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Electrically tunable solid-state metasurfaces
realized by flash localized heating
Qian Sun1 and Minghui Hong1✉

Abstract
Electrically programmed metasurfaces provide large modulation depth, high modulation rate, and solid-state
component, breaking the limitations of existing modulation methods.

Traditional optical components modulate the wavefront
by using the transmission phase accumulation generated
by light propagation in the medium. The modulation
capability is limited by the modulation mechanism and
material properties. The volume is relatively bulky and the
function is single, which is difficult to satisfy the minia-
turization and integration of optoelectronic devices.
Metasurface1 holds promise for solving this problem
based on the generalized refraction law, which is pre-
sented as a two-dimensional ultra-thin array plane with
artificial subwavelength structures. It can realize complex
optical modulation functions by pixelated phase or
amplitude modulation on the nanometer scale, which
promotes the integration of optical devices in principle.
In recent years, metasurfaces have been widely studied

and developed. Typically, the metasurface is designed
and manufactured with a fixed optical property, which
cannot satisfy the demand of complicated applications,
such as being used in beam scanning as zoom lens.
Therefore, researchers proposed a novel metasurface
with active tuning capability to enhance its practicability.
The optical properties of the metasurfaces are expected
to be controlled dynamically by introducing external
field modulation. At present, potential approaches for
dynamic modulation have been reported, such as phase-
change materials2, liquid crystals3,4, semiconductor
materials5,6, two-dimensional materials7–9, and micro-
electromechanical system-based actuators10. However,

the existing modulation methods still face many chal-
lenges, such as low tuning rate, weak modulation, and
non-solid-state components. Therefore, a new tuning
method is required to solve these problems.
In this issue of Light: Science & Applications, Dragomir

Neshev, Mohsen Rahmani, and their colleagues11

demonstrated a novel electrically tunable metasurface,
breaking through the limitations of existing modulation
methods.
In this work, the authors introduced an effective

method of adapting fast electrical switching by an optical
switch, which uses thermo-optical silicon membrane
metasurfaces, controlled by electrically driven localized
transparent heaters. The schematic of the device is shown
in Fig. 1, it consists of a transparent conductive oxide-
encapsulated silicon hole array metasurface. When an
electric potential difference is applied to the contact,
electrons start to travel in the conductive indium tin oxide
strip, which creates local heaters on the desired pixel
metasurfaces. The temperature of the heater can be
controlled by an electronic switch in the drive system.
Due to the thermo-optical effect12, an increase in the
metasurface temperature leads to a change in the refrac-
tive index of the resonators, which in turn leads to a shift
in the resonant wavelength. Therefore, this research
converts the electrical switch to local flash heating, which
consequently converts to an optical switch.
The designed electrically tunable metasurface exhibits

impressive characteristics. This work creatively adopts an
asymmetric voltage spike to achieve up to 90% optical
modulation depth with the switching time <625 μs. It
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Perovskite sensitized 2D photodiodes
Dong Li 1 and Anlian Pan 1✉

Abstract
A new type of perovskite sensitized programmable WSe2 photodiode is constructed based on MAPbI3/WSe2
heterojunction, presenting flexible reconfigurable characteristics and prominent optoelectronic performances.

The emergence of two-dimensional semiconductors
(2DSCs) provides a rich material foundation for the
construction of new optoelectronic devices1,2. Transition
metal dichalcogenides (TMDs), as a representative, has
been widely used in the construction of electrically tun-
able light emitting diodes (LEDs)3, gate-controlled p-n
junction diodes4, and solar cells5. However, due to
atomically thin geometry of monolayer TMDs, effectively
tuning charge doping type and improving light absorption
efficiency of them has always been a huge challenge,
which greatly limits their application in high-performance
optoelectronic devices6.
Electrostatic doping opens an effective way to regulate

charge carriers in nanomaterials. Compared with traditional
lattice doping with impurity atoms, electrostatic doping has
been widely concerned and applied in low dimensional
nanomaterials without introducing impurity atoms and
degrading the intrinsic electronic properties of the nanos-
cale materials. For example, Lee et al.7 demonstrated a
programmable device based on reversible solid-state doping
of WSe2. By manipulating silver ions in solid-state superion
silver iodide (AgI), the carrier types of WSe2 were adjusted
to achieve reverse programming of transistors, diodes,
photodiodes, and logic gates. Li et al.4,8 achieved high-
performance reconfigurable p-n junctions and FET devices
by precisely controlling the type of carriers in local floating
gates, proving that electrostatic doping can effectively reg-
ulate the carrier type and density in TMDs.

One promising way to overcome the low light absorp-
tion efficiency of TMDCs is to integrate TMDs with
organic dye molecules with high light absorption effi-
ciency9. The hybrid lead halide perovskite (LHP), repre-
sented by Methylammonium lead iodide (CH3NH3PbI3 or
MAPbI3), is a good choice as the building blocks of
optoelectronic devices due to their high light absorption
coefficients, long carrier diffusion lengths, strong defect
tolerance, and tunable band structures. However, the “soft
lattice” ionic LHPs is usually troubled by ion migration
under voltage bias, resulting in poor material stability10

and large hysteresis in the voltage-dependent photo-
current11. Although undesirable for stable operation of
solar cell applications, the migration of positively or
negatively charged ions could induce ion accumulation or
ionic charge imbalance under applied electric fields12,
which can be potentially used to reversibly dope 2DSCs,
thus to produce photodiodes.
In the regard, writing in this issue of eLight13, Xiangfeng

Duan, Yu Huang, Dae Joon Kang, and colleagues report a
method by exploiting ionic charge imbalance in LHPs to
induce reversible doping in 2DSCs, achieving a perovskite
sensitized programmable WSe2 photodiode based on
MAPbI3/WSe2 heterojunction with flexible reconfigurable
characteristics and ultrahigh open circuit voltage. The
device shows a switchable open circuit voltage up to 0.78 V
and a high EQE of 84.3%. By integrating tunable graphene
contacts, the photodiode performance can be further
improved to achieve a highest open circuit voltage (VOC)
of 1.08 V and a maximum EQE of 91.3%, greatly exceeding
those achieved previously in 2DSC lateral diodes.
In this work, the authors present a WSe2/MAPbI3 device,

where the schematic view and working mechanism of
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indicates that the device can work at a switching rate
much higher than the video frame rate, demonstrating the
ultra-high modulation rate and large modulation depth of
the metasurface. Meanwhile, pure solid-state components
are employed, which are more robust and stable com-
pared to liquid crystal tunable metasurfaces. Furthermore,
the designed metasurface is electronically programmable
and CMOS-compatible, improving the efficiency and
applicability of the metasurface.
This innovative technology for electrically tunable

metasurfaces is strategically important for the develop-
ment of optical switches. The proposed mechanism fills
up the technique blanks for the tunable metasurfaces
capable of switching light effectively in the transmission

regime at high frequencies. The development of the
metasurface is thus a critical step forward, which will
provide unprecedented light manipulation capabilities.
This research will have promising applications in flat
displays, lidar systems, optoelectronic detection systems,
augmented reality devices, and other fields.

References
1. Yu, N. F. et al. Light propagation with phase discontinuities: generalized laws

of reflection and refraction. Science 334, 333–337 (2011).
2. Tsai, D. P. Phase-change metasurface slows down light. Light Sci. Appl. 10, 192

(2021).
3. Zhuang, X. L. et al. Active terahertz beam steering based on mechanical

deformation of liquid crystal elastomer metasurface. Light Sci. Appl. 12, 14
(2023).

4. Badloe, T. et al. Liquid crystal-powered Mie resonators for electrically
tunable photorealistic color gradients and dark blacks. Light Sci. Appl. 11,
118 (2022).

5. Drevinskas, R. et al. Ultrafast laser-induced metasurfaces for geometric phase
manipulation. Adv. Opt. Mater. 5, 1600575 (2017).

6. Yang, Y. M. et al. Femtosecond optical polarization switching using a cad-
mium oxide-based perfect absorber. Nat. Photonics 11, 390–395 (2017).

7. Lu, C. C. et al. An actively ultrafast tunable giant slow-light effect in ultrathin
nonlinear metasurfaces. Light Sci. Appl. 4, e302 (2015).

8. Miao, Z. Q. et al. Widely tunable terahertz phase modulation with gate-
controlled graphene metasurfaces. Phys. Rev. X 5, 041027 (2015).

9. Zeng, C. et al. Graphene-empowered dynamic metasurfaces and metadevices.
Opto-electron. Adv. 5, 200098 (2022).

10. Cong, L. Q. et al. Active multifunctional microelectromechanical system
metadevices: applications in polarization control, wavefront deflection, and
holograms. Adv. Opt. Mater. 5, 1600716 (2017).

11. Zangeneh Kamali, K. et al. Electrically programmable solid-state metasurfaces
via flash localised heating. Light Sci. Appl. 12, 40 (2023).

12. Rahmani, M. et al. Reversible thermal tuning of all-dielectric metasurfaces. Adv.
Funct. Mater. 27, 1700580 (2017).

hITO

hSi

d2d1

Λ

Λ

ITO

Silicon
Glass

Fig. 1 Electrically switchable metasurface pixels by flash localized
heating. Illustration of the fabricated sample, composed of designed
nanoholes in a silicon film, so-called hole array metasurfaces,
embedded in an ITO transparent heater. The parameters of the design
are hSi = 155 nm, d1 = 78 nm, d2 = 101 nm, hITO = 380 nm, and pitch
Λ = 350 nm

Sun and Hong Light: Science & Applications ���������(2023)�12:122� Page 2 of 2




