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Perovskite sensitized 2D photodiodes
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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.
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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
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Special Issue on the 120th Anniversary of
Shandong University
Haohai Yu 1,2✉, Xiangang Xu1,3, Zhanggui Hu4, Jiyang Wang1,2 and Yicheng Wu4

This special issue is committed to celebrating the 120th
Anniversary of Shandong University (SDU) (15th Octo-
ber, 2021), as well as capturing the most fascinating
research works and reviews from all aspects of optics and
photonics, including but not limited to, optoelectronic
functional crystals, basic science, applied and engineering
research and applications. The guest editors are five active
researchers in these areas: Prof. Yicheng Wu and Prof.
Zhanggui Hu from Tianjin University of Technology,
Prof. Jiyang Wang, Prof. Xiangang Xu and Prof. Haohai
Yu from SDU.
SDU is a key comprehensive university with a long

history and continuously features creativity and dedica-
tion. It is one of the initiative universities of modern
Chinese higher education and has been selected for the
“Double First-class Initiative” Scheme. Its main body,
Shandong Imperial College (Shandong Da Xue Tang)
established in 1901, was the second national university in
China. Moreover, it was the first university to be estab-
lished and run in accordance with a chartered constitu-
tion. With the motto of “noble in spirit, endless in
knowledge” and the mission of “nurture talent for the
world and seek prosperity for the nation”, Shandong
University is dedicated to the well-being of Chinese
society and world development. Since the birth of the
university over the years, SDU has developed at a
breathtaking pace into a comprehensive research uni-
versity, exhibiting great strength in research and making
remarkable achievements over the years. In the fields of
optoelectronic functional materials and optics, the State
Key Laboratory of Crystal Materials of Shandong Uni-
versity is featured by the researches ranging from design

and growth to device fabrication of optoelectronic func-
tional crystals, and has supported the construction of
massive national major optical projects in a long term.
Meanwhile, a number of national and provincial awards
have been granted, including the first prize of National
Invention. To date, the State Key Laboratory of Crystal
Materials of Shandong University has made great con-
tributions to the development of national optoelectronic
functional materials and the advancement of optical
subjects. The discovery and development of a variety of
laser and nonlinear optical crystals are famous all over the
world, and the research on wide band gap semiconductor
crystal materials has been on the international leading
level. Furthermore, the proposed concept of optoelec-
tronic energy materials and developed new materials has
attracted extensive attention worldwide, the developed
waveguides and ultra-thin functional crystals have pro-
vided important optical materials for some burgeoning
research fields. This collection presents some exciting
achievements in optics and optoelectronic functional
crystals, contributed by SDU scholars and researchers in
related fields. The innovative reports include: (1) Devel-
opment of large-size optical crystals, their growth tech-
niques and optoelectronic devices1–3; (2) discovery and
preparation of new functional crystals and their char-
acterization4; (3) innovative approaches in the laser and
nonlinear optics5; (4) novel concepts and techniques in
material and optical science6.
Enlightened by LSA, this special collection would sti-

mulate more insightful perspectives in related fields and
promote further progress and breakthroughs in optics,
photonics, optoelectronic functional materials and
beyond.
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device are shown in Fig. 1. Under high temperature, ions in
MAPbI3 can be controlled by an external electric field for
directional movement. After being frozen at low tempera-
ture, these migrated ions are solidified and form ion gates
with specific electric field directions in MAPbI3, thereby
forming non-destructive and reversible electrostatic doping
in nearby two-dimensional materials. Based on this working
mechanism, the authors can perform controllable and
reversible doping in WSe2, achieving carrier inversion and
p-n junction reconfiguration in the identical device.
Photodiode applications are further explored based on

the programmed diode. Under 532-nm laser excitation
(15W/m2), the negatively poled photodiode delivered an
VOC of −0.78 V, and the identical photodiode showed a
VOC of +0.75 V after the positive lateral poling process.
The results demonstrate that the p-n junctions can be
reversibly programmed by the electrical poling process,
which makes up the shortcomings of traditional silicon-
based p-n junctions with fixed performances. Meanwhile,
the extracted EQE of 84.3% at 532 nm represents the
highest value achieved from lateral or sensitized 2D diode
at zero bias voltage14. By integrating tunable graphene
contacts, the photodiode performance can be further
enhanced to a VOC of 1.08 V and a maximum EQE of
91.3%. Such strong enhancement indicating that MAPbI3
perovskite can served as not only programmable ionic
dopants but also the excellent optical absorber and highly
efficient sensitization layer.
The unique design of MAPbI3/WSe2 device provides a

new idea to fabricate high-performance programmable
photodiodes. In addition, the combination of atomic thin
2D materials and ionic solids enables effective coupling
between electronic transport and ionic transport, which
may open up a new pathway for unconventional computing,

information storage systems, and programmable optoelec-
tronic devices.
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Fig. 1 Schematic view of MAPbI3/WSe2 device structure and working mechanism of the programmable perovskite sensitized WSe2 photodiode
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