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Perovskites have been widely utilized as active materials
in various optoelectronic devices, e.g. light-emitting diodes
(LEDs), photodetectors (PDs), and solar cells (SCs), etc., due to
their facile processability and outstanding optoelectronic prop-
erties, like high optical absorption coefficients (~10° cm~7),
high carrier mobilities (~10-103 cm?/(V-s)), long carrier life-
time (~1-10 ws), long carrier diffusion length (1-100 um) and
tunable bandgaps (~1.17-2.88 eV), which enable them to deliv-
er a comparable performance as traditional inorganic semicon-
ductors. Perovskite LEDs offer 12.2%, 22.2%, 28.1% and 12.8%
EQEs for white LEDs!, near-infrared (NIR) LEDs!?, green LEDsB!
and blue LEDs™, respectively. The efficiency for perovskite/
Si tandem SCs reaches 29.8%, which is greater than that for sil-
icon single crystal-based SCs (26.1%) and that for thin-film crys-
talline silicon-based SCs (21.2%)5). Moreover, the specific de-
tectivity for Sn—Pb perovskite-based PDs reaches ~10'2 Jones
at 1000 nm, which is much greater than that for germanium-
based PDs (~10"" Jones)ll. Here, we highlight other applica-
tions in neuromorphic computing, synapse devices and ultra-
sound imagingl7-9l,

The memory and central processing unit in traditional
computers based on von Neumann architecture are separ-
ated, and the mismatch between the processing speed and
data transmission speed causes difficulty in solving fast pro-
cessing and storage of enormous data in face of the digital re-
volution['%, The neuromorphic computing, inspired by biolo-
gical neuromorphic system, is composed of devices that act
as both storage and processing unit, and it can process large
amounts of data in parallel and simultaneously deal with
memory walll''l, Various materials have been applied in
plastic synapse-like devices to simultaneously perform
memory and processing functions in neuromorphic comput-
ing, such as memristor, phase-change materials, perovskites,
etc.l7. 12 131, Perovskite-based synapse devices have recently
gained popularity due to low power consumption, fast re-
sponse, optical/electrical tunabilityl”. 14-18l, Han et al. com-
bined CsPbBr; quantum dots with pentacene to make a
photonic memory (Fig. 1(a)). This device showed the character-
istics of optical programming and electrical erasing (Fig. 1(b)).
Multiple synaptic functions were demonstrated and could be
further applied in image identification and classification!”l. Con-
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sidering the practicality and accuracy of perovskite-based
synapse devices, more efforts should focus on precise and lin-
ear tuning of synaptic resistance, co-optimization with al-
gorithms, device stability, etc.

In addition to using photoelectrically-controlled variable
resistance of perovskites to develop synaptic devices, per-
ovskites also find applications in communication. High-per-
formance storage and communication devices with high
throughput, low power consumption and fast response are de-
sired to meet the requirements of information explosion in
modern society. Chang et al. verified a difunctional device com-
posed of Ag/CsPbBr; QDs/ITO as both resistive random-
access memory and light-emitting electrochemical cell by in-
verting the electrode (Fig. 1(c)), and then inversely connec-
ted two devices in series to achieve light-emitting memories,
in which one as memory for coding and the other as light-emit-
ting electrochemical cell for reading (Fig. 1(d))®l. This design
not only solves high signal transmission delay and power con-
sumption present in separated devices, but also increases the
capacity and privacy of signal transmission. Furthermore, mul-
ticast mesh network and composite device structures should
be designed for further improving their usefulness.

Apart from optoelectronic properties, the photoacoustic
properties of perovskites have been applied in photoacous-
tic transducers, which can transfer light signals to ultrasound
pulses, and are applied in biomedical imaging, nondestruct-
ive testing, etc.l'¥l. Photoacoustic transducers possess advant-
ages of high precision, fast response and simple device struc-
ture compared to traditional piezoelectric ultrasound trans-
ducers, which consist of a mass of cabling and suffer from elec-
tromagnetic interference. Normally, photoacoustic trans-
ducers consist of thermal expansion materials like PDMS and
light absorption materials (e.g., carbon nanotubes, carbon nan-
ofibers and perovskites)!® 20 211, With the advantages of low
heat capacity and high light absorption coefficient of CNTs,
the bandwidth of CNTs-based photoacoustic transducers is
much smaller than that of traditional transducers!20l. Per-
ovskites with low specific heat capacity (~308 J/(kg-K)) and
thermal diffusion coefficient (0.145 mm?2/s) can promise an ef-
fective thermal conduction with PDMS for high photoacous-
tic conversion efficiency®. Recently, Niu et al. combined
MAPbI; with PDMS to make a photoacoustic transducer with
high an acoustic pressure of 24.89 MPa and a record high -6 dB
bandwidth of 40.8 MHz, and demonstrated an ultrasound ima-
ging application under water by coating MAPbI; on fibers
(Figs. 1(e) and 1(f))[L.
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Fig. 1. (Color online) (a) Schematic of the synapse device based on CsPbBr; QDs. (b) Current modulation of CsPbBr; QDs-based synaptic device un-
der the train of photonic pulses and negative electrical pulses. (c) Schematic of the light-emitting memory device. (d) Dual functions of CsPbBr;
QDs-based device as both light-emitting electrochemical cell and resistive random-access memory by changing the bias direction. (e) High-resolu-
tion ultrasound imaging system based on fiber/perovskite device, where L, FC, MMF, SMF, FOH, DAQ represent lens, fiber coupler, multimode
fiber, single-mode fiber, fiber-optic hydrophone and data acquisition card, respectively. (f) Ultrasonic imaging of fisheye based on fiber/per-
ovskite device. (a) and (b), reproduced with permissionl. Copyright 2018, Wiley-VCH. (c) and (d), reproduced with permissiont®. Copyright 2021,

Springer Nature. (e) and (f), reproduced with permission

In short, perovskites find some new applications in
computingl” 15 161, communicationl® % 221, biomimetic reti-
nall# 23. 241, fingerprint recognition!?’, etc. This article gives
inspiration to researchers for further exploring perovskite ma-
terials.

Acknowledgements

L. Zhu thanks the financial support from Guangdong Ba-
sic and Applied Basic Research Foundation
(2021A1515012198) and the Science and Technology Pro-

. Copyright 2021, Springer Nature.

gram of Guangzhou (202102021084). S. Lin thanks the sup-
port Songshan  Lake  Materials  Laboratory
(YOD1051F211) and the Key Project of the Joint Funds of
Guangdong and Dongguan (2021B1515120034). L. Ding
thanks the open research fund of Songshan Lake Materials
Laboratory (2021SLABFKO02), the National Key Research and
Development Program of China (2017YFA0206600), and the
National Natural Science Foundation of China (51773045,
21772030, 51922032, and 21961160720) for financial support.

from

L Y Mei et al.: Frontier applications of perovskites beyond photovoltaics



References

(1

[2]

[3]

[4]

[5]

[6]

[7]

(8]

9l

[10]

[l

2]

[13]

[14]

[15]

[1el

[17]

[18]

[19]

[20]

[21]

Chen Z, Li Z, Chen Z, et al. Utilization of trapped optical modes
for white perovskite light-emitting diodes with efficiency over
12%. Joule, 2021, 5, 456

Zhu L, Cao H, Xue C, et al. Unveiling the additive-assisted ori-
ented growth of perovskite crystallite for high performance light-
emitting diodes. Nat Commun, 2021, 12, 5081

Liu Z, Qiu W, Peng X, et al. Perovskite light-emitting diodes with
EQE exceeding 28% through a synergetic dual-additive strategy
for defect passivation and nanostructure regulation. Adv Mater,
2021, 33,2103268

ShenY,WuHY, LiY Q, etal. Interfacial nucleation seeding for elec-
troluminescent manipulation in blue perovskite light-emitting di-
odes. Adv Funct Mater, 2021, 31, 2103870

Best Research-Cell Efficiency Chart, https://www.nrel.gov/pv/cell-
efficiency.html accessed on Feb. 14, 2022

Garcia de Arquer F P, Armin A, Meredith P, et al. Solution-pro-
cessed semiconductors for next-generation photodetectors. Nat
Rev Mater, 2017, 2, 16100

Wang Y, Lv Z, Chen J, et al. Photonic synapses based on inorgan-
ic perovskite quantum dots for neuromorphic computing. Adv Ma-
ter, 2018, 30, 1802883

Yen M C, Lee CJ, Liu K H, et al. All-inorganic perovskite quantum
dot light-emitting memories. Nat Commun, 2021, 12, 4460

Du X, Li J, Niu G, et al. Lead halide perovskite for efficient op-
toacoustic conversion and application toward high-resolution ul-
trasound imaging. Nat Commun, 2021, 12, 3348

Sebastian A, Le Gallo M, Khaddam-Aljameh R, et al. Memory
devicesand applications forin-memory computing. Nat Nanotech-
nol, 2020, 15, 529

Sangwan V K, Hersam M C. Neuromorphic nanoelectronic materi-
als. Nat Nanotechnol, 2020, 15,517

Wang Z, JoshiS, Savel'ev SE, et al. Memristors with diffusive dynam-
ics as synaptic emulators for neuromorphic computing. Nat Ma-
ter, 2017, 16, 101

Wright C D, Liu Y, Kohary K |, et al. Arithmetic and biologically-in-
spired computing using phase-change materials. Adv Mater,
2011, 23, 3408

Lee K, Han H, Kim Y, et al. Retina-inspired structurally tunable syn-
aptic perovskite nanocones. Adv Funct Mater, 2021, 31, 2105596
John R A, Yantara N, Ng S E, et al. Diffusive and drift halide per-
ovskite memristive barristors as nociceptive and synaptic emu-
lators for neuromorphic computing. Adv Mater, 2021, 33,
2007851

Zhang J, Sun T, Zeng S, et al. Tailoring neuroplasticity in flexible
perovskite QDs-based optoelectronic synaptic transistors by dual
modes modulation. Nano Energy, 2022, 95, 106987

Sun Y, Qian L, Xie D, et al. Photoelectric synaptic plasticity real-
ized by 2D perovskite. Adv Funct Mater, 2019, 29, 1902538

Qian L, Sun Y, Wu M, et al. A lead-free two-dimensional per-
ovskite for a high-performance flexible photoconductor and a
light-stimulated synaptic device. Nanoscale, 2018, 10, 6837

Attia A B E, Balasundaram G, Moothanchery M, et al. A review of
clinical photoacoustic imaging: Current and future trends. Pho-
toacoustics, 2019, 16, 100144

Noimark S, Colchester R J, Blackburn B J, et al. Carbon-
nanotube-PDMS composite coatings on optical fibers for all-optic-
al ultrasound imaging. Adv Funct Mater, 2016, 26, 8390

Hsieh B'Y, Kim J, Zhu J, et al. A laser ultrasound transducer using
carbon nanofibers—polydimethylsiloxane composite thin film. Ap-
pl Phys Lett, 2015, 106, 021902

Journal of Semiconductors doi: 10.1088/1674-4926/43/4/040203 3

[22]

[23]

[24]

[25]

Shan Q, Wei C, Jiang Y, et al. Perovskite light-emitting/detecting
bifunctional fibres for wearable LiFi communication. Light: Sci Ap-
pl, 2020, 9, 163

Vijjapu M T, Fouda M E, Agambayev A, et al. A flexible capacitive
photoreceptor for the biomimetic retina. Light: Sci Appl, 2022,
11,3

Gu L, Poddar S, Lin Y, et al. A biomimetic eye with a hemispheric-
al perovskite nanowire array retina. Nature, 2020, 581, 278

van Breemen A J J M, Ollearo R, Shanmugam S, et al. A thin and
flexible scanner for fingerprints and documents based on metal
halide perovskites. Nat Electron, 2021, 4, 818

Luyao Mei received his BS and MS from Nan-
chang University in 2017 and 2020, respect-
ively. Now he is a PhD student at Sun Yat-sen
University. His research interests include nar-
row-bandgap perovskite films, NIR photode-
tectors, and imaging arrays.

Haoran Mu is currently an assistant professor
at Songshan Lake Materials Laboratory. He re-
ceived his BS from the University of Electron-
ic Science and Technology of China in 2012
and PhD from Monash University in 2021, re-
spectively. His research focuses on ultrafast
and nonlinear optical properties of 2D materi-
als and the applications in photonics and opto-
electronics.

Lu Zhu is an associate professor at School of
Microelectronics Science and Technology, Sun
Yat-sen University. He received BS from Northw-
est University in 2009, MS from Beijing Jiao-
tong University in 2012, PhD from the Uni-
versity of Hong Kong in 2016, respectively. He
conducted postdoctoral work in the Uni-
versity of Hong Kong from 2016 to 2019. His re-
search interests include UV-visible-NIR photo-
detectors and image sensors, nanofabrication,
flexible devices, and neuromorphic chips.

Liming Ding got his PhD from University of Sci-
ence and Technology of China (was a joint stu-
dent at Changchun Institute of Applied Chem-
istry, CAS). He started his research on OSCs
and PLEDs in Olle Ingands Lab in 1998. Later
on, he worked at National Center for Polymer
Research, Wright-Patterson Air Force Base and
Argonne National Lab (USA). He joined Kon-
arka as a Senior Scientist in 2008. In 2010, he
joined National Center for Nanoscience and
Technology as a full professor. His research fo-
cuses on functional materials and devices. He
is RSC Fellow, the nominator for Xplorer Prize,
and the Associate Editor for Journal of Semicon-
ductors.

L Y Mei et al.: Frontier applications of perovskites beyond photovoltaics


https://doi.org/10.1016/j.joule.2020.12.008
https://doi.org/10.1038/s41467-021-25407-8
https://doi.org/10.1002/adma.202103268
https://doi.org/10.1002/adma.202103268
https://doi.org/10.1002/adfm.202103870
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
https://doi.org/10.1038/natrevmats.2016.100
https://doi.org/10.1038/natrevmats.2016.100
https://doi.org/10.1002/adma.201802883
https://doi.org/10.1002/adma.201802883
https://doi.org/10.1002/adma.201802883
https://doi.org/10.1038/s41467-021-24762-w
https://doi.org/10.1038/s41467-021-23788-4
https://doi.org/10.1038/s41565-020-0655-z
https://doi.org/10.1038/s41565-020-0655-z
https://doi.org/10.1038/s41565-020-0655-z
https://doi.org/10.1038/s41565-020-0647-z
https://doi.org/10.1038/nmat4756
https://doi.org/10.1038/nmat4756
https://doi.org/10.1038/nmat4756
https://doi.org/10.1002/adma.201101060
https://doi.org/10.1002/adma.201101060
https://doi.org/10.1002/adfm.202105596
https://doi.org/10.1002/adma.202007851
https://doi.org/10.1002/adma.202007851
https://doi.org/10.1016/j.nanoen.2022.106987
https://doi.org/10.1002/adfm.201902538
https://doi.org/10.1039/C8NR00914G
https://doi.org/10.1016/j.pacs.2019.100144
https://doi.org/10.1016/j.pacs.2019.100144
https://doi.org/10.1002/adfm.201601337
https://doi.org/10.1063/1.4905659
https://doi.org/10.1063/1.4905659
https://doi.org/10.1038/s41377-020-00402-8
https://doi.org/10.1038/s41377-020-00402-8
https://doi.org/10.1038/s41377-020-00402-8
https://doi.org/10.1038/s41377-021-00686-4
https://doi.org/10.1038/s41377-021-00686-4
https://doi.org/10.1038/s41586-020-2285-x
https://doi.org/10.1038/s41928-021-00662-1
https://doi.org/10.1016/j.joule.2020.12.008
https://doi.org/10.1038/s41467-021-25407-8
https://doi.org/10.1002/adma.202103268
https://doi.org/10.1002/adma.202103268
https://doi.org/10.1002/adfm.202103870
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
https://doi.org/10.1038/natrevmats.2016.100
https://doi.org/10.1038/natrevmats.2016.100
https://doi.org/10.1002/adma.201802883
https://doi.org/10.1002/adma.201802883
https://doi.org/10.1002/adma.201802883
https://doi.org/10.1038/s41467-021-24762-w
https://doi.org/10.1038/s41467-021-23788-4
https://doi.org/10.1038/s41565-020-0655-z
https://doi.org/10.1038/s41565-020-0655-z
https://doi.org/10.1038/s41565-020-0655-z
https://doi.org/10.1038/s41565-020-0647-z
https://doi.org/10.1038/nmat4756
https://doi.org/10.1038/nmat4756
https://doi.org/10.1038/nmat4756
https://doi.org/10.1002/adma.201101060
https://doi.org/10.1002/adma.201101060
https://doi.org/10.1002/adfm.202105596
https://doi.org/10.1002/adma.202007851
https://doi.org/10.1002/adma.202007851
https://doi.org/10.1016/j.nanoen.2022.106987
https://doi.org/10.1002/adfm.201902538
https://doi.org/10.1039/C8NR00914G
https://doi.org/10.1016/j.pacs.2019.100144
https://doi.org/10.1016/j.pacs.2019.100144
https://doi.org/10.1002/adfm.201601337
https://doi.org/10.1063/1.4905659
https://doi.org/10.1063/1.4905659
https://doi.org/10.1038/s41377-020-00402-8
https://doi.org/10.1038/s41377-020-00402-8
https://doi.org/10.1038/s41377-020-00402-8
https://doi.org/10.1038/s41377-021-00686-4
https://doi.org/10.1038/s41377-021-00686-4
https://doi.org/10.1038/s41586-020-2285-x
https://doi.org/10.1038/s41928-021-00662-1

	Acknowledgements

