-
ary metasurface design, the results related to θr = 15o, 30o and
0o are represented in figure S4 in supporting information. This
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dynamic control of the antenna arrangement for the operation
at different θr makes the VO2 metasurface suitable for the
LiDAR application.

2.2. Thermal design of the device

As mentioned earlier, in our design, the top Au layer serves
a dual role, acting as both plasmonic functional element and
the contact of thermal actuation of the IMT of the VO2 layer
within each nano-antenna. This is achieved via the Joule heat-
ingmechanism by directing aDC current through theAu nano-
antennas. Consequently, it is important to design a thermally
stable device to avoid thermal crosstalk between adjacent
antennas—so that they can be independently held in OFF or
ON state—and realize proper cooling functionality. These cri-
teria ensure consistent and reliable optical performance of the
device, as well as mitigating potential issues related to thermal
expansion, distortion, and other temperature-related factors. In
this section, we perform Joule heating analysis using the heat
transfer module of COMSOL Multiphysics, which solves the
heat transfer equation [79]:

ρCp
∂T
∂t

−∇.(k∇T) = Qe. (4)

Here ρ, Cp, T, t, and k are density, heat capacity at con-
stant pressure, temperature, time and thermal conductivity,
respectively (see table 1 in supporting information). Note that
in our calculations, kVO2 and kSiC are taken from [80] and
[81], respectively. Qe is the source of heat that is related to
the DC current density and electrical conductivity as J2/σ.
Note that, in our analysis, a current of I= 14 mAflows through
the Au nano-antennas for the ON (m-VO2) states. Taking the
width and thickness of the Au nano-antennas into account,
this corresponds to a current density of 5.6× 1011 Am−2 (J=
I/tAu.w) through the ON antennas and consequently 7.65×
1015 Wm−3 of heat is generated.

The left and right panels in figure 3(a) represent the steady-
state thermal analysis of a single unit cell for the OFF and ON
states, respectively. As seen from this figure, in the OFF state,
the unit cell is kept at a minimum temperature of T= 331 K
(i-VO2), which is set as Tc − 10. On the other hand, in the ON
state, the hybrid Au–VO2 nano-antenna reaches a temperature
of T= 365 K, ensuring the occurrence of the IMT (m-VO2).
These temperatures are well below and above the critical IMT
temperature of VO2 (Tc = 341), respectively. Furthermore, it
is evident from the temperature profile in the ON state that the
NPC = 5, 150− 150 nm Si–Al2O3 PC effectively functions as
a thermal metamaterial [82], efficiently transferring heat from
the source (the Au nano-antenna) to the SiC heat sink. This
point is supported by our analytical calculations once effect-
ive thermal conductivity of the PC is included in the investig-
ation of the heat transfer mechanism between the source and
the sink. It is noteworthy that SiC has been employed in elec-
tronic devices for cooling purposes due to its high thermal
conductivity [81]. However, the advantage of using this mater-
ial over Au is its transparency within the wavelength region

of interest in this study, which provides our design with the
flexibility to also control light transmission as discussed in
section 3 of the supporting information.

Another important criterion that must be satisfied that
thermal crosstalk between the adjacent nano-antennas does
not influence the OFF–ON state of the antenna in the array.
The steady state temperature profiles of the N.p×N.p bin-
ary metasurface array are illustrated in figures 3(b) and (c).
Note that, in these temperature profiles, the ON and OFF
antennas are gated in agreement with the schematically shown
phase profiles (alongside these panels at the top) correspond-
ing to the steering angles of θr =−15o and θr =−30◦. As
seen from these panels, the thermal crosstalk between the adja-
cent ON–OFF antennas is negligible, guaranteeing that the ON
antennas cannot thermally affect the OFF ones. Finally, tran-
sient simulations reveal the fast ON–OFF switching time of∼
0.5 µs for each nano-antenna in the VO2 metasurface, shown
in figure 3(d). This demonstrates the capability of the pro-
posed design for metasurface-enhanced dynamic beam steer-
ing and LiDAR technology [38, 39, 83]. This design may even
find potential application as holographic light sources [84, 85],
and also achromatic [86] and polychromatic [87] metadevices.
Note that the thermal performance of the design has been
analyzed through multi-physics simulations in COMSOL. To
be specific, the Joule heating effect was induced by apply-
ing a current of 14 mA to the ON-state Au nano-antennas
using AC/DC physics. The generated heat is analyzed using
the heat transfer physics, utilizing a heat flux boundary condi-
tion with a heat transfer coefficient of 10 W(m2K)−1 applied
to the top boundaries. Furthermore, the thermal isolation is
applied to the side boundaries of the metasurface. Finally,
the results are examined under both stationary and time-
dependent scenarios. The results presented in figure 3(d)
are derived from time-dependent analysis. Further investig-
ation demonstrates that after t> 0.5µs, the time-dependent
heat distributions converge to those obtained from stationary
analysis.

It should be noted that the thickness of the layers and the
number of the periods in the PC have a significant impact on
the thermal performance of our design. Refractive index of the
Si and Al2O3 are 3.48 and 1.74 at λ0. Therefore, according to
the wave optics theory, thickness of Si and Al2O3 layers in
the PC is expected to be taken as λ0/4n1,2—i.e. 110 nm and
220 nm—to achieve a wide bandgap centered at λ0. However,
in figure S5, with NPC = 5 and the mentioned thicknesses, it
is evident that the PC no longer achieves the thermal require-
ments due to the reduced contribution of the highly conduct-
ive Si layers in the heat transfer of the device. In this case, the
thermal crosstalk between the nano-antennas is considerably
increased and the PC cannot properly transfer the heat between
the source and the sink. The same issue happens while the
number of the periods is increased to 10 in the 150− 150 nm
Si–Al2O3 PC (see figure S6 in the supporting information).

In figure S7, it is proven that for the typical target reflec-
tion angles of θr =−15o and θr =−30o, the metasurface can
acts as a broadband beam steerer at the other wavelengths
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Figure 3. Thermal analysis of the VO2 metasurface array for N= 32, NPC = 5 and t1 = t2 = 0.15 µm. Steady-state temperature distribution
of (a) a single unit cell and metasurface array for θr =−15◦ (b) and θr =−30◦ (c). For clarity, side-view schematics of the nano-antenna
arrangements corresponding to the different phase profiles are also shown in (b) and (c). Note that the i-VO2 (OFF) and m-VO2 (ON) states
correspond to I= 0 and I= 14 mA, respectively, and in the array simulations the dimensions are taken as N.p×N.p. (d) Transient response
of the array that shows the elements can reach to the ON state in less than 1 µs.

(λ= 1.45 µm, 1.5 µm, 1.55 µm, 1.60 µm, and 1.65 µm) as
well. Furthermore, as mentioned above, using a Si–Al2O3 PC,
instead of a thick Au layer as a bottom reflector, allows for
active control of the transmittance at λ > 0.75 µm. As dis-
cussed in figures S8 and S9 in the supporting information, this
feature enables active control of light transmittance, reflect-
ance, and absorptance within the wavelength range of 0.75 µm
to 3 µm. This functionality renders the metasurface practical
for active filtering and light absorption as well [88].

3. Conclusion

In conclusion, we have proposed a novel metasurface that
is thermally practical and optically efficient, and is suit-
able for versatile applications involving broadband repro-
grammable NIR beam steering, as well as absorption and
filtering in reflection and transmission. The metasurface is
composed of geometrically identical, hybrid Au–VO2 nano-
antennas on a Si–Al2O3 PC on a SiC substrate. The PC has
been designed such that it acts as an almost perfect reflector
at λ0 = 1.55 µm and operates as a thermal metamaterial as
well. That is, it provides for the heat management in the
hybrid Au–VO2 nano-antennas, making the reprogrammable
metasurface. In other words, it effectively transfers the heat

produced by the Au nano-antennas via the Joule heating to
the SiC heat sink. The metasurface design, compatible with
reduced complexity fabrication, has demonstrated high optical
efficiency (R∼ 40% at the design wavelength of 1.55 µm) and
thermal performance for broadband reprogrammable beam
steering in the 1.4− 1.7 µm range over a wide angular range.
Furthermore, it provides active control over NIR light trans-
mittance, reflectance, and absorptance in the 0.75− 3 µm
wavelength range. The exceptional characteristics of the pro-
posed device show its versatility a wide range of applica-
tions, including LiDAR, optical communication, sensing and
filtering.
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