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Advances in Optical Imaging and Optical Communications
Based on High-Quality Halide Perovskite Photodetectors

e

Daming Zheng* and Thierry Pauporté*

Metal halide perovskites are widely used in the preparation of photodetectors
(PDs) due to their excellent photoelectric properties, tunable band gap, low
cost, and rapid processing in solutions. Although 3D perovskite PDs exhibit

in various fields, such as biological de-
tection, medicine, optical imaging, optical
communication, and military domains.l'**!
PDs based on semiconductors typically

exceptional performance, their practical applications are limited due to
instability issues. Conversely, 2D perovskite PDs are gaining popularity due to
their superior environmental stability. To produce efficient and stable
perovskite-based PDs, it is crucial to control the film formation process to
achieve high-quality perovskite films. This paper examines the impacts of
perovskite film preparation process and crystallinity on the photoelectric
properties of PDs and presents important observations regarding the
crystallization and phase dynamics that occur during perovskite film
formation. These insights have practical implications on the design and
preparation of high-performance and stable metal halide perovskite
photodetectors, particularly in the domains of optical communications and
imaging. They offer valuable guidance for next researchers and developers
seeking to improve the functionality and marketability of photodetectors

using perovskite films.

1. Introduction to Photodetectors and Halide
Perovskites

In recent years, with the fast development of the Internet of
Things and artificial intelligence technology, the entire informa-
tion technology industry has gradually entered the era of opti-
cal information. Specifically, photodetectors (PDs), which convert
optical signals into electrical signals, facilitate the initial acqui-
sition of information. They have a wide range of applications,
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use electrical junctions that convert pho-
tons into charge. The absorbed photons
of energy superior to the semiconduc-
tor bandgap cause valence band electrons
to move into the conduction band, leav-
ing behind holes in the valence band.
These photogenerated charge carriers can
be collected under the influence of an in-
trinsic or external applied electric field.

The current trend in the development
of information technology is toward high-
performance miniaturized devices. This is
a crucial step toward faster, high-density
integration and lower power consumption
of photonic technologies, such as opti-
cal computing, artificial intelligence, high-
sensitivity detection, on-chip quantum in-
formation, etc.>®! To achieve optimal per-
formance, the active layer in photode-
tectors (PDs) must possess several key
characteristics. These include a high absorption coefficient,
which allows full light absorption and renders possible the re-
duction of the absorbing layer thickness and their integration in
flexible devices. Additionally, high carrier mobility is necessary,
as it determines the overall movement of electrons and holes in
PDs. Lastly, efficient carrier collection is crucial for the overall
collection of electrons and holes in PDs. PDs are typically de-
signed with either vertical or lateral structures, depending on the
spatial arrangement of the photoactive medium and electrodes.
Vertical PDs (Figure 1a) have a small electrode spacing and short
carrier transit length, which, when combined with interfacial lay-
ers, effectively reduces dark current under reverse bias, resulting
in high detectivity. On the other hand, lateral PDs have a simple
device structure consisting of a photoactive layer and either two
parallel electrodes (Figure 1b) or three metal electrodes (source,
drain, and gate), making them easier to fabricate (Figure 1c). Cur-
rently most commercialized PDs are based on inorganic semi-
conductor materials such as silicon (Si). However, their fabrica-
tion process as large-area and flexible PDs is complex and costly,
which hinders their further development.[*12]

As photodetectors (PDs) play a fundamental role in optical
imaging and optical communications devices, it is important to
accurately evaluate their performances and quality. The main pa-
rameters for this include:
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Figure 1. Schematic structures of a) a vertical PD, b) a lateral PDs with two parallel electrodes, and c) a lateral PDs with three metal electrodes (source,

drain, and gate).

The spectral responsivity : R = L = EQE (%) 49 (1)
P, he

where I, is the photogenerated current and P, is the in-

cident optical power at the radiation wavelength A. R is

related to the external quantum efficiency (EQE), the ele-

mental charge (g), the Planck constant (h), and the light

velocity (c).

I
The on — off ratio : on/off = I_P (2)
d

which represents the ratio of the photocurrent (I,) to the dark
current (Iy). In general, the lower I, the higher the I, and the
Dbetter the performance of the PDs.

The response time (7) indicates the speed of response to in-
cident light. One distinguish the rise time (7,.) and decay time
(Tdecay)- Trise Tefers to the time it takes for the photocurrent to in-
crease from 10% to 90% of its maximum value after light on.
Tgecay Tefers to the time it takes for the photocurrent to decrease
from 90% to 10% of its maximum value when incident light
switched off.

Detectivity : D* = R\/AAf /I, (3)

where I, is the noise current, Af is the bandwidth which de-
fines the range of frequencies a system can accommodate, and
A is the area of PDs. This parameter represents the detection
capability of a PD. The stronger D*, the better performance of
the PD.

The linear dynamic range (LDR), represented in dB, describes
the range within which the detector output scales linearly with
the input irradiance. LDR is calculated as:

J upper Lu

= 20log—2= 4)

lower Llower

LDR = 20log

where J stands for the photocurrent density in A cm™ and L de-

notes the light intensity in W cm™2.
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In the context of a fixed detection area, the resolution of an im-
age sensor is typically determined by the number of pixels it has.
Generally, a higher number of pixels results in higher resolution
and better image quality.

With time, a variety of new nanomaterials have been developed
and used in a wide range of photoelectric devices.['**l Among
them, 3D metal-lead halide perovskite semiconductors have be-
come potential candidates for multifunctional light absorbing
material and next-generation light sensors in the field of opto-
electronic devices. Halide perovskites have the ABX; chemical
formula where B is a divalent metal cation (B site; e.g., Sn** and
Pb?*) which is coordinated to six halide anions (X site; e.g., 17,
Br~, and CI7) forming a BX; octahedral framework. The center
of four BX;* octahedra defines the A-site that is occupied by
a monovalent cation (e.g., MA*, FA*, and Cs*). CH;NH,PbX,
is the most popular perovskite family which was applied to so-
lar cells by the Miyasaka group. Rapid progresses have risen
the power conversion efficiency of perovskite solar cells up to a
present 26.1% record within just over fourteen years.'>"'7] This
efficiency is now comparable to that of commercial silicon-based
cells. Halide perovskite compounds exhibit a high charge carrier
mobility, excellent absorption coefficient, tunable band gap (lu-
minescence covers the entire visible range), low preparation cost,
broad material sources, and easy large-scale production, offering
wide applications in the field of optoelectronic devices.['#23]

Although the conversion efficiency of 3D perovskite optoelec-
tronic devices has improved significantly, their stability is still
rather poor and the structure can be easily destroyed under envi-
ronmental conditions.[?*-32] These are considered as a stumbling
block for their potential commercialization. With the develop-
ment and optimization of various types of perovskites, the excep-
tional adjustability and thermal stability of the developed metal
halide perovskites with a 2D layered structure have garnered sig-
nificant attention in the field of photoelectric research. 2D per-
ovskites are represented by the formula (A"),,(A), 1B, X5,
This formula includes divalent (m = 1) or monovalent (m
= 2) spacer cations that connect the inorganic (A),,B,X;,
2D sheets, forming a bilayer or monolayer. The layer thick-
ness of the metal halide sheets can be adjusted by tuning the
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precursor composition, with n indicating the layer thickness. The
organic A’-site cation can be arbitrarily long, allowing for the use
of large, high-aspect-ratio cations such as aliphatic- or aromatic-
based compounds. It is worth noting that n = i (infinite) corre-
sponds to the 3D perovskite, whereas n = 1 represents the pure
2D, and 2 < n < 5 is often referred to as quasi-2D. For n > 5,
we refer to as quasi-3D perovskites. Additionally, a mixture of 3D
perovskite and low-n phases (e.g., n < 3) can form even when
n values are high. As n increases, the differences in thermody-
namic stability in the high-n structures become smaller, making
it difficult to prepare phase-pure high-n structures. Thus, the n
value of such perovskites is usually described based on the pre-
cursor composition. Introducing suitable low dimensional struc-
tures can significantly enhance the structural robustness of per-
ovskite materials, thereby offering an efficient approach to bolster
the stability of devices. Reducing the dimensionality of perovskite
materials can significantly change the properties of the excitons
inside the materials to exhibit different photoelectric properties,
which has great application potential in PDs field.[3>-38]

Nevertheless, it is crucial to highlight that although shielding
3D perovskite against moisture infiltration through the integra-
tion of substantial organic cations is paramount, the incorpora-
tion of such sizable organic cations in 2D perovskite will indu-
bitably hinder the device’s efficiency due to the constraining pres-
ence of insulating spacer cations, which can impede the transport
of charge carriers.?**] Because the polycrystalline nature of per-
ovskite films, there are also inevitable structural defects and grain
boundary defects in perovskite films. It results in poor charge
transport capacity and reduced carrier mobility.[***] In addition,
the film treated with the solution process is not dense, crystallizes
poorly, and the nucleation of crystallization is difficult to control,
leading to deterioration of the photoelectric performance of the
devices.[**] Therefore, perovskite PDs with good performance
are rarely found in applications, especially in optical imaging and
optical communications.

Recently, there have been several reviews on perovskite-based
photodetectors (PDs).1*->*] However, these reviews primarily fo-
cus on presenting the most recent advances in perovskite-based
PDs, for example, introducing the progress of different types and
different wavelength selectivity of perovskite-based PDs, with lit-
tle attention paid to the effects of perovskite film quality and crys-
tallinity on the performance of PDs. Since this is the most impor-
tant layer in various PD-based devices, more attention must be
paid to it.

The present paper systematically investigates the crystalliza-
tion kinetics and film formation processes of 3D to 2D per-
ovskites for photodetectors (PDs). First, we introduce the re-
cent research progresses in 3D to 2D halide perovskite PDs
for optical communication and imaging. Subsequently, we pro-
vide a fundamental understanding of 3D to 2D perovskite
films integrated in PDs. Next, we review various strategies
adopted to improve perovskite PDs, including component engi-
neering, interface engineering, heterojunction engineering, and
film crystallinity engineering. Finally, based on the historical
and current research status of perovskite PDs, we propose a
set of challenges and solutions to advance the future develop-
ment of perovskite PDs, aiming to achieve remarkable perfor-
mance, rapid response time, and unparalleled environmental

stability.
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2. Application of Perovskite PDs

Recently, the rapid development of perovskite solar cells and their
superior photoelectric performance have significantly improved
the photoelectric conversion efficiency.'®17] This progress has
also laid the foundation for the exploration of high-performance
perovskite PDs. As an optical sensor widely used in biomedical
imaging, consumer electronics, and military applications, with
the rapid increase in demand for advanced image sensing and
optical communication technology, the need for sensitive and
fast response PDs is also increasing.['**>°¢ As the application
of perovskite semiconductor materials has been well-developed
in the field of optoelectronics, the performance indicators of per-
ovskite PDs have reached a very high level comparable to that of
commercial PDs,!'2] so these devices have the potential to be ex-
tensively utilized in optical communications and image sensing
applications.

2.1. Perovskite PDs for Optical Communication

PDs are crucial in optical communication systems as they enable
efficient optoelectronic signal conversion. The speed at which
PDs respond is crucial in determining the overall bandwidth
of the system.[>’*8] Most present-day commercial photodetectors
(PDs) rely on conventional inorganic semiconductors, namely sil-
icon (Si) and indium gallium arsenide (In/Ga/As), that necessi-
tate costly high-vacuum fabrication methods.!!] However, metal
halide perovskite, a novel and cost-effective semiconductor, that
can be prepared from solutions, exhibits excellent light absorp-
tion and high carrier mobility. Consequently, it has garnered sig-
nificant attention in the field of photoelectric detection applica-
tions, leading to extensive research efforts.[218:40]

In order to achieve fast response and reliable optical sig-
nal transmission of perovskite-based PDs, lots of researchers
have put great efforts into the controllable synthesis and per-
formance optimization of the materials. For example, Bao et al.
have shown that the device fabricated from the inorganic 3D
perovskite CsPbIBr; exhibits a detection limit of approximately
21.5 pW cm~2 and a rapid response time of 20 ns. (Figure 2a,b).
The perovskite PDs were successfully integrated into an optical
communication system and their application as an optical sig-
nal receiver for the transmission of text and audio signals was
demonstrated.>>! Liu et al. suggested a method of P-type dop-
ing for 3D MAPDI, perovskite films using Cu ions. This ap-
proach aimed to enhance the crystallinity and photoelectric per-
formance of the self-powered hole conductor-free perovskite PDs
(Figure 2¢,d). The device achieved an ultimate photoreaction rate
of approximately 5 ps. The successful integration of perovskite
PDs into an optical communication system enabled accurate
character transmission and high fidelity of audio signals in an
optical signal receiver for digital signal transmission.>"!

Moreover, Kang et al. reported a hybrid silicon-based light
detection by combining CsPbBr; perovskite nanocrystals (NCs)
with a light attenuation time of 4.5 ns, which can be used in
the ultraviolet to visible light conversion layer for fast UV optical
communication with solar iris (Figure 2e,f).[”] To enhance the
accuracy and efficiency of signal detection and decoding, Huang
et al. introduced dual-band PDs as a viable solution for receiver
terminals in visible light communication. Using MAPbBr; and
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Figure 2. a) Schematic structure of PDs based on CsPbl Br,_, perovskite. b) The photocurrent with different active areas of PDs based on CsPb(IBr,).
a,b) Reproduced with permission.[>° Copyright 2018, Wiley-VCH. c) Schematic illustration to measure the photoresponse speed of the perovskite
PDs. d) A single photoresponse curve at 50 kHz. c,d) Reproduced with permission.[*] Copyright 2022, Wiley-VCH. e) Schematic illustration of a small-
signal frequency response measuring device using laser diode. f) The normalized frequency response of a laser diode and avalanche photodiode without
CsPbBr, perovskite nanocrystals, and a with CsPbBr; perovskite nanocrystals and 500-nm long-pass filter. e,f) Reproduced with permission.[®9] Copyright
2019, Springer. g) Schematic structure of dual-band PDs. h) Temporal response of device to sine wave and square wave signals. g,h) Reproduced with

permission.[>®] Copyright 2020, American Chemical Society.

MAPDI, as photosensitive layers, the device could detect signals
from commercial white light-emitting diodes (LED) at two dif-
ferent wavelengths by pile up two photodiodes with opposite po-
larity, with switching rates approaching 1000 Hz (Figure 2g,h).
This characteristic guaranteed its effectiveness as a proficient
data receiver.®® In addition to 3D perovskite PDs that inte-
grate well with optical communication devices, 2D/quasi-2D per-
ovskite also shows great potential in optical communication by
enhancing film quality and optimizing performance. It is worth
mentioning that for photodetectors based on 2D/quasi-2D per-
ovskite, the orientation of the quantum well of the perovskite
itself has a great impact on the preparation of photodetectors
with different structures: the orientation of quantum wells of a
2D/quasi-2D perovskite must be preferably aligned perpendic-
ular to the substrate for vertical PDs (Figure 1a), while it must
be parallel to the structure in lateral PDs (Figure 1b,c) (see sec-
tion 3.2).

Wang et al. have reported on a strategy to use formamidinium
chloride (FACI) as an additive to create quasi-2D perovskite films
that exhibit high quality, crystallinity, and exceptional environ-
mental stability. Subsequently, localized surface plasmonic res-
onances (LSPRs) have been achieved through the incorporation
of metal nanostructures (Au/Ag) onto the substrate. This inte-
gration has significantly enhanced the optical response perfor-
mance of the device, resulting in an impressive ultimate response
speed of 9 ps.®!l In addition, the device demonstrated excep-
tional stability in various environmental conditions. Finally, it
was successfully integrated and tested in an optical communi-
cation system. The results indicate that with appropriate mate-
rial synthesis methods, improvement of film crystallinity and op-
timization of device structure, a window for high-performance
metal halide perovskite PDs is opened, and efficient optical detec-
tion is realized in an advanced integrated optical communication
system.
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2.2. Perovskite PDs for Image Sensing

At present, the imaging devices are digital cameras, whose main
components are a charge-coupled device (CCD) or a complemen-
tary metal oxide semiconductor (CMOS), manufactured by rela-
tively complex techniques.[®2%3] After continuous development,
the limitations of silicon have almost reached their bottleneck
when it comes to Si-CCD and Si-CMOS. However, there is hope
on the horizon with a new generation of semiconductor per-
ovskite materials that are available to fill the gaps in current tech-
nology. These materials offer a diverse family of options with
tunable intrinsic properties. They are also easy to fabricate using
solution processes and have good ductility, making them highly
competitive for future smart applications such as photoelectric
sensing and imaging.['*¢*%] [n order to expand the range of ap-
plications for perovskite photodetectors (PDs), researchers have
utilized various methods to fabricate PDs with higher resolution.
This is because resolution is a crucial parameter in imaging with
PDs units. Achieving higher resolution requires more pixels,
which must be smaller in size. The solution method for produc-
ing perovskite materials simplifies the manufacturing process of
PDs units, allowing for the fabrication of individual perovskite
PDs units in smaller sizes through a flexible process. Based on
this understanding, Wu et al. reported an ultrathin perovskite
PDs array with ultralight weight and excellent flexibility.[**] The
active layer of the patterned inorganic perovskite CsPbBr; films
was prepared using a vacuum-assisted drop-casting method, re-
sulting in precise pixel positioning, controllable morphology, and
uniform film size. As shown in Figure 3b,c, hemispherical sup-
ported ultrathin flexible PD arrays realize light distribution imag-
ing and have potential application in retinal visual perception.
Jang et al. reported a simple method for transferring the per-
ovskite pattern to the planar or nonplanar surface using a mo-
bile polymer.[?*] The excellent adhesion between the film and the
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Figure 3. a) Schematic diagram of the ultrathin perovskite device. b) Schematic diagram of a measuring device that mimics the human eye. c) PD arrays
lamination of light intensity distribution imaging results with hemispherical support and H-shaped. a—c) Reproduced with permission.[®*] Copyright
2021, Wiley-VCH. d) Schematic diagram of the device measuring light incident on a designated area. ) Photograph is a white rabbit wearing an artificial
intelligence contact lens. Scale bar: 1 cm. f) The resulting image is mapped by smart contact lens. d—f) Reproduced with permission.[?3] Copyright 2021,
Wiley-VCH. g) Photographs of perovskite image photodetector on a glass substrate. h) The schematic diagram and equipment photograph of the image
photodetector array used for detecting light distribution, as well as the normalized current mapping results of the full-color image photodetector after
image illumination using a shadow mask. The numerical units are nA. g,h) Reproduced with permission.[°] Copyright 2021, Wiley-VCH. i) Mechanism
of the device imaging process. j) The imaging results are the emblem of Zhengzhou University “ZZU” and the symbol of a bear. i,j) Reproduced with
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permission.[¢”] Copyright 2019, Wiley-VCH.

target surface enabled the device to be conveniently positioned
on various substrates through sacrificial film removal. Through
employing this transfer technique, a photo-sensing array using
perovskite can be fabricated onto soft contact lenses, as proven by
in vivo experiments conducted on rabbits, thereby showcasing its
durability against wear and tear (Figure 3e,f). Wang et al. utilized
the high-resolution electro-fluidic dynamic pressure method to
fabricate pixelated perovskite photodetectors (PDs) with full-color
distribution. Notably, they employed the ionic liquid methylam-
monium acetate as a solvent for this purpose.[®®) The photocon-
ductor structure of the PDs device is represented by the overall
diagram and structure of the 10 x 10 pixel (10 X 10 X 3 sub-pixel)
device in Figure 3g. The electrofluid dynamics method used in
the fabrication process resulted in PDs unit arrays with excel-
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lent imaging performance, as demonstrated by the clear imag-
ing of the letter diagram “HUST” in the full-color imaging test
(Figure 3h). Li et al. reported for the first time self-powered PDs
based on the solution treatment of a Cs,AgBiBr, double per-
ovskite film.I®”] Due to the high material integrity of Cs,AgBiBr,
and the effective interfacial charge transfer from perovskite to
the bottom electron quenching layer, the PDs showed excellent
performance. As shown in Figure 3j, the high-resolution image
patterns were obtained by using the PDs as point-like sensor
pixels. These results indicate that integrated image PDs can be
successfully constructed by selecting different fabrication meth-
ods to achieve optical signal detection or color recognition. En-
suring the photoelectric performance of flexible perovskite de-
vices while achieving device miniaturization and integration is a
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significant technical challenge, mainly due to the incompatibility
of perovskite materials with conventional lithography techniques
and polar solution separation methods.[%8%] Therefore, there are
stringent requirements on the quality of film formation and the
crystallinity of the perovskite film itself. The strategies proposed
in this study have the potential to be utilized for the large-scale
fabrication of perovskite photodetector arrays, which can be ben-
eficial for the advancement of integrated optoelectronic devices
in the future. Additionally, this approach could enable the pro-
duction of multispectral imaging arrays.

3. Fundamental Understanding of Perovskite Film
in PDs

Due to the enormous application potential of metal halide per-
ovskites in the fields of optoelectronics and photovoltaics, their
structure and properties have been extensively studied.[**7%] Cur-
rently, most applications of perovskite-based PDs in optical com-
munications and optical imaging are based on polycrystalline
perovskite films. This is because the fabrication process is sim-
ple, the films easy to synthesize, and the fabrication cost is low.
By optimizing the perovskite composition and film crystallinity,
the optical response speed and detection capability can be im-
proved, which is well applied in optical communication devices
and imaging sensors.!>’!] Moreover, the PDs arrays with different
structures, sizes and morphologies can be obtained by solution
preparation processes.”273] In the preparation of metal halide
perovskite films, a general distinction can be made between 3D
perovskite films and quasi-2D perovskite films. 3D perovskite has
extremely high photoelectric conversion efficiency but poor sta-
bility. Quasi-2D perovskite is a layered structure formed by the
interweaving of organic and inorganic layers and is formed by
dimensional reduction of 3D perovskite. The distinctive physi-
cal and chemical characteristics of quasi-2D perovskite materials
make them an attractive alternative to 3D perovskite materials.
Additionally, they exhibit improved environmental stability, mak-
ing them imperative to carefully control the synthesis of quasi-2D
metal halide perovskite materials. The manipulation of 3D per-
ovskite films to create polycrystalline quasi-2D perovskite films
has shown substantial progress. This section will focus on recent
developments in the optical and photoelectric properties of both
types of films, highlighting their potential applications in photo-
electric systems.

3.1. PDs Based on 3D Perovskite Film

Polycrystalline 3D perovskite films are commonly used in the
fabrication of perovskite photodetectors due to their ease of syn-
thesis through the widely adopted spin-coating process and high
quality results. In 2014, Hu et al. first reported flexible perovskite
PDs with lateral structure based on a polycrystalline MAPDI,
film,*] which presented a spectral response of 3.49 A W~1, an
EQE of 1200%, as well as a wide wavelength range for optical re-
sponse including the whole UV-vis region. Then, Dou et al. de-
veloped a vertical-structured film of polycrystalline MAPbI, ,Cl,
perovskite.”] The resulting device demonstrated a remarkable
specific detectivity of 10'* Jones, along with low noise current
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and rapid rise and decay times of 180 ns and 160 ns, respectively.
These attributes render it highly suitable for optical communica-
tion and imaging applications. Following this, numerous studies
have been conducted to enhance the photoelectric features of PDs
based on polycrystalline perovskite films.”>””’] To ensure opti-
mum performance in optical communication and image sensing
applications, the fabrication of superior-quality perovskite films
or film arrays is of utmost importance.

For instance, Cen et al. reported that CsPbBr; perovskite films
with better orientation and larger grain size can be prepared on
interfacial modified layer previously deposited by atomic layer
deposition.[”®! Figure 4a presents the SEM images depicting the
film. The optimized CsPbBr; perovskite PDs exhibited excep-
tional performance due to the enhanced film quality and imple-
mentation of the double-sided interfacial technique. With a re-
markably low dark current of 0.01 nA, high detectivity of 1.88
x 10" Jones, and a wide linear dynamic range, as shown in
Figure 4D, these PDs demonstrated remarkable efficiency. Fi-
nally, successful integration of the PDs within a visible light com-
munication system was achieved (Figure 4c). As an optical re-
ceiver for text transmission, it had a bit rate of up to 100 kbps.
Ma et al. optimized the quality of the photosensitive layer by us-
ing a suitable transmission layer, resulting in highly crystalline
organic/inorganic hybrid MAPbI, perovskite PDs. Their devices
presented a high sensitivity of 436 mA W~! and a wide linear dy-
namic range (LDR) of 106 dB (Figure 4d), a fast response time
of 1.7 ps, and a bandwidth of 75 kHz."*) Due to their exceptional
properties, perovskite PDs have been integrated into optical com-
munication systems as optical sensors in the receiver terminal
(Figure 4e). It enabled the successful, accurate, and fast trans-
mission of strings, texts, and files by encoded light. The results
indicate that organic/inorganic hybrid 3D perovskite-based PDs
are highly promising for detecting visible light. These PDs, which
can be easily integrated with optical communication devices,
also hold great potential for optical image sensing applications.
For example, Zhu et al. demonstrated the successful synthesis
of high-quality Sn—Pb perovskite films with high crystallization.
The researchers achieved this by first preparing dense nanocrys-
talline Sn—PD perovskite films at room temperature, as illustrated
in Figure 4f. The Sn—Pb perovskite film exhibited high crystal
quality, resulting in reduced trap density and improved preferred
orientation. Consequently, the fabricated perovskite photodetec-
tors (PDs) demonstrated lower dark current and better power uni-
formity. To showcase the imaging capabilities, a 6 X 6 pixel image
sensor was employed, and it successfully detected and displayed
a clear “+” symbol in the corresponding photocurrent map. In a
separate study conducted by Li et al., a novel X-ray image sensor
was developed using a thick layer of lead-free Cs,AgBiBr, double
perovskite film. This innovative sensor showcased flexibility and
the ability to capture images over a large area. Furthermore, the
optical image of the Cs,AgBiBr,/polyvinyl alcohol (PVA) com-
posite film, which had a thickness of 100 um, was analyzed in this
study. The cross-sectional scanning electron microscope (SEM)
image of the film can be observed in Figure 4i. In order to pro-
duce the X-ray image sensor with detector arrays measuring 6
X 6 (as shown in Figure 4j), the authors utilized the Au layer as
a contact electrode both prior to and subsequent to the evapo-
ration of the film. The film underwent the application of silver
paste islands via screen printing. The resulting sensor had an
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Figure 4. a) Plane-view SEM images of CsPbBr; perovskite films on FTO substrates. b) Responsivity and specific detectivity of PDs with different
incident power. c) Schematic of the visible light communication system based on PDs (inset shows the waveforms comparison of PDs at 100 Hz). a—c)
Reproduced with permission.[78] Copyright 2019, Wiley-VCH. d) Responsivity and photocurrent of PDs with different light intensities under 0 V bias. e)
The schematic diagram of visible light communication (inset shows the communication interface when the signal “123456” is correctly transmitted),
and the text data waveform received by the PDs. d,e) Reproduced with permission.I”"] Copyright 2020, Springer. f) Cross-sectional SEM images of Sn—Pb
perovskite films crystallized at room temperature without annealing (top) and with annealing (bottom). g) Schematic diagram of a vertical-structure
imaging array based on perovskite film. h) Photocurrent mapping of the “+” optical image is output by the 6 x 6 PDs array. f~h) Reproduced with
permission.[7°l Copyright 2019, American Chemical Society. i) Optical image of a Cs,AgBiBrg/PVA composite film with a thickness of 100 um. The inset
shows a cross-sectional SEM image of a Cs,AgBiBrg /PVA composite film. j) Optical image of a Cs,AgBiBrg/PVA composite thin film X-ray image sensor
with a 6 x 6 PDs array. k) Output the photocurrent mapping of the “F” type X-ray image. i—k) Reproduced with permission.!3%! Copyright 2018, Royal

Society of Chemistry.

ultrahigh sensitivity and excellent mechanical flexibility, and it
did not show any significant performance degradation even when
bent at large angles. Moreover, the Cs,AgBiBr, film-based X-ray
image sensor successfully detected the letter “F” with clear dis-
tinction of its pattern from the corresponding output photocur-
rent mapping (Figure 4k). These findings show that the film com-
posed of lead-free double perovskite halides possesses consider-
able promise in the realm of adaptable X-ray visualization.

The timely and accurate response of perovskite PDs can be im-
proved by effectively preparing perovskite films. To achieve future
commercial applications of perovskite PDs, it is necessary to op-
timize existing methods or develop new methods with faster re-
sponse times and higher resolutions. However, it is important to
also consider the stability of perovskite materials when develop-
ing new methods to ensure success in achieving these goals.

3.2. PDs Based on Quasi-2D Perovskite Film

In order to guarantee coherence and uniformity in this exam-
ination, it becomes crucial to establish a clear definition for the
concept of quasi-2D perovskite. Although prevailing literature of-
ten designates the stratified hybrid arrangement as 2D or quasi-
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2D perovskite, this terminology can be misleading as it might
lead to confusion with the macroscopic shape of perovskite sub-
stances like nanoplates. Consequently, within the scope of this
assessment, we shall adopt the term quasi-2D layered perovskite
to explicitly denote the arrangement of the material, wherein the
organic and inorganic layers alternate.[*381:82]

The Ruddlesden—Popper (RP) phase, with general chemical
formula A”,A, ;Pb,X;,,,,is alayered derivative of the perovskite
family and is the most studied quasi-2D perovskite. It is ar-
ranged by monovalent organic spacer cations (A”) in a bimolec-
ular layer, and the ammonium moiety points to the inorganic
layer and is hydrogen bonded. The organic bimolecular layer is
usually connected through van der Waals forces and z—r inter-
actions. In organic bilayer, loose space is formed between rela-
tively single ammonium cations, commonly known as the van
der Waals gap. The metal halide plates are typically offset lat-
erally by semi-octahedral unit, as shown in Figure 5a. Due to
the inclination of the metal iodide octahedra, a strong deforma-
tion of the inorganic RP phase layer is usually reported.[®¢%7]
In the perovskite structure, the value of n corresponds to the
number of [BX;]*~octahedra in each layer, which determines the
thickness of the inorganic lattice. The perovskite structure un-
dergoes a transition from a pure 2D phase to a combination of
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Figure 5. a) Comparison of 2D and 3D perovskite structures diagram (m = 2 in the figure). Reproduced with permission.[33] Copyright 2020, Royal
Society of Chemistry. b) Schematic diagram of RP type perovskite structure changing with n value increasing from 1to oo, and the relationship between
power conversion efficiency (PCE) and stability of RP type perovskite solar cell with n value. Reproduced with permission.[84] Copyright 2016, American
Chemical Society. ¢) XRD of (BA), (MA),.1Pb,l5,,; for n=1to 4. d) Diagram showing parallel and vertical crystallization orientation of Pbl, plates. c,d)
Reproduced with permission.[35] Copyright 2018, American Chemical Society.

2D and 3D perovskite, and eventually to a pure 3D phase as the
n-value increases from 1 to co. This transformation is illustrated
in Figure 5a.[#%] Research indicates that the properties of RP per-
ovskite are influenced by the variation in n value.[*>#8] Figure 5b
demonstrates that as n increases, the formation energy of RP per-
ovskite decreases, suggesting that the pure 2D phase is more sta-
ble than the pure 3D phase.® Furthermore, the value of n also
impacts the efficiency of the perovskite by adjusting its photoelec-
tron properties. Specifically, a higher n value in RP perovskites
results in an increase in the dielectric constant and a decrease
in the exciton binding energy. Moreover, increasing the n value
causes a reduction in the band gap energy (E,). Additionally, the
n-value significantly influences the crystal growth orientation,
causing the orientation to approach that of the preferred 3D per-
ovskite orientation.l*##] For example, the film cast from solution,
(BA),(MA), ,Pb,1;,,; (BA = Butylammonium, C,H,,N), exhib-
ited a crystal texture of 2D Pbl, layers that changed from paral-
lel to the substrate (along the (010) texture) to perpendicular to it
(along the (101) texture). This change was observed in Figure 5c,d
and occurred for n values ranging from 1 to 435 In contrast,
there is a growing focus on quasi-2D perovskite-based PDs as
they exhibit remarkable stability and convenient manipulation of
photoelectric characteristics. These unique attributes make them
highly suitable for optical communications and optical imaging,
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thus enhancing their application potential. Zeng et al. reported
a kind of quasi-2D halide SA,Pbl, perovskite and corresponding
PDs built with stearamine (SA, C,;3H;,N),[*! a long-chain fatty
ammonium series that is currently poorly developed. As shown
in Figure 6a, it is waterproof, extremely low-noise, and has excel-
lent photoelectric performance, making it highly suitable for un-
derwater optical communications. Dimensional and component
modulation can extend the absorption starting point to 1.5 eV and
achieve a broadband response of full-spectrum optical underwa-
ter communication covering the entire transmission window of
water (Figure 6b). The photodetectors (PDs) used in the experi-
ment have a high sensitivity of 3.27 A W~! and a maximum ex-
ternal quantum efficiency of 630%. They also have a fast rise/fall
time of 0.35 ms/0.54 ms and can distinguish different waveforms
and light intensities. These properties make them suitable for
use in underwater environments, where they exhibited a sensi-
tive and durable response to light. The successful demonstration
of wireless transmission of ASCII code in water serves as a proof-
of-concept for this technology (Figure 6¢). In order to simulate
the underwater mapping of the PDs array, they divided the mul-
ticolor image into 30 x 20 pieces and projected them onto the
PD one by one, and then recorded the photocurrent and rear-
ranged it to restore the original image with the correct sequence.
The intensity of the surface is shown in Figure 6d, and it is clear
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Figure 6. a) Schematic diagram of underwater imaging experimental facility. b) Quantum confinement effect in 2D HPs, schematic diagram of 2D
HP structures with different inorganic [Pblg] layer, and transmission spectrum of water. c) Signal modulation, optical transmission, signal reading,
and signal demodulation of “Hello” ASCII codes. d) The mapping between the target image and the obtained one, the current unit is nA, the black
color (bottom) indicates currents of >8.32 nA. a—d) Reproduced with permission.[?®] Copyright 2021, Springer. ) Schematic illustration to measure
the ultimate transmission rate of the PDs. f) The waveforms of electrical signal are obtained by one-chip computer and PDs. g) The PDs receives the
waveform of digital data at transmission rate of 100 kbps. e—g) Reproduced with permission.[®'] Copyright 2022, Wiley-VCH. h) Molecular structure of
PEA,Snl, perovskite and Y6. i) red, green, blue, and NIR light illuminate PDUs, respectively, j) LED light images of the 12 X 5 transistor arrays. Enter
the letter “G,” “0,” “0,” and “d,” and the image consists of four 3 X 5 pixels encoded by red, green, blue, and NIR light, respectively. h—j) Reproduced

with permission.[°1] Copyright 2021, Wiley-VCH.

that the photocurrent mapping reproduces the target image in
detail.

Wang et al. used FACI as an additive to improve the crys-
tal quality of the film, and fabricated a self-supplied quasi-2D
(BA),FAPb,I, (n = 2) perovskite PDs with plasmonic hetero-
junction structure (Figure 6e).°!] The PDs utilized in this study
demonstrated high sensitivity (2.3 A W™!) and detectivity (3.2 X
10'? Jones), as well as fast response times (9.74 and 8.91 ps).
An optical signal receiver was utilized to incorporate these PDs
into a visible light communication system in order to transmit
ASCIl-encoded information (Figure 6f,g). The bit rate of trans-
mission data was capable of reaching up to 100 kbps. This re-
search marked the first investigation of formamidinium-based
quasi-2D perovskite films in relation to optical communication.
The findings demonstrate the potential applications of quasi-2D
perovskite-based PDs in the realm of optical communications.
The quasi-2D perovskite material’s tunable band gap enables it
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to effectively respond to light within the near-infrared range,
while the integrated PDs enable the detection and imaging of
a wide-ranging spectrum. Huang et al. synthesized heterojunc-
tion films by combining Y6 with 2D perovskite PEA,SnI, (PEA*
= Phenethylammonium, CgH,,N), which possesses remarkable
photoelectric properties in the visible region.® The detection ca-
pabilities of the PDs were expanded to cover a wider range of
wavelengths (300-1000 nm), allowing for detection in both the
visible and near-infrared spectrum. The molecular structure of
PEA,Snl, and Y6 is depicted in Figure 6h. A flexible array of 12
X 5 pixels based on PEA,Snl, /Y6 was utilized for light-emitting
diodes in four distinct colors, namely near-infrared, red, green,
and blue, as illustrated in Figure 6i. The results indicate that the
letters “G,” “O,” “O,” and “D” were successfully identified with
specificity.

At present, organic—inorganic hybrid perovskites are devel-
oping so rapidly that they are expected to replace commercial
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silicon in the application of photodetectors in the near future.!?]

Quasi-2D organic-inorganic layered perovskite-based PDs have
been less studied than their 3D counterparts due to inferior per-
formance and limited use in optical communication equipment
and image sensors. However, they exhibit superior environmen-
tal stability, which is lacking in 3D perovskites. The photoelectric
performance of quasi-2D perovskite films can be enhanced by
reducing surface defect state and increasing crystallinity through
various preparation methods. Thus, quasi-2D perovskite PDs ex-
hibit immense promise in the domains of optical communica-
tion and imaging.

4. Strategies to Improve the Performance of
Perovskite PDs

Perovskite photovoltaic materials, whether organic or inorganic
halide-based, have shown great potential in the field. Neverthe-
less, the suboptimal crystal quality and inherent flaws of this ma-
terial have substantial implications on device stability and overall
performance. In this section, we present an extensive analysis
of the main approaches utilized to ameliorate the photoelectric
properties of perovskite films.

4.1. Composition Engineering

The molecular composition of perovskite plays a crucial role
in the formation of the film, and therefore, modifying the
components or introducing ion doping can improve film qual-
ity. Optoelectronic devices based on methylammonium lead io-
dide (MAPDI;) have shown impressive performance in recent
years.['®17] However, MAPDI; exhibits poor moisture stability,
thermal decomposition, and device hysteresis due to the weak
interaction between polar CH;NH,* (MA*) and inorganic Pbl,;~
sublattice. To enhance water stability, MA* can be replaced by
FA* or Cs*. Additionally, replacing I~ with Br~ and/or Cl~ can
expand the optical band gap of perovskite materials, allowing for
wider absorption of the solar spectrum.?l The unresolved is-
sue of lattice strain in perovskite materials significantly affects
their physical and device performance. A potential solution to
this problem is adjusting the composition and proportion of per-
ovskite to control lattice strain, which can result in the develop-
ment of more efficient and stable devices. In a study conducted
by Kong et al., the photoelectric properties of perovskite films
were examined. The researchers prepared a variety of tri-cationic
and mixed halide perovskite films and investigated the impact
of lattice strain on these properties.!”’] The schematic diagram
in Figure 7a illustrates the relief of lattice strain in perovskite.
Among the various perovskite films tested, the film composed
of (FAPbDI;), 5o(MAPDBr;), 15(CsPbl,), o showed exceptional per-
formance in perovskite photodetectors (PDs). This particular film
displayed an ultrahigh responsivity of 40 A W~!, a detectivity
of 1.9 x 10" Jones, and an external quantum efficiency (EQE)
of 9100% (Figure 7b). Furthermore, it exhibited superior stabil-
ity. The study revealed that achieving optimal coordination be-
tween the elements in perovskite films can result in the release
of lattice strain. This, in turn, contributes to the creation of thin
films with fewer defects and longer carrier lifetimes. The find-
ings highlight the significance of ion ratios in regulating lattice
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strain and determining the fundamental properties of perovskite
optoelectronic devices. Therefore, researchers can utilize this
understanding as a strategy for developing high-performance
perovskite optoelectronic devices by using mixed-cationic lead
mixed-halide perovskite. Wang et al. manufactured a PDs based
on FA,,Cs Pb(Br I ,); perovskite and revealed the effect of
chemical composition on the stability of mixed cationic crys-
tal phase and device performance.® The FA,,Cs,;Pb(I,4Br1,,)
PDs showed high specific detectivity (2.8 x 10'* Jones), which
is the highest value to date for flexible perovskite PDs, and high
responsivity and excellent stability under environmental condi-
tions. These results show that mixed-cationic mixed-halide per-
ovskite is expected to be applied in high-performance PDs and
other flexible optoelectronic devices. To explore the correlation
between optical stability and photoelectric properties of various
phases, Wang et al. conducted a study on the crystal phase of a hy-
brid perovskite, Cs,FA; ,»b(Br,1 ,));, with mixed cationic lead
and mixed halides.”! Scientific evidence validates that the region
between 0.10 < y < 0.30 is determined to possess an elevated con-
centration of cesium. Furthermore, the film exhibits noteworthy
attributes, including exceptional crystal quality, extended lifes-
pan of carriers, and heightened mobility of carriers. The signifi-
cance of high crystal quality in achieving satisfactory photoelec-
tric quality and stable band gap has been well established. In or-
der to identify the ideal cesium content, an investigation was con-
ducted on the parameter space of Cs,;;FAqg;Pb(Br, ;. ,)); per
ovskite utilizing orthogonal halide variation (refer to Figure 7c).
The perovskite system exhibited remarkable mobility and dif-
fusion length of charge carriers throughout the entire iodide-
bromide tuning range. As a result, the introduction of cesium
led to the development of a perovskite system that is capable of
stabilizing photosensitivity. This allows for fine-tuning of its ab-
sorption properties, ultimately optimizing the bandgap for pho-
toelectric devices.

The regulation of organic spatial cations in RP-type quasi-2D
perovskite has gained significant attention due to its ability to
accommodate various functional groups and spatial structures.
Different chain lengths and functional groups offer a variety of
options for the selection of organic spatial cations in RP-type
quasi-2D halide perovskite. These options encompass hydropho-
bic aliphatic alkylammonium cations (BA*) and phenylaromatic
alkylammonium cations (PEA*), alongside with novel organic
cations. This opens up possibilities for achieving new characteris-
tics and enhancing performance.*"*®] Manipulating the crystal-
lization kinetics is possible by adjusting the spacer cation type,
which is a crucial factor. Such adjustments offer potential oppor-
tunities to enhance the film'’s quality in the perovskite of quasi-
2D halide perovskite. For example, Shi et al. introduced a novel
fluorine group, known as fluorine-substituted phenylethylamine
(PEA™), specifically 4-fluorophenylethylammonium (4FPEA*,
CgH,,FN), as a spacer. They utilized this spacer to fabricate a
quasi-2D (4FPEA),(MA),PbsI,, (n = 5) perovskite film, employ-
ing a one-step spin-coating process based on the hot casting
method. This approach proved to be more effective in compar-
ison to the original PEA* cation.®® The strong dipole field gen-
erated by the usage of 4FPEA* organic space cation results in
a noteworthy amplification in charge dissociation. Additionally,
the enhanced functionality of the device can be credited to the
modification in the perovskite film’s quality. Figure 7d illustrates
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that the (4FPEA),(MA),Pb;I,, perovskite crystals exhibit prefer-
ential growth perpendicular to the substrate, resulting in a favor-
able phase distribution. This distribution shows a normal gradi-
ent pattern, with the concentration of the phase increasing from
the bottom to the top surface. Such a distribution promotes effi-
cient charge transport. Moreover, the utilization of organic spatial
cations (4FPEAY) has been observed to enhance the film’s crys-
tallinity, enlarge the grain size, and mitigate the occurrence of
trap states, as demonstrated in Figure 7e,f. One also used mixed
spatial cations to flexibly manipulate the crystallization process
to form high-quality films. Qiu et al. implemented the incorpora-
tion of mixed interval organic cations (namely BA* and PEA*) in
quasi-2D Sn perovskite in order to regulate the process of crys-
tallization. The synergistic effect of the BA™ and PEA* cations
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successfully hindered the occurrence of an intermediate phase
induced by the oxidation of Sn?*. This prevention was beneficial
for promoting a homogeneous and ordered nucleation process.
Ultimately, the regulation of the crystallization process of Sn-
based quasi-2D perovskite led to the improvement of film mor-
phology and crystal growth direction, along with the suppression
of charge carrier recombination. This achievement is illustrated
in Figure 7gh.

4.2. Interface Engineering
Enhancing the efficiency of perovskite optoelectronic devices

heavily relies on the optimization of the perovskite film’s
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quality. This can be achieved by selecting an appropriate un-
derlying transport layer and modifying the underlying surface,
which will improve the compatibility of the device configura-
tion. Hybrid perovskites, which incorporate both organic and in-
organic components, emerge as a favored option for achieving
high-performance PDs primarily due to their impressive mate-
rial characteristics. Nonetheless, the unregulated expansion of
perovskite films along with sluggish charge extraction at the in-
terface may curtail the sensitivity and response rate of PDs based
on these materials. Despite the significance of this issue, there
remains a paucity of investigations focusing on the influence of
the electron transport layer (ETL) on PDs’ response time. In their
study on interface engineering strategy, Wang et al. conducted a
performance comparison of perovskite PDs using TiO, and SnO,
ETLs. One particular aspect of focus was the variation in photo-
response time.l”’] Both PDs exhibited a significant difference in
on-off current ratio, amounting to 10° and indicated a substan-
tial detectivity of approximately 10'? Jones. The perovskite PDs,
which relied on SnO,, showcased an exceptional rise time of
merely 3 ps accompanied by a corresponding decay time of 6
us. Conversely, the perovskite PDs based on TiO, exhibited in-
ferior responsivity and longer response time when subjected to
lower driving voltage (Figure 8a). An electron extraction barrier
existing at the interface between TiO, and perovskite, coupled
with charge traps within the TiO, layer, can be responsible for
this phenomenon. Moreover, the dark current of the PDs expe-
rienced effective suppression when a poly(vinyl pyrrolidone) in-
terlayer was inserted. Consequently, an impressive enhancement
in the on/off current ratio, amounting to 1.2 X 10° (as depicted
in Figure 8b), was attained, corresponding to a tenfold amplifica-
tion. Zhang et al. conducted a study where they introduced col-
loidal quantum dot of PbS combined with perovskite (MAPDI;)
as a crucial component in UV-vis—NIR broadband photodetec-
tors (PDs).[®) To enhance the conductivity and improve the en-
ergy level matching of the PbS films, the PbS colloidal quan-
tum dots were passivated with SCN™ anions through a solid
ligand exchange technique. Figure 8c showcases the structure
of the devices based on PbS/MAPbDI, composites, along with a
schematic representation of the ligands utilized for the exchange
process. The composite PDs displayed a sensitive light response
in the NIR region due to the complementary absorption spec-
trum and the effect of charge separation at the interface. Addi-
tionally, they demonstrated a significant improvement over the
original MAPDI; or PbS colloidal quantum dot PDs in the UV—
vis region. The PbS-SCN/MAPbI; composite PDs showed sensi-
tivity to a wide range of wavelengths in the UV-vis—NIR region,
with an impressive responsivity of 255 A W~! and a fast response
time of <42 ms. A successful development of a 10 x 10 array im-
ager was achieved utilizing perovskite broadband PDs, demon-
strating its potential as a high-performance image sensor capa-
ble of capturing a wide range of wavelengths and depicting de-
tailed images (Figure 8d—{). These findings underscore the signif-
icance of interface engineering in enhancing the effectiveness of
PDs.

Interface engineering has also been implemented on
perovskite-based x-ray detectors. A study conducted by Dem-
chyshyn et al.®®l focused on the creation of ultra-flexible,
lightweight, and highly integrated X-ray PDs through the
utilization of perovskite composed of a mixture of different
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cations and halide elements. The researchers achieved this
by conducting thorough interface engineering research. In
their study, they implemented five different inter-layer con-
figurations (Figure 8g). The device operated successfully at
0 V, also known as passive mode. In this mode, the sensitiv-
ity was measured to be 9.3 pC Gy! cm~2, with an effective
area of 0.05 cm?. The detection limit was found to be 0.58
+ 0.05 uC Gy s7L. In addition, these ultra-flexible devices al-
lowed isotropic operation to reliably detect the back or front
of the X-ray impact detector (Figure 8h). Mescher et al. de-
veloped an X-ray sensor that used a printable perovskite film
with triple cationic composition (Figure 8i).”! This device
exhibits excellent X-ray stability, a low dark current, and a
strong sensitivity of 59.9 pC Gy,,~! cm™. In addition, the
sputtered NiO, hole transport layer was used to replace the
spin-coated PEDOT: PSS through the interface engineering
strategy, which demonstrated a significant reduction of dark
current in detector. Figure 8k shows two typical cross-section
SEM images of the studied hole transport layer. More obvious
large columnar perovskite grains can be observed by using NiO,,
as HTL.

To evaluate the X-ray imaging potential, a flexible X-ray detec-
tor incorporating a perovskite film was utilized for single-pixel
imaging. The perovskite X-ray conversion layer’s columnar grain
structure is anticipated to minimize carrier losses occurring at
the grain boundary due to non-radiative recombination impacts.
The detector was used to detect objects that were affixed to the
pneumatic joints and screws on the sample table (Figure 8l). As
depicted in Figure 8m, the X-ray image clearly identifies different
components of the object, demonstrating the outstanding X-ray
imaging ability of the flexible X-ray detector based on perovskite
film.

The application of PDs may be hindered by the undesir-
able confinement effect caused by quantum and the significant
scattering of charge carriers at the interface in quasi-2D per-
ovskite materials. In their study, Yu et al. introduced a new
post-synthesis treatment using the interface engineering strat-
egy. They focused on designing the dimension and interface
of a 2D homologous perovskite film, which led to a significant
enhancement in the performance of the corresponding visible
light PDs. The quasi-2D (OA),FA, ,Pb,Br;,,; (OA* = Octade-
cylammonium, C;4H,,N¥) perovskite film, treated by immers-
ing it in a solution containing FA*, showed significant improve-
ments. This treatment led to an increase in the dimension of
the quasi-2D perovskite through the exchange reaction between
OA™ and FA*, resulting in enhanced quantum confinement ef-
fect and improved separation of electrons and holes. Addition-
ally, the treatment also caused independent quasi-2D perovskite
nanocrystals to fuse together, which facilitated inter-domain car-
rier transport. These improvements in the perovskite film treat-
ment are crucial for enhancing the performance and efficiency
of optoelectronic devices. Figure 8n provides a visual representa-
tion of the increase in dimensionality and its impact on the elec-
tronic band structures. These advancements led to notable aug-
mentation of the EQE and R of the treated PDs, reaching remark-
able values of 4200% and 32 A W~ respectively. Moreover, a sub-
stantial reduction by two orders of magnitude is observed in the
rise/decay times, which amounts 0.25 ms/1.45 ms, respectively
(Figure 8o0).
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Figure 8. a) /-t curves and b) J-V curves of the SnO,- and TiO,-based perovskite PDs under the dark and 450 nm laser illumination with a light
density of 100 mW cm™2. The inset of Figure 7a shows the energy band diagram of TiO,-based and SnO,-based perovskite PDs. a,b) Reproduced
with permission.[®’] Copyright 2018, American Chemical Society. c) Schematic diagram of broadband PD device structure and switching ligand based
on the PbS/MAPbI; composite. d) The imaging of the letter “U” under UV light, e) the image of the letter “E” under visible light, f) the image of
the letter “I” under NIR light. c—f) Reproduced with permission.[%%] Copyright 2019, American Chemical Society. g) Device structure at the interface
between perovskite high energy photon absorber and PEDOT:PSS, PEDOT:PSS and PCBM/TiO,, and NiO, and PCBM/BCP using Al as the top contact
and epoxy/polypropylene as encapsulation. h) Schematic diagram of 1.4 um PET film perovskite X-ray detector. g,h) Reproduced with permission.[°%]
Copyright 2019, Wiley-VCH. i) Schematic diagram of flexible X-ray detector based on inkjet-printed perovskite film. j) Photograph of an X-ray detector
based on flexible perovskite film. k) SEM cross-sectional images of a tricationic perovskite X-ray detectors printed by inkjet on rigid glass substrates based
on NiO, and PEDOT:PSS hole transport layers. [) Photograph and m) corresponding X-ray image of the pneumatic connector and screw mounted on the
sample table. i-m) Reproduced with permission.[*?] Copyright 2020, American Chemical Society. n) Schematic diagrams of the increases and consequent
change in dimension of electronic band structures. o) It curves of the pristine and 30-min treated PDs. n,0) Reproduced with permission.!'%! Copyright
2017, American Chemical Society.

4.3. Heterojunction Engineering

The photoelectric performance of PDs relies heavily on the qual-
ity of organic-inorganic hybrid perovskite. Key factors include the
size of the grains, the ability to form films, and compatibility with
other layers that serve various functions. One effective approach
for boosting device performance involves the creation of a hetero-
junction structure. This can be achieved by introducing a modi-
fied layer alongside the perovskite layer. As a result, not only is
the crystal quality of the perovskite enhanced, but the photoelec-
tric response of the PDs is also significantly improved. Another

Adv. Funct. Mater. 2023, 2311205 2311205 (13 of 28)

strategy consist in combining perovskite with 2D materials, such
as graphene or PdSe,, which possess a high carrier mobility. This
combination results in the formation of heterojunction PDs.
Xia et al. utilized chemical vapor deposition to deposit Pbl,
and MAI consecutively onto graphene, resulting in the for-
mation of a van der Waals heterojunction between MAPbI,
perovskite and graphene.'®?l The perovskite MAPDI, grown
through this technique exhibits dense crystal structure and large
grain size, offering significant benefits for the fabrication of
PDs with superior imaging capabilities. In this study, a PD
based on MAPDI,/graphene van der Waals heterojunction was
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Figure 9. a,b) Schematic illustration of the flexible (24 x 24) pixels image sensor. c—f) The corresponding output images of a cartoon pig, 2D code, and
letters “THU.” a—f) Reproduced with permission.!192] Copyright 2020, Elsevier. g) EQE of PdSe, /FA g5 Csg 15 Pbl; perovskite PDs at different wavelengths.
The inset is the schematic diagram of PDs. h) Schematic diagram of single-pixel imaging experimental equipment for PdSe, /FAj gsCsq 15Pbl; PDs.
i) Output photocurrent mappings of the letter patterns of “P,” “O,” “L,” and “U” generated by the pattern masks under 808 nm illumination. g—i)
Reproduced with permission.'%] Copyright 2019, Wiley-VCH. j) Schematic of the Cs,AgBiBr¢-based PD. k) Cross-sectional view of the device. I) Self-
built optical detection imaging system schematic diagram. Imaging results of the PDs m) without CuSCN layer and n) with CuSCN layer under 50
nW cm~2 illumination. j-n) Reproduced with permission.l'%] Copyright 2020, Springer Nature. o) The PDs structure schematic and the SEM images
of Au square nanoarray substrates. The inset shows different magnifications. p) Responsivity of PDs with different structures under 2 V bias under
monochromatic light illuminations intensity of 0.25 uW cm=2. o,p) Reproduced with permission.['%] Copyright 2021, American Chemical Society. q)
Cross-section of a vertical heterostructure device with separate graphene layers, in contact with WS, monolayer and the (PEA),Pbl, layer. Reproduced
with permission.[1%] Copyright 2022, American Chemical Society.

manufactured, demonstrating a high responsivity of 10’ A W' form (Figure 9h) was utilized for conducting single pixel imag-
and a response time of 50 ms. A flexible PDs array with 24  ing. The outcomes revealed that when subjected to 808 nm il-
X 24 pixels was created to demonstrate its imaging capability  lumination, the corresponding output photocurrent mapping in
(Figure 9a,b). The imaging results at a wavelength of 633 nm  Figure 9i accurately captured the letter patterns of “P,” “O,” “L,”
revealed clear and well-defined images of a cartoon pig, a 2D  and “U.” This finding highlights the superior near-infrared imag-
code, and the letters “THU” (Figure 9c—f). These results con-  ing capability of the PdSe,/FA,4sCs,sPbl; Schottky junction
firm the good imaging ability of the PDs array. Zeng et al. con-  PDs. In order to enhance the imaging performance under weak
ducted a study on the preparation of a wideband PDs based  scattering light, it is important to find a suitable hole transport
on a PdSe,/FA, 4 Cs, ;sPbI; Schottky junction.['®] The research  layer and apply it to perovskite PDs. A recent study utilized all
findings indicated that the PD displayed a wide spectral range  inorganic Cs,AgBiBr, PDs with CuSCN as the hole transport
of response, a high ratio of light-dark current of ~10%, an im- layer for low-light imaging.'% The device structure consisted of
pressive responsivity of 313 mA W-!, an outstanding detectiv-  Cs,AgBiBr,/CuSCN (Figure 9j,k). According to the findings, the
ity of 10" Jones, and a rapid response speed of 4 ps. In or-  utilization of CuSCN as a layer for transporting holes greatly en-
der to assess the imaging ability of the PdSe,/FA4Cs,;sPbl;  hanced the extraction and transportation capacity of carriers in
Schottky junction PDs in near-infrared, a biaxial mobile plat-  PDs, consequently resulting in improved imaging performance.
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The imaging capability of Cs,AgBiBr, PDs was proven to be ex-
ceptional even in low-light settings through the utilization of a
self-constructed laser scanning imaging system. The PDs were
able to clearly identify images even at a light intensity as low as
5nW cm~2 (Figure 91-n). The findings indicate that imaging ap-
plications can greatly benefit from the utilization of all-inorganic
perovskite PDs fabricated using bismuth (Bi), especially when in-
corporating appropriate heterojunction architectures.

The improvement of light absorption and charge mobility
in quasi-2D perovskite polycrystalline films has been hindered
by the presence of grain boundary defects. These defects limit
the photocurrent and ultimately reduce the efficiency of the
films. To overcome this challenge, Wang et al. have developed
a new type of perovskite film called broadband 2D/quasi-2D
(BA),(FA), ,Pbnl;,,; (n = 1 or 2) perovskite PDs. These films
not only exhibited strong light trapping capabilities but also
demonstrated good stability. This was achieved by combining
both the Au square nanoarray and a monolayer of graphene.!1%!
In Figure 9o, it can be observed that the implementation of
graphene and Au square nanoarrays in the interface engineer-
ing strategy leads to enhanced crystal quality, carrier mobility,
and light absorption of the film. Additionally, this approach max-
imizes light trapping, electromagnetic field enhancement, and
light-induced carrier extraction. As a result, there is a substan-
tial increase in the photocurrent of the device within the visible
and near-infrared range. Comparatively, the responsivity and de-
tectivity of the device, when solely based on perovskite in PDs,
were two orders of magnitude lower (Figure 9p). In addition,
Wang et al. proposed a WS, single layer/(PEA),Pbl, 2D per-
ovskite vertical van der Waals heterostructure PDs.[1%] The de-
vice structure diagram is depicted in Figure 9q. The PDs demon-
strated a short circuit current of 41.6 nA. At the heterointerface
of WS,/(PEA),Pbl,, a photoresponsivity of 0.13 mA W~! was
achieved, which was 5 times higher than that of an individual
WS, region. This study validates that 2D perovskite holds poten-
tial as a light-absorbing layer for optoelectronic devices with tran-
sition metal dihalide heterogeneous interfaces.

4.4. Film Crystallinity Improvement Engineering

The organic—inorganic hybrid perovskite PDs exhibit exceptional
device performance, thanks to their excellent material properties.
Moreover, the noteworthy potential of halide perovskite-based de-
vices as an economical alternative to current light-harvesting ma-
terials in commercial applications is highlighted by their abil-
ity to be processed affordably. However, the utilization of solu-
tion treatment processing for the fabrication of perovskite poly-
crystalline films often results in films that are not compact, ex-
hibit inadequate crystallization, pose challenges in controlling
crystallization nucleation, and display structural, chemical, and
grain boundary issues. These problems significantly hinder the
photodetection efficiency of PDs. Hence, it becomes impera-
tive to address the underlying issue of perovskite film develop-
ment and adopt techniques and approaches to enhance its crys-
tallinity. By doing so, we can significantly enhance the photoelec-
tric efficiency of devices based on perovskite materials, leading
to their wider range of applications. Through the utilization of
non-fullerene passivation, an effective method for the passiva-
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tion of perovskite materials is demonstrated. This approach ex-
hibits remarkable reduction in trap state density, thereby enhanc-
ing the quality of film formation.'””] Consequently, a remarkably
low dark current of 2.6 X 1078 A cm~? at —0.1 V is achieved. More-
over, the passivation of perovskite photodetectors (PDs) yields a
substantial broadening of their optical response range, extending
beyond 900 nm. The net result of this enhancement is a specific
detectivity of 1.45 x 10*2 Jones at 650 nm, coupled with an excep-
tional response speed of 27 ns. This showcases the remarkable
practical applications of PDs in weak light detection circuits and
visible light communication systems.

We now focus on discussing the advancements in film crys-
tallinity engineering. In the next section, we introduce in detail
the strategies and methods implemented to improve perovskite
films.

5. Strategies for Increasing Crystallinity of
Perovskite Films

In the production of perovskite films, the enhancement of film
quality often involves the simultaneous implementation of multi-
ple strategies. It is imperative to evaluate the collaborative efforts
of these strategies and their respective roles in the process. Their
interaction and their collective influence on film quality during
the formation of perovskite films necessitate the adoption of a
combination of diverse techniques to optimize film quality. Our
focus in this section is primarily on the engineering of additives
and post-treatment to elevate the morphological and crystal qual-
ity of perovskite films and enhance the functionality of optoelec-
tronic devices.

5.1. Additive Engineering

While underlayer engineering and heterojunction engineer-
ing have the potential to enhance film quality, the task of
finding a compatible interface layer for perovskite remains a
challenge.[19%19] Therefore, it is crucial to explore alternative
approaches to control crystal growth. Additive engineering has
emerged as a successful strategy for optimizing the perovskite
layer, leading to improved efficiency and stability in perovskite
devices. Consequently, numerous substances have been recog-
nized for their efficacy in regulating the process of halide per-
ovskite film formation.

5.1.1. 3D Perovskite Films

Along with molecular incorporation in a perovskite precursor,
there have been many reports on solvent additives to the 3D
perovskite.[!1%] i et al. investigated the utilization of polyethy-
lene glycol (PEG, C,,H,,.,0,,;) as an additive in order to pas-
sivate localized defects in CsPbl,Br films via a Lewis acid-base
interaction.'" To achieve this, a small amount of PEG addi-
tive with a concentration of 0.4 mg mL~! was introduced into
the CsPbl, precursor (Figure 10a,b). The addition of PEG effi-
ciently passivates the interface defects, as evidenced by the re-
markable reduction in trap density of states, as observed through
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Figure 10. a) Cross-sectional view of the device and illustration of Lewis acid—base interaction between uncoordinated Pb?* and PEG. b) SEM images
of the CsPbl,Br films modified with different concentrations (0, 0.2, 0.4, 0.8 mg mL™") of PEG. c) Specific detectivity of PDs. a—c) Reproduced with
permission.l""l Copyright 2021, American Chemical Society. d) Schematic illustration of device fabrication incorporated with F,TCNQ. e) Responsivity
of PDs with/without F,TCNQ incorporation at bias of 5 V and 10.6 mW cm~2 illumination. The inset shows the structure of the PDs. d,e) Reproduced
with permission.["14] Copyright 2020, Royal Society of Chemistry. f) Device structure diagram and cross-sectional SEM image of pseudohalide enhanced
perovskite photodiode. g) J-V curves in dark and 1 Sun white light illumination of device. h) specific detectivity of the optimized FAPbI, g (BF4)q.
perovskite PDs. f-h) Reproduced with permission.['">] Copyright 2020, Wiley-VCH. i) Schematic diagram of a visible light communication system with
transmitter and receiver subsystems. j) Home-made visible light communication system photograph based on perovskite PDs. k) Responsivity of the
PDs based on MAPbI; and MAPbI;:CuSCN. i-k) Reproduced with permission.[®®] Copyright 2020, Wiley-VCH. I) Distribution diagram of multiple ions
in KRbCsFA perovskite layer without and with NH,Cl preparation and corresponding film forming process. Reproduced with permission.[''¢] Copyright
2022, Wiley-VCH. m) Thermal annealing film formation of Ref and Au_NPs-30 samples: direction and mechanism of grain growth. Reproduced with
permission.!"”] Copyright 2022, Elsevier B.V.

thermal admittance spectroscopy. Fourier transform infrared  tential of utilizing the environmentally stable polymer additive
spectroscopy analysis revealed the formation of Lewis acid-base ~ PEG to passivate defects and achieve superior photoelectric de-
interactions between Pb?* and PEG, resulting in the passivation  tection performance in all inorganic perovskite photodetectors.
of defects in CsPbl,Br perovskite and suppression of noise cur-  Subsequently, Wang et al. used Ti;C,T, MXene for additive en-
rents. This passivation strategy leads to excellent photoelectric  gineering of CsPbl,Br perovskite.[''?] The inclusion of MXene
detection performance in all inorganic perovskite photodetectors, ~ greatly enhanced the crystallinity of perovskite films while re-
with a specific detectivity of 2.2 x 10!! Jones andan LDRof 116 dB  ducing the occurrence of defects. Furthermore, the creation of
(Figure 10c). Taken together, these findings demonstrate the po-  Schottky junctions between CsPbl,Br and MXene nanosheets
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improved the separation and transfer of electron-hole pairs gen-
erated by light, ultimately leading to the best possible incorpo-
ration of MXene. That is, compared to the control device with-
out MXene added, the relative performance increased by about
16.7%. Divalent metal chloride salts (SrCl, and NiCl,) can also
be used as additives to regulate CsPbl, Br perovskite and enhance
the formation of high-quality perovskite films.['3] Based on the
experimental findings, it is evident that this approach has the
capability to yield films of exceptional quality, elevate the elec-
tronic characteristics, eradicate any faulty states, and prolong the
lifespan of carriers. These additives strategies will provide new
insights into the controllable manufacture of highly efficient all
inorganic perovskite optoelectronic devices.

The introduction of small organic molecule FATCNQ into
the perovskite solution (Cs,;FA,,MA,,Pb(I,,Cl,,);) has been
found to induce several positive effects on the perovskite films.
It promotes the reduction of metal lead defects and grain bound-
aries, leading to improved crystal quality. Additionally, the pres-
ence of FATCNQ increases the grain size of the perovskite, which
also contributes to enhanced crystal growth. Furthermore, the
use of FATCNQ has been shown to improve the carrier lifetime of
the perovskite films, indicating better performance and stability.
Overall, the addition of FATCNQ in the organic—inorganic hybrid
perovskite helps in defect passivation, promotes crystal growth,
and enhances the performance of the perovskite films. They im-
proves the morphology of the film and improve the performance
of PDs.[!'*] Figure 10d illustrates the diagram for device fabrica-
tion where FATCNQ is integrated. The performance of the device
is enhanced when the optimal F4TCNQ ratio is used, in contrast
to the control device lacking FATCNQ. The photodetector device
with an FATCNQ concentration of 5 vol% exhibited a responsiv-
ity of 5.41 A W~ along with an on/off ratio of 7000 (as shown in
Figure 10e). Additionally, the PDs device demonstrated remark-
able stability for a period of 25 days in ambient conditions.

The inclusion of pseudo-halide salts has emerged as a promis-
ing technique to enhance the long-term stability of devices. It has
been observed that these pseudohalide ions effectively act as pas-
sivators for the device grains, successfully impeding their degra-
dation. Li et al. conducted a study on the introduction of pseudo-
halide additives, specifically BF,~ (Tetrafluoroborate) and PF~
(Hexafluorophosphate) anions, into FAPDI; perovskites. They
fabricated perovskite photodetectors (PDs) using these modified
perovskites.[''® The FAPbDI, ¢(BF,), , film demonstrated excellent
crystallinity and air stability, effectively inhibiting the formation
of the 6 phase of FAPDI, perovskite. The modified perovskite PDs
exhibited significantly reduced dark current and noise compared
to the original FAPbI, devices and devices based on MAPbI, and
tri-cationic perovskite (Figure 10g). Unlike the temperature de-
pendency seen in the original devices, the perovskite PDs with
pseudohalide additives showed less temperature dependency.
Furthermore, the modified perovskites demonstrated an ultrafast
response time of approximately 50 ns and a relatively high detec-
tivity of over 10'? Jones (Figure 10h). These findings highlight
the potential of pseudohalide modified perovskites in enhancing
the performance of perovskite PDs, particularly in terms of re-
ducing dark current and noise, improving temperature stability,
and achieving high responsiveness and detectivity. In addition,
Liu et al. proposed a strategy for CuSCN~ induced p-type dop-
ing of MAPbI, perovskite film. This strategy aimed at enhancing
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hole transport, mitigate trap states, prevent charge accumulation,
suppress photogenerated carrier recombination, and notably en-
hance the photoelectric performance of self-powered hole-free
conductor devices.>”! The most favorable device exhibited a max-
imal responsivity of 0.37 A W~ (Figure 10k), a detectivity of 1.06
x 10'2 Jones, an extensive LDR surpassing 100 dB, and an ulti-
mate photo-response rate approaching 5 ps. Furthermore, the op-
timized perovskite photodetectors were seamlessly incorporated
into a custom-designed visible light communication system to
function as an optical signal receiver, offering promising applica-
tions in text and audio signal transmission (Figure 10i,j).

Our group has also done a lot of work to optimize the film
quality through different additives.!'1%117-120] For example, it con-
ducted an investigation of the impacts of alkali metal cations
(K*/Rb*/Cs*) and ammonium chloride (NH,Cl) additives on the
formation process of methylamine-free, formamidine iodized
perovskite films. The outcomes demonstrated that the addition
of NH, Cl promotes the solubility of Pbl, in the solution through
the creation of intermediates, resulting in favorable conditions
for the development of the perovskite phase.[''] Furthermore,
NH,Cl can increase grain size, improve crystallinity, and inhibit
the formation of Pbl, during annealing. At low concentrations,
potassium (K) is evenly distributed throughout the film thick-
ness, while cesium (Cs) is more concentrated on the surface and
rubidium (Rb) is more concentrated deep in the original layer.
However, after the addition of ammonium chloride (NH,CI),
the distribution of these two alkali metals becomes more uni-
form. The presence of NH,Cl decelerates the motion of Cs* and
Rb* ions, thereby modifying the orientation of perovskite films
and enhancing the overall quality of crystallization, consequently
leading to a homogeneous distribution (Figure 10l). As a result,
perovskite films exhibited extensive, contiguous grains. It is also
reported that using a coadditive method to mix two chlorides
(potassium chloride (KCl) and NH,Cl) in a perovskite precur-
sor solution, the synthesized Cs,FA, Pbl, perovskite without
methylammonium and bromine has intrinsic excellent perfor-
mance in crystallinity, defect elimination/passivation, and ionic
mobility blocking.['!%] The crystal growth rate can be managed by
NH,C], leading to the generation of substantial grains and layers
that are well-crystallized. The application of the glow discharge
optical emission spectroscopy technique (GD-OES) enabled us
to directly observe potassium dispersed within the film, which
effectively hindered the migration of iodide through the passiva-
tion of defects. Additionally, there is a strong correlation between
the reduction (or prevention) of iodide mobility and the decline
(or prevention) of J-V curve hysteresis. It was found that prevent-
ing ion migration was not enough to make the halide perovskite
material completely stable, and a second additive was required
for parallel crystal monitoring. We also introduce Au nanoparti-
cles (Au_NPs) into MAPDI, to improve the quality of perovskite
films.["V7] Through the utilization of a range of analytical meth-
ods, specifically employing GD-OES, we elucidated the under-
lying process by which Au_NPs enhance the overall quality of
perovskite films. The presence of Au_NPs facilitates the creation
of coherent grain structures characterized by minimal flaws and
limited grain junctions, a vital aspect for achieving heightened
efficiency (Figure 10m). Consequently, within our experimental
setup, the impact of Au_NPs on enhancing the perovskite layer’s
quality surpasses the influence of enhanced light absorption.
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by red rings. Reproduced with permission.['?*] Copyright 2019, Elsevier B.V. b) Vertical alignment of quasi-2D perovskite growth process diagram.
Reproduced with permission.l'2%] Copyright 2020, Elsevier B.V. ¢) Quasi-2D GI-XRD pattern of perovskite films after annealing at 150 °C for 0's, 1 min,
and 10 min, respectively. The red dot arrow indicates the Delta-phase FAPbl;, the white dot arrow indicates the Cl-containing intermediate, and the
orange circle indicates the Bragg peak location of the (PDA)(FA);Pbyl,; perovskite. d) Microscopic growth mechanism of quasi-2D perovskite films
assisted by FAC. c,d) Reproduced with permission.!?2] Copyright 2021, Wiley-VCH. e) Top view of SEM images of (BA),FAPb, I, perovskite films with
8 mg mL~" FACl annealed at 120 °C for 0's, 10's, 2 min, 10 min, respectively. f) GD-OES chloride profile evolution with increasing annealing time. e,f)
Reproduced with permission.[®1] Copyright 2022, Wiley-VCH. g) Top-view SEM images with cross-sectional SEM images. h) 2D GIWAXS patterns, and
polar intensity profiles along the ring in the q, of (PEA), (MA) 4Pbs ;¢ perovskite films fabricated with different amounts of NH,SCN. g,h) Reproduced with
permission.[128] Copyright 2022, Wiley-VCH. i) X-ray diffraction of the perovskite films prepared with various additives. j) GIWAXS diagram of perovskite
films prepared with various additives. i,j) Reproduced with permission.['?’] Copyright 2018, American Chemical Society. k) Schematic diagram of a
nitrogen quenching hot casting fabrication process to prepare PEA,Snl, films. |) 4 x 4 PDs array corresponding image-sensing profiles of letter “O.” k,1)

Reproduced with permission.l128] Copyright 2022, Wiley-VCH.

5.1.2. 2D Perovskite Films

Recent studies have shown that functional additives commonly
used for 3D inorganic perovskite formation can also be used to
manipulate the formation process of quasi-2D perovskite. These
additives, such as methylammonium chloride (MACI), formami-
dine chloride (FACI), and ammonium chloride (NH,CI), have
been utilized by researchers to prepare high-quality quasi-2D
perovskite films. Using these chloride salts as additional film-
forming technologies has led to an augmentation in grain size,
improved crystallinity, and the attainment of a uniform and
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sleek surface.[8¢121-123] Degpite the widespread use of MACI and
FACI to enhance the performance of quasi-2D perovskite de-
vices through enhancements in morphology and crystallinity,
the precise role of MACI and FACI, particularly the impact of
chloride ions (Cl7) in the film formation process, remains un-
clear and subject to debate. Previous research has suggested
that MACI serves as a valuable source of organic ammonium
salts, wherein Cl~ is incorporated to produce Cl-doped lay-
ered perovskite films, as depicted in Figure 11a.['?*! However,
additional investigations have presented evidence indicating
that MACI or FAC] merely functions as an auxiliary additive,
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facilitating the formation of intermediate phases during the cre-
ation of quasi-2D perovskite films, with Cl~ being absent in
the final film composition. MACI or FACI can induce the for-
mation of an intermediate phase comprised of perovskite crys-
tals without the need for annealing during the formation of lay-
ered PEA,MA,Pb;I,, films facilitated by MACI and perovskite
films (Figure 11b—d) facilitated by FACL. This method directly
enhances the alignment of quasi-2D perovskite films on sub-
strates that have been annealed.?>'?’! In the film preparation
process (Figure 11e), Wang et al. incorporated FACI as an ad-
ditive, leading to a significant enhancement in the quality and
crystallinity of quasi-2D (BA),FAPD, [, perovskite films.[®! To in-
vestigate the role of Cl in this process, GD-OES analysis was
conducted. Through annealing, the Cl-containing intermediates
present in the transition state were eliminated (Figure 11f). As a
result, the perovskite films exhibited extensive crystallization, a
smooth and defect-free surface, and excellent photoelectric prop-
erties. It should be emphasized that precise control of the con-
centration of the Cl additive is crucial in order to achieve the
highest device performance for quasi-2D perovskite films. Exces-
sive addition of Cl sacrifices the smoothness and compactness
of the film surface, thereby diminishing the performance of the
devices.

Quasi-2D perovskite films regulated by thiocyanate salts are
also popular additives. Thiocyanates salts, such as ammonium
thiocyanate (NH,SCN), have been commonly used as additives in
the formation of high quality quasi-2D perovskite films. The thio-
cyanate ion (SCN™) has a similar ionic radius to that of the halide
ion (I7), allowing it to replace the halide ion in the perovskite
structure. Furthermore, the thiocyanate ion can interact strongly
with Pb?* through its S and N atoms which possess lone electron
pairs. These characteristics of SCN™ make it an effective additive
for facilitating the perovskite film formation process. Zhang et al.
conducted a study in which they utilized a one-step spin-coating
method to prepare quasi-2D perovskite films with the assistance
of an ammonium thiocyanate (NH,SCN) additive.['? By incor-
porating this additive, they were able to create vertically oriented
and highly crystalline films, which resulted in improved perfor-
mance of the devices. The addition of NH,SCN also influenced
the grain orientation of the films, as seen in Figure 11g. Without
NH, SCN, the film had randomly oriented small grains. However,
with increased NH,SCN addition, the grains transformed into
highly ordered brick-like structures with perpendicular orienta-
tion to the substrate. This transformation was further confirmed
by the 2D GIWAXS analysis shown in Figure 11h, which clearly
demonstrated the enhanced directional ordering of crystals after
incorporating NH,SCN.

To enhance the performance of devices, Fu et al. employed
NH,Cl and NH,SCN as additives and documented a remarkably
efficient quasi-2D perovskite device based on (PEA),(MA),Pb;I;.
The preparation of perovskite layers involved the simultane-
ous use of additives NH,Cl and NH,SCN.I'?] The study’s re-
sults demonstrate that NH,SCN and NH,Cl have varying effects
on the perovskite films synthesized, as indicated in Figure 11i.
NH,SCN is primarily responsible for enhancing crystallinity
and regulating crystal growth along the vertical direction. On
the other hand, NH,Cl plays a significant role in managing
film compactness and uniformity, as shown in Figure 11j. The
(PEA),(MA),PbsI,, films demonstrate superior characteristics
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when their advantages are combined together. These advan-
tages include high crystallinity, excellent compactness and uni-
formity, and a preference for vertical growth direction. Ad-
ditionally, the devices show excellent photoelectric conversion
efficiency.

Undoubtedly, there are many different types of additives that
can be used to match particular types of quasi-2D perovskites
to improve the film crystallinity. Tin halide perovskites have
emerged as a potential alternative to Pb-based perovskite in vari-
ous applications, mainly because of their low toxicity and poten-
tial for commercialization. However, their instability in the pres-
ence of air poses a significant challenge. The oxidation of Sn**
to Sn** greatly compromises the performance of devices based
on tin halide perovskite and also hinders the manufacturing pro-
cess in air. This self-doping effect leads to rapid degradation of
device performance and the difficulties in fabricating tin halide
perovskite-based devices in air need to be addressed for the mate-
rial to realize its full potential. To overcome this phenomenon, us-
ing a nitrogen quenching hot casting method, lead-free tin-based
quasi-2D perovskite films of PEA,Snl, were formulated by Yun
et al. In order to enhance the properties of the films, an additive
in the form of tin fluoride (SnF,) was incorporated during the
preparation process under ambient conditions.!'?] Figure 11k
displays the procedure utilized for fabricating PEA,Snl, films.
When the SnF, concentration is optimized at 20%, the response
speed of the PDs can achieve 0.56 ms, and the specific detectiv-
ity is an impressive 6.32 X 10" Jones. This particular combina-
tion of tin halide perovskite-based PDs is the most remarkable
one reported so far. The inclusion of SnF, as an additive hin-
ders the creation of Sn vacancy and enhances the crystallinity
of the PEA,Snl, film. The research conducted here presents
a technology for air treatment that can be easily commercial-
ized, all while being Pb-free perovskite. Furthermore, the in-
corporation of SnF, as an engineering additive proves to be
highly effective in showcasing the exceptional performance of
the PDs, making them ideal for image recognition applications
(Figure 111I).

The significance of additive engineering in regulating grain
size and passivating defects is underscored in the context of fu-
ture perovskite optoelectronic applications, as well as the attain-
ment of exceptional performance in PDs devices. Given the aux-
iliary impact of additives on the process of film formation, it be-
comes imperative to explore additional substances with potential
suitability as additives for the fabrication of superior perovskite
films.

5.2. Post-Treatment Engineering

Perovskite materials possess numerous benefits, including excel-
lent processability in solutions, extended carrier mobility, afford-
able raw material cost, and substantial optical absorption coeffi-
cient. These qualities position them as a highly promising con-
tender for the photodetector field. Nonetheless, the material’s sig-
nificant drawback lies in its elevated defect density, which hinders
its competitiveness within the realm of photoelectric devices. To
surmount certain inherent and surface-related flaws, enhance
device stability and durability, and maintain a competitive edge,
post-manufacturing processing techniques are implemented.
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Figure 12. a) PDs preparation process and surface post-treatment diagram. b,c) The imaging results were obtained at light intensities of 0.5 and 5 uW

cm™2, respectively (the scale bar is 0.4 cm). d) Signal/noise ratio of the imaging results extracted from (b) and (c).

a-d) Reproduced with permission.[31]

Copyright 2022, Elsevier B.V. e) Schematic illustration of PEAI treatment on a pristine FAMAPb (Bryl,_x)3; mixed-halide structure. f) Fluorescence lifetime
imaging microscopy images of flat and bent surfaces of pristine and PEAI-treated mixed-halide perovskites. The scale indicates 2 pm. g) The resulting
photographs of flat (top) and mechanically bent (bottom) PEAI-treated perovskite photodetector arrays under the illumination of letters P, E, A, and . h)
Network architecture of the convolutional neural network for deep learning. e~h) Reproduced with permission.!'32] Copyright 2022, American Chemical
Society. i) PLQE of perovskite films passivated with various potassium fractions, measured under 532 nm laser irradiation, excitation intensity equivalent
to about 1sun (60 mW cm™2). Reproduced with permission.['*3] Copyright 2018, Springer. j) EQE versus voltage characteristics. k) Schematic diagram
of the electronic band gap ( g) optical band gap (), and exciton binding energy (E;) of the original CsPbBr;, CsPbBr;-PEO, and CsPbBr;-PEO-CF
films. Reproduced with permission.['34] Copyright 2014, American Chemical Society. |) Structure of a device integrating a polymer insulating layer, and

m) energy diagram illustrating how this insulating layer inhibits surface charge recombination. The insulation layer inhibits charge recombination by
separating excess electrons and holes in the electron transport layer and in the perovskite layer. |,m) Reproduced with permission.[**] Copyright 2016,

Wiley-VCH.

5.2.1. Surface Passivation Treatment

Beside implementing annealing, certain studies have suggested
performing additional treatments on the perovskite film’s sur-
face in order to address certain physical (such as band mis-
alighment between the perovskite layer and subsequent lay-
ers) or chemical (like ion migration and charged vacancy) phe-
nomena that lead to the formation of interfacial recombina-
tion centers.91291301 In this regard, Li et al. reported a lead-
free Cs,AgBiBr, perovskite PDs that improved photodetection
performance by post-processing with isopropyl alcohol (IPA)
solvent.['3" The schematic diagram of the preparation process of
PDs, specifically Cs,AgBiBr, PDs, is depicted in Figure 12a. The
exceptional self-powered photoelectric detection performance of
Cs,AgBiBr, PDs can be attributed to the heterostructure con-
struction and solvent post-treatment of the perovskite surface.
Notably, this PD demonstrates a responsivity of 48 mA W~1, a
specific detectivity of 2.1 X 10'? Jones, a switching ratio of 9000,
and response speeds of 248 ps/341 ps. Furthermore, utilizing
Cs,AgBiBr, PDs as an imaging sensor, a transmission imaging
system has been successfully assembled (Figure 12b—d). Accord-
ing to the findings, the imaging capability of the Cs,AgBiBr,
PD-based system exhibits exceptional high resolution and con-
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trast, especially in low light scenarios. Kim et al. conducted an
experiment where they used the PEAI organic spacer to treat
perovskite surfaces.['3?] This treatment resulted in the forma-
tion of 2D perovskite passivation layers. The main aim of this
process was to effectively regulate the trap-assisted recombina-
tion pathways by addressing the surface halide defects and in-
ducing halide segregation through photoinduced mechanisms
(Figure 12e). Furthermore, PEAI serves as a remedy for iodide va-
cancies on the perovskite layers’ surface, which manifest as cen-
ters for non-radiative recombination. Examination of the fluores-
cence lifetime of planar and curved surfaces of FAMAPb(Br, [, ),
perovskite using imaging reveals the lattice’s ability to withstand
mechanical strain by assuaging and securing ion halide defects
(Figure 12f). The flexible photodetector, after undergoing post-
processing, exhibits remarkable competence in optical imaging,
as displayed in Figure 12g. In this study, valuable guidance for
the development of next-generation optoelectronic applications is
provided by the connection revealed between the kinetics and me-
chanical properties of chemically modified charge carriers. The
use of deep learning algorithms in combination with a flexible ar-
ray of passivated perovskite has demonstrated outstanding accu-
racy in determining letters in both flat (>96%) and curved (>93%)
states, as illustrated in Figure 12h.
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Moreover, Li et al. reported the treatment of MAPDI,/PbI,
composite films with MAI in ethanol. After MAI treatment,
MAPbI,/PbI, composite film is transformed into pure MAPbI,
perovskite membrane.[3] Under the white light irradiation of
0.5 mW cm™2, the film achieved an ultra-high response of 3.6
A W and a detectivity of 5.4 x 102 Jones. The excellent
photo-response performance is attributed to the improved elec-
tron quality of the treated perovskite films. t-Butyl ammonium
iodide (t-BAI), propylammonium iodide (PAI, C;H,,NI), and
phenylethyl ammonium bromide (PEABr) are additional exam-
ples of ammonium salts that have proven to be effective interfa-
cial modifiers when used with perovskite. These salts have the
advantage of not reacting with the perovskite material itself. The
preparation and post-treatment of these salts offer unique bene-
fits, such as reducing the number of interfacial defects and min-
imizing the mismatch between the cap layer and the 3D per-
ovskite lattice. This results in improved performance and sta-
bility of perovskite-based devices. Our group introduced PAI to
post-treat the surface of MAPbI; film, which further improved
the performance and stability of the film.'*”] Furthermore, sev-
eral recent studies have indicated that halide compounds, namely
diammonium iodide, iodopentafluorobenzene, quaternary am-
monium halides, and potassium halide, along with polystyrene
thin insulating layers,!133134137.138] can be employed as post-
treatments for perovskite films. These treatments effectively ex-
ploit the intermolecular interactions to passivate the suspended
bonds within the perovskite layers. According to a study con-
ducted by Abdi-Jalebi et al., the application of passivated potas-
sium halide layers on surfaces and grain boundaries can ef-
fectively minimize non-radiative losses and photoinduced ion
migration in perovskite films and interfaces.'*)] It was discov-
ered that this approach resulted in a remarkable external pho-
toluminescence quantum yield of 66%, indicative of an internal
yield exceeding 95% (Figure 12i). By maintaining a high mo-
bility of over 40 square centimeters per volt per second, they
were able to achieve a commendable luminescence rate while si-
multaneously ensuring excellent charge transport. This achieve-
ment represents a rare combination of exceptional luminescence
and superior charge transfer capabilities. The charge accumula-
tion and subsequent recombination losses in working solar cells
due to trap states on the perovskite surface were analyzed by
Abate et al.l'*] Following this, the researchers successfully im-
proved the device performance by identifying the coordination
iodide ions responsible for these trap states within the perovskite
structure and passivating them using supramolecular halogen
bond complexation (Figure 12j,k). Wang et al. provided evidence
that the insertion of a tunnel polystyrene layer between the per-
ovskite material and the electron transport layer results in a
noteworthy enhancement of the device’s performance. This im-
provement primarily arises from the suppression of carrier re-
combination at the cathode contact.!*] Figure 121 displays the
schematic diagram of the device structure that was utilized in
their investigation. By spatially separating the photogenerated
electrons and holes at the interface of the perovskite and cath-
ode, the tunneling layer effectively diminishes charge recombina-
tion, as shown in Figure 12m. Moreover, the implementation of
a hydrophobic polymer-based tunneling layer greatly fortifies the
device’s resistance against water-induced damage. Importantly,
this approach offers simplicity as it negates the requirement
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for a lattice match between the buffer layer and the perovskite
material.

5.2.2. Post-Treatment of Grain Boundaries

Non-radiative recombination centers are rendered highly vul-
nerable to environmental instability due to the buildup of de-
fects at grain boundaries. Numerous post-processing techniques
have been devised to tackle this concern, aiming at diminishing
grain boundaries and hence minimize non-radiative recombina-
tion centers. Zhao et al. introduced a tandem-like perovskite PDs
and suggested an enhanced solution process that utilizes exces-
sive polymethyl methacrylate (PMMA) as an antisolvent to pro-
mote perovskite crystal growth and minimize horizontal grain
boundaries.['*] Figure 13a,b displays the experimental proce-
dure and the cross-sectional SEM, respectively. Moreover, the
PMMA, which remains within the perovskite grains, functions
as an intermediary layer to store optical carriers. This leads to a
decrease in dark current and an enhancement in PDs gain. The
findings demonstrate that when illuminated with a wavelength
of 532 nm, the ideal perovskite PD exhibits a detectivity of 3.38
x 102 Jones, a responsivity of 5.65 A W1, and a EQE of 1300%
(Figure 13c).

According to Du et al., it is possible to attain high-quality
films solely through annealing and grain growth processes with-
out the need for passivation agents, by loosening the criteria
for film smoothness."*"] The morphological changes resulting
from the evaporation of the MACI-DMF solution have been
found to effectively eliminate defects in the film. By examin-
ing the deposited film at a nanoscale level, researchers were
able to visualize and identify clusters of defects. However, af-
ter treatment, these defect clusters were observed to disappear.
Additionally, the film displayed emission grain boundaries and
demonstrated impressive intergranular uniformity in polycrys-
talline films (Figure 13d—g). Xiao and colleagues presented a
novel technique for post-treatment, involving the annealing of
3D perovskite MAPDI, in either N, N-dimethylformamide (DMF)
or dimethyl sulfoxide (DMSO) vapor.'¥3] It turned out that the
size of grains grown in an inert environment was twice larger
than those grown in an inert environment, suggesting that grains
grown in a vapor are much larger than those grown in an in-
ert atmosphere. This post-processing strategy has been shown
important for reducing grain boundary density and related de-
fects. The two-step technique employed by Chen et al. involved
aligning 2D perovskite for post-treatment. In this process, guani-
dine thiocyanate (GASCN, C,H(N,S) and MACI were utilized as
post-treatment agents (as depicted in Figure 13h).'*1] Initially,
GASCN was employed for the first-step post-treatment, which
resulted in a considerable reduction in grain gap within the per-
ovskite film. As a consequence, the arrangement of grains im-
proved significantly, leading to a more orderly configuration.
Subsequently, the second-step post-processing involving MACI
was performed to passivate the trap state present in the per-
ovskite film. This step was found to considerably enhance the
device performance (Figure 13i). In addition, Lin et al. proposed a
facile bulk recrystallization process by coating the surface of per-
ovskite with formamidinium chloride (FACI) to remove excess
PbI, from the crystals.['*?] The schematic illustration of the FACI
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Figure 13. a) Schematic diagram of an excess polymer-assisted crystal growth method. b) Cross-sectional SEM images of the perovskite structure treated
with PMMA of different concentrations: 0 mg mL~", 15 mg mL™', 20 mg mL™", and 25 mg mL~". ¢) EQE under different intensities of irradiation at
532 nm of MAPbI; heterojunction PD treated with different concentrations of PMMA. a—c) Reproduced with permission.!’3°l Copyright 2022, Elsevier
B.V. d—f) SEM images of tilted cross sections of untreated MAPbI; film after anti-solvent assisted spin coating, MAPbl; film treatment for 5 min, and
MAPbI; film overtreatment for 10 min. All images have a scale of 500 nm. g) Schematic diagram of MAPbl; membrane morphology transformation
during MACI treatment and process of aerosol entry into MAPbI; film. Larger MAPbI; grains grow at the expense of smaller surrounding grains. d—g)
Reproduced with permission.['40] Copyright 2022, American Chemical Society. h) Sequential post-fabrication process of perovskite device. i) Top view
and cross section of quasi-2D perovskite films treated with different GASCN solutions (illustration). The scale in the top view is 1um, and the scale in the
illustration is 500 nm. h,i) Reproduced with permission.["'l Copyright 2019, Wiley-VCH. j) Schematic illustration of the FACI deposition method. k) False-
color SEM images depicting a cross-section of a controlled and optimized FACI recrystallized perovskite device. j,k) Reproduced with permission.[142]
Copyright 2019, Royal Society of Chemistry. |) Schematic illustration of expansion of perovskite grains and reduction of grain boundaries by interprocess
diffusion and antisolvent methods. Top-scan SEM micrographs and XRD of hot annealed (TA) and solvent annealed (SA) perovskite films. Reproduced

with permission.['*3] Copyright 2014, Wiley-VCH.

deposition method is shows in Figure 13j. Massive recrystalliza-
tion was demonstrated and observed by means of grazing X-ray
diffraction (XRD) analysis of the functional relationship between
the crystal structure and the depth profile and SEM (Figure 13k).
The reconstructed crystal shows better photoelectric quality, re-
duced interface recombination, and enhanced device stability. In
this study, both solvent and antisolvent post-treatment methods
are found to promote the growth of large grains (Figure 13l).
However, the underlying principles behind this phenomenon are
not yet well understood.['*}] The authors suggest that the com-
pounds used in the post-treatment process may contribute to the
migration of grain boundaries in perovskite by forming interme-
diates. This observation provides a plausible explanation for the
enhanced grain growth, but further research is needed to fully
elucidate the mechanisms involved.!'*4]

In summary, surface passivation is advantageous for prevent-
ing external degradation of perovskite optoelectronic devices by
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creating a barrier between the absorber and stressors such as wa-
ter or molecular oxygen. This improves device stability. However,
adding a capping layer can hinder charge extraction and lead to
large photocurrent hysteresis. On the other hand, grain bound-
ary passivation is more effective in mitigating internal instabil-
ity factors like ion migration and interface defects. However, it
alone cannot improve device stability as it does not address en-
vironmental factors. Therefore, selecting a post-processing strat-
egy should depend on the device structure and target defects for
mitigation.

6. Conclusions and Outlook

Organic—inorganic hybrid 3D perovskites have been extensively
explored as new photoelectric materials, due to their high light
absorption coefficient, long exciton diffusion length, low man-
ufacturing cost, and easy large-scale production. The excellent
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Table 1. Comparison of the characteristic parameters of 3D perovskite-based PDs.

Device structure R[A W] (Bias, D* [Jones]  Rising/falling ~ On/off Wavelength Stability Ref.
wavelength, irradiance) times time test?

(Vertical) 0.37 (0V, 685 nm,—)  1.06 x 102 5.02/ — 350-750 nm  >3000s  [59]

Ag/BCP/PCBM/MAPbI;:CuSCN/ITO 5.50 us

(Vertical) 0.046 (0.7 V, 710 nm, 1.75 x 100 — 7.8 x 107 300-800 nm — [56]
0.01Wcm=?)

Ag/P3HT/MAPbI,

/PCBM/TiO,/MAPbBr, /P3HT/NIO, /ITO

(Vertical) 0.314 (0V, 670 nm, 1 mW — 4.0/3.3 us 104 400-750 nm — [145]

cm2)

Au/PEDOT:PSS/

MAPbI, film/PCBM/AI

(Lateral) 0.1(10V, 650 nm, 100 1.02 X102 0.3/ 300 <800nm  4weeks  [146]

pW cm=2)

Au/MAPbI; arrays/Au 0.4 ms

(Vertical) 0.21 (=2 V, white light, 7.4 %1012 120 ns — <800 nm 45 days [147]
143 uW cm=2)

Al/BCP/C60/PCBM

/MAPbI; Poly

/PEDOT:PSS/ITO

(Vertical) — 7.13 x 10" — — 600-900nm  >120h  [148]

Au/PTAA/MAPbI; /Au nanosquares/Au

(Lateral) 24.8 (10V, 532 nm, 7.7 x 1072 4.0/ 24%10*  300-850nm  >20days  [149]
0.37 mW cm™2)

Au/C8BTBT-MAPbI; /Au 5.8 ms

(Lateral) 0.018 (-2 'V, 970 nm, 1.8 x 10™ — 298 400-1200 nm — [29]
0.05 mW cm~2)

Si/Si02/Au/MAPbI; JAu/SiO, /Si

(Lateral) 3.27 (9V, 645 nm, 18 nW) 135 x 102 0.3 — <815nm  >1400s  [90]

FAPbI, /Au/SiO, /Si /0.5 ms

(Vertical) 0.53 (=0.1V, 900 nm, —)  2.07 x 10" 35ns — 300-1050 nm  >280 h [150]

ITO/PTAA/PEAI/Csg o5 MAg 45FAG 50Pbg 5Sng 5 13/Ce0,BCP/Cu

2 Stability tests are based on different test conditions.

photoelectric characteristics of hybrid halide perovskites have
rendered them desirable for optical communication, optical
imaging, image sensing, environmental monitoring, and opti-
cal interconnection applications. Nonetheless, the lack of envi-
ronmental stability poses a hindrance to the industrialization
of 3D perovskite devices. Halide 2D/quasi-2D perovskites of-
fer good environmental stability, making them a promising op-
tion for the design and development of high-stability perovskite
optoelectronic devices. The comparison between traditional 3D
perovskite-based devices and quasi-2D perovskite-based devices
in terms of photoelectric performance is essential. We have gath-
ered in Tables 1 and 2 the main systems and performances re-
ported in the literature for the two categories, respectively. How-
ever, it should be emphasized that the latter still falls short in
terms of its ability to absorb light and efficiently transport car-
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riers, mainly due to its insufficient crystal growth orientation,
phase distribution, and large band gap. We have also mentioned
that for photodetectors based on 2D/quasi-2D perovskite, the
orientation of the quantum wells of the perovskite impacts the
choice of the final PD structure. Hence, when the orientation of
quantum wells of a 2D/quasi-2D perovskite is aligned perpendic-
ular to the substrate, as in Figures 1a and 11b, it is better suited
for vertical PDs. Conversely, the quantum wells parallel to the
substrate are more suited to lateral PDs (Figure 1b,c).

Although the perovskite semiconductors’ integration into
high-resolution imaging and high-speed optical communica-
tion systems holds potential advantages, the procedure is still
quite difficult. Nevertheless, the manufacturing process of
solution-processed perovskite semiconductors provides a feasi-
ble solution for compact photoelectric devices because of their
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Table 2. Comparison of the characteristic parameters of 2D/quasi-2D perovskite-based PDs.

Device structure R[A W] (Bias, D* [Jones] Rising/falling On/off Wavelength Stability Ref.
wavelength, irradiance) times time test?)
(Lateral) 1.46 (0 V, 265 nm, 0.005 9.4 x 102 3.4/ 104 265 nm >100 days [67]
mW cm~2)

Ag/Cs,AgBiBrgs /Ag 8.4 ms

(Lateral) 0.95(10V, 475 nm, 8 mW 3x 10" 310/520 ps 10 365-650 nm >60 days [157]
cm™2)

Ag/(HFA),FAPb,1,/Ag

(Lateral) 0.4 (1.5V, 532 nm, 1 mwW 1.68 x 1012 43/ 102 532 nm >9 days 81]
cm~2)

Au/(iBA), (MA);Pb, 1,5 /Au 22 'ms

(Lateral) 0.121 (0V, 700 nm, 5.46 8.09 x 10° 34/ 500 400-800 nm >1000 s [152]

nW cm~2)
Graphene/ 38 ms
MoS,/(PEA),Snl,/MoS,/
Graphene

(Lateral) 5.48 (2 V, 405 nm, 0.27 pW 8.2x 10" 12.8/10.1 ps 2% 10 405-808 nm >100 days [19]
cm™2)

ITO/Au/(BA),FAPb,I,/Au/ITO

(Lateral) 4.7 (2V, 405 nm, 0.27 pW 6.3 x 10" — 5 % 10° 405-808 nm >40 days [21]
cm™2)

ITO/Au/(PMA),FAPb, 1, /Au/ITO

(Lateral) 2.3 (2V, 400 nm, 0.25 pW 3.2x 10 9.74/8.91 us — 400-1100 nm >1000 h [61]

cm™2)
Au/PEDOT:PSS-(BA), FAPb, |-
C8BTBT/Au

Gate:Au/SiO,

2 Stability tests are based on different test conditions.

uncomplicated manufacturing process, adaptable chemical
structure, and diverse device configurations. Unfortunately, so-
lution treated perovskite polycrystalline films can have grain
boundary defects, which hinder carrier transport and lead to
poor charge mobility. To improve the photoelectric capabili-
ties of PDs, it is crucial to fabricate a long-lasting and su-
perior perovskite film, which serves as the optical absorption
layer. To achieve this, the perovskite film should have a fa-
vorable surface/interface morphology, preferred lateral crystal
growth direction, and a well-balanced phase composition and
distribution.

In this review, we first introduced that perovskite film PDs
have good application prospects in optical communication and
imaging. Perovskite films prepared using simple solution treat-
ment methods are typically categorized as either 3D perovskite
films or 2D/quasi-2D perovskite films. Currently, research is fo-
cused on 3D perovskite PDs due to their exceptional photoelec-
tric performance, although their stability remains a concern. On
the other hand, 2D/quasi-2D perovskite films offer good envi-
ronmental stability, providing new opportunities for the design
and development of high stability optoelectronic devices. How-
ever, their photoelectric performance is not as strong as that of
3D perovskite films. Therefore, both perovskite films have ad-
vantages and disadvantages in their application in PDs. We have
compiled methods and strategies to enhance the crystallinity, re-
duce surface defects, and increase the environmental stability
of 3D and 2D/quasi-2D perovskite films, ultimately improving
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the photoelectric performance of their photodetectors. These im-
provements make them more suitable for optical communica-
tion and imaging applications. The various preparation strate-
gies available offer promising opportunities for the production
of superior perovskite films, which is a crucial step in the study
of material and device properties. To enhance the performance
of perovskite photodetectors (PDs), preparation strategies can
be categorized into component engineering, interface engineer-
ing, heterojunction engineering, and film crystallinity engineer-
ing. Among these strategies, the solution treatment of perovskite
film stands out as it can effectively reduce surface and structural
defects, optimize crystallinity, and significantly improve device
performance. Here, we specifically investigated strategies to en-
hance the crystallinity of perovskite films, including additive en-
gineering and post-treatment engineering. The solution process-
ing strategy simplifies the preparation process and effectively re-
duces the growth rate of perovskite, resulting in improved film
quality with fewer pinholes and large size grains. This approach
facilitates the production of high-quality films. Additionally, the
film can be passivated more efficiently through additive and post-
treatment engineering, reducing the defect state density of the
film, achieving preferred orientation, and increasing grain size.
As a result, carrier mobility and photoelectric conversion effi-
ciency are significantly improved. This advancement in technol-
ogy has resulted in photodetectors (PDs) with superior perfor-
mance, fast response speed, and excellent environmental stabil-
ity. These improvements allow for better integration of PDs into
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high-resolution imaging and high-speed optical communication
systems.

Prior to suggesting strategies to improve the quality of per-
ovskite film formation, it is crucial to understand the factors
that influence the film formation process and ultimately deter-
mine the film quality. Many research papers on perovskite opto-
electronic devices have identified three main factors that affect
film quality: internal factors, external factors, and interface reg-
ulation. Internal factors pertain to the molecular composition of
the perovskite and how it impacts film quality. External factors,
on the other hand, are adjustable factors involved in the man-
ufacturing processes. Based on the dependency of film quality
on preparation technology, the solution spin coating method of-
fers a viable alternative for large-scale production of high-quality
perovskite films. In this paper, the proposed strategies mainly fo-
cus on the spin-coating method for solution treatment. However,
upon closer examination, it is evident that both additive engi-
neering and post-treatment engineering offer greater adaptabil-
ity and reproducibility in improving the film quality. Therefore,
by optimizing the compatibility in equipment configuration with
the perovskite precursor solution and phase distribution, high-
quality perovskite films can be prepared.

This study highlights optimization strategies for improving
perovskite photodevices. However, the current stability and pho-
toelectric performance of perovskite-based photodetectors lag be-
hind industrial production demands. As a result, we have com-
piled key recommendations to accelerate the commercial devel-
opment of perovskite photodetectors in the future:

1) Although optoelectronic devices based on 3D perovskites
demonstrate impressive photoelectric capabilities, their sta-
bility remains a concern and susceptibility to environmen-
tal conditions can lead to structural integrity issues. These
challenges pose significant obstacles to their viability for
widespread industrial implementation. However, the develop-
ment and optimization of different types of perovskites has
led to the creation of 2D/quasi-2D layered metal halide per-
ovskites, which have demonstrated excellent photoelectric ad-
justability and environmental stability. These properties make
them a promising replacement for 3D perovskites. The intro-
duction of organic spacer cations can be used to modify halo-
gen perovskite materials and create low-dimensional struc-
tures. This approach has two benefits: first, it can improve
the stability of perovskite materials, which is important for
device performance. Second, reducing the dimensionality of
perovskite materials can alter the properties of its internal
excitons and lead to unique photoelectric properties. These
properties make them promising materials for use in PDs.

2) 2D/quasi-2D perovskite undergoes the disruption of its reg-
ular metal framework while incorporating defects of electron
donors and hole acceptors possessing lower energy levels. As
a consequence, the diffusion length and mobility of the charge
carriers in 2D/quasi-2D perovskite are diminished. To im-
prove the photoelectric performance of perovskite PDs, addi-
tive engineering and post-treatment engineering are effective
treatment methods. Through facile solution treatment meth-
ods, suitable additives can be introduced to reduce defects
and grain boundaries in perovskite films and improve crys-
tallinity. The post-processing method can enhance the quality
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of the film surface, facilitate the growth of the vertically (or
laterally) aligned quantum well structure, and ultimately im-
prove the photoelectric performance of the vertical (or lateral)
structure device.

3) In the realm of synthetic methods, while metal halide per-
ovskite is recognized for its easy preparation and diverse mor-
phology, it is imperative to delve deeper into the growth dy-
namics to produce top-notch perovskite films. Specifically, it
is crucial to investigate how additives can minimize surface
and structural defects of thin films, and how post-processing
can facilitate oriented growth of quantum wells in quasi-2D
perovskite, thereby enhancing smooth carrier transport and
promoting oriented growth.

4) The challenge lies in integrating perovskite photodetectors
into high-resolution imaging and high-speed optical commu-
nication systems. This difficulty arises from the incompati-
bility between perovskite materials and conventional lithog-
raphy techniques, as well as in stripping with polar solutions.
Miniaturizing and integrating perovskite devices while ensur-
ing their photoelectric performance is challenging.

5) As the exploration of halide perovskites advance, their bene-
fits in the field of photoelectric devices are becoming more
apparent. Researchers have made significant progresses by
inventing a range of photodetectors utilizing quasi-2D per-
ovskite substances in order to fulfill the diverse demands of
various devices. Nevertheless, further enhancements and re-
finements are still needed at this early stage of the research.
It is crucial for the size, performance, and stability of the de-
vices to align with practical requirements to ensure its usabil-
ity and competitiveness. Hence, theoretical and experimental
investigation of the stability of a photodetector that relies on a
novel quasi-2D layered perovskite material and its perovskite
heterojunction is profoundly important.
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