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Metal halide perovskites are considered promising materials for
next-generation optoelectronic devices due to their excellent
optoelectronic performances and simple solution preparation
process. Precise micro/nano-scale patterning techniques enable
perovskite materials to be used for array integration of
photodetectors. In this review, the device types of perovskite-
based photodetectors are introduced and the structural
characteristics and corresponding device performances are
analyzed. Then, the typical construction methods suitable for the
fabrication of perovskite photodetector arrays were highlighted,
including surface treatment technology, template-assisted
construction, inkjet printing technology, and modified
photolithography. Furthermore, the current development trends
and their applications in image sensing of perovskite
photodetector arrays are summarized. Finally, major challenges
are presented to guide the development of perovskite
photodetector arrays.

1. Introduction

Metal halide perovskites have a general structural formula of
ABX3, where A site is a cation (e.g., methylammonium
(CH3NH3*, MAY), formamidinium (NH,CHNH,*, FA*) or Cs*); B
site is a metal (e.g., Pb?* or Sn?*); and X site is a halide (e.g., I,
Br-, or CI7). In the unit cell of perovskite, the A ion occupies
eight corners, the B ion is located in the center, and the X
anion is positioned in the center of six faces (Fig. 1a).! The
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stability of perovskite crystal structure depends on the size and
charge distribution of A ion,?2 which can be evaluated
guantitatively through the tolerance factor (Fig. 1b).3 4 This
unique crystal structure endows the metal halide perovskites
with excellent optoelectronic properties such as high
absorption coefficient,> © tunable optical bandgap,” low defect
density,® long charge carrier diffusion length and lifetime.% 10
The bandgap of ABX; perovskite with different components is
shown in Fig. 1c.! The initial application of metal halide
perovskites was in the field of solar photovoltaic in 2009.1? To
date, perovskite materials have been widely used in lasers,13-16
light-emitting diodes,'”-?! photodetectors,??2> and other fields
because of their excellent optoelectronic properties.26-3°

The photodetector, as a device that converts optical signals
into electrical signals, possesses widespread applications in
optical communication,3%: 32 digital imaging,333> bionics,36-38
and artificial electronic skin.3® 40 In recent years, the metal
halide perovskites have revolutionized the photodetector
performances, such as detectivity,*1*3 response speed,***% and
on/off ratio.*’%® Liu et al. fabricated a flexible planar
photodetector based on phenylethylamine lead iodide
(CeHsC,H4NHs),Pbl,, which exhibited a large detectivity of up
to 1.62x10'> Jones.*! Shen et al. reported a broadband
vertical photodetector based on MAPbI; and an organic bulk
heterojunction, and an ultrafast response speed of 5.6 ns was
achieved.** More importantly, the perovskite materials
facilitated the array integration of photodetectors. Array
construction of perovskite materials is a prerequisite for
fabricating photodetector arrays. Therefore, various kinds of
methods for synthesizing perovskite materials with
dimensionalities and growth sites were
developed, including one-step or two-step spin-coating
method, spray coating, chemical vapor deposition method,
painting method, blade coating method, and so on. Based on
the prepared perovskite materials, several types of
photodetector arrays have been successfully assembled. Wu et
al. reported a split-ring structured CsPbBr; perovskite
photodetector array by a dual-function laser etching
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technology, and successfully demonstrated the potential
application in the human-machine interaction.®® Huang et al.
fabricated a microspectrometer with the pixelated
photodetector array based on the graded-bandgap CsPbX3
perovskite, which exhibited a reliable spectral reconstruction
performance with a resolution of about 10 nm.>? So far,
significant breakthroughs in perovskite-based photodetector
arrays have been achieved in flexibility, large-scale integration,
multispectral imaging, et al. Therefore, a review is urgently
imperative to demonstrate the development of perovskite
photodetector arrays.

Journal Name

In  this review, the device types of.perovskite
photodetectors are firstly intFSdUE @39/ D3R RediAg
photoconductors, photodiodes, and phototransistors. Then,
the four construction methods of perovskite photodetector
arrays are proposed, namely surface treatment technology,
template-assisted construction, inkjet printing technology, and
modified photolithography. Subsequently, the current
development trends of perovskite photodetector arrays in
flexibility, large-scale integration, narrowband detection, and
bionic structure are summarized, along with their applications.
Finally, the remaining challenges for fabricating advanced
perovskite photodetector arrays are presented.
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Fig. 1. a) The crystal structure of metal halide perovskite. Reproduced with permission.! Copyright 2019, American Chemical
Society. b) The calculated tolerance factors (t) for different cations (A) in APbl; perovskite system. Reproduced with permission.3
Copyright 2018, American Chemical Society. c) The bandgap of ABX3 perovskite with different components. Reproduced with

permission.!! Copyright 2022, Wiley-VCH.

2. The fundamental performance parameters of
the photodetector device

In order to give a scientific reflection and comparison of the

differences between different photodetector devices, some

performance metrics are strictly defined to evaluate their
performance. In this section, the definition and physical

2| J. Name., 2012, 00, 1-3

meaning of these fundamental performance parameters of the
photodetector device are introduced, respectively.

2.1 Responsivity (R)

The R is defined as the ratio of the output signal of the
photodetector device to the input light power, which
represents the photoelectric conversion efficiency of the
photodetector device. The R can be calculated as follows:

This journal is © The Royal Society of Chemistry 20xx
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Ion is the photogenerated current, which refers to the current
of the photodetector device under illumination (/jigh:) minus
that in the dark (/4ark), Pin is the incident light power density,
and S is the effective area of the photodetector device
exposed to light.

2.2 Specific detectivity (D*)

The D* is defined as the inverse of the noise equivalent power
(NEP), which represents the sensitivity of the photodetector
device for low signal detection. NEP is defined as the incident
light power at the signal-to-noise ratio of 1, which refers to the
noise current (i,) divided by R. The D* can be expressed as
follows:

(SAH'? RSANHY?
T~ TNEP T |,

*

2)

Af is the bandwidth. When the dark current of the device is
the dominant contributor of the noise, the D* can be
simplified as follows:

R
D"=——"—"— 3
(Zeldark/S) 12 ( )

2.3 External quantum efficiency (EQE)

The EQE refers to the average number of electrons released by
the photodetector device for each incident photon, which is
related to the incident light wavelength (4). The EQE can be
calculated as follows:

EQE =—=—R 4)

N¢ and N, represent the number of photogenerated carriers
and incident photons, respectively.

2.4 Linear dynamic range (LDR)

The LDR represents the range in which the photocurrent
shows a linear relationship with the incident light density. The
formula is as follows:

Pmax

LDR = 20log )

mn

Pmax and P, are the maximum and minimum incident light
density limit of the linear range, respectively.

2.5 Response time (1)

The t reflects the response speed to the incident light of the
photodetector device and is classified as the rise time (T,se)
and the decay time (Tgecqy), Which are defined as the time for
the Jjign: to rise from 10% to 90% and decay from 90% to 10% of

This journal is © The Royal Society of Chemistry 20xx
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its maximum value, respectively. In general, the faster. the-rof
the photodetector device, the more suib4Bl1&0it0iEfeeNHtiable
light and high time precision detection.

2.6 Photoconductive Gain (G)

The G is defined as the number of carriers passing through the
external circuit corresponding to each incident photon in the
photodetector device. It can also be calculated by the ratio of
carrier lifetime (7;) and transit time between electrodes (7¢).
The gain is generated when the carrier lifetime is longer than
the transit time. The G can be calculated as follows:

T T

Tt

d is the distance between the two electrodes, U is the mobility
of the majority charge carrier, and V is the applied voltage.

3 Device types of the perovskite photodetectors

The perovskite photodetector arrays are integrated from many
individual pixels, and each pixel is a photodetector, whose
structural configuration has an important effect on the
construction and performance of the final array device. This
section introduces the device types of perovskite
photodetectors, including photoconductors, photodiodes, and
phototransistors.

3.1 Photoconductors

Photoconductors have a simple configuration of metal-
semiconductor-metal (MSM). According to the position of the
electrodes, the perovskite photoconductor can be categorized
into planar and vertical structures, as shown in Fig. 2a.>3 The
working principle is based on the photoconductive effect. The
perovskite material absorbs incident photons with energy
higher than the perovskite band gap to produce non-
equilibrium carriers. As the carrier concentration increases, the
conductivity of the material is enhanced, and a current flows
through the circuit when an appropriate bias voltage is applied
to the device. Perovskite photoconductors with high
photoconductive gain and relatively simple fabrication
procedures are the most popular type of device structure.>*>°
Pan et al. fabricated MAPbI;3,Cl, films by spin-coating on a
patterned gold electrode deposited on the flexible substrate of
polyethylene terephthalate (PET), forming a coplanar
photoconductor device array with Au / MAPbI;,Cl,
polycrystalline film / Au structure, as shown in Fig. 2b.6° This
device adopted the interdigital electrode structure, which is
widely used in photoconductor devices and can improve the
detection signal intensity and signal-to-noise ratio by reducing
the electrode distance. The spectral responsivity (R) and
detectivity (D*) of this perovskite photodetector array under a
650 nm wavelength light (intensity of 0.033 mW cm2) were
2.17 A W -1 and 9.4 x 10! Jones, respectively (Fig. 2c). The
on/off current ratio of this photoconductor device increased
with the increase of the Ilight intensity, and it

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. a) The schematic diagram of the photoconductor device. b) The schematic structure of the photoconductor detector array
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device with the inset of the designed complex circuit. c¢) The dependence of photocurrent and detectivity undey  different
illumination intensities. d) The I, / lo ratio of a single pixel under different illumination intensities. e) TheRUrFEAD FRSHHNELHPA
single pixel under cyclic light on and off. b-e) Reproduced with permission.®® Copyright 2018, Wiley-VCH. f) The schematic
diagram of the vertically stacked structure of the photodiode array device. g) The plots of the responsivity and detectivity of the
device under different light wavelengths. h) The image of the variation of the responsivity with incident light intensity and

voltage bias. f-h) Reproduced with permission.®! Copyright 2020, Wiley-VCH.

followed a linear relationship (Fig. 2d). The response speed of
this photoconductor device was evaluated by rise and decay
times, which were 0.48 and 0.26 s, respectively (Fig. 2e). Zhang
et al. developed a vertical perovskite photoconductor device
with the structure of ITO / CH3NH3Pbl; single crystals / MoOs /
Au on the glass supporting substrate (Fig. 2f).%* This device
exhibited 88 dB of LDR, high R and D* of 1566 ~ 2400 A W~
and 4.47 ~ 6.85 x 10% Jones, respectively, in the visible light

a = b
Electrode

Perovskite

MAPbI,Br

range at a bias voltage of 2 V and a fixed light intensity of 3 pyW
cm~2 (Fig. 2g). In addition, we can also notice that a higher
electric field can improve the efficiency of photocarrier
transmission in the device and the value of R decreases at a
higher incident light intensity (Fig. 2h), owing to the saturation
of the defect state in the perovskite layer with the increasing
incident illumination intensity.
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Fig. 3. a) The schematic diagram of the photodiode device. b) The schematic diagram of the vertically stacked structure of the
photodiode device. c) Specific detectivity spectrum of the photodetector under zero bias. d) Current density-voltage curve of the
photodetector measured in the dark and under 625 nm light illumination. e) Zoomed view of the current density-time curve
during a single light on/off state. f) Frequency-dependent response spectrum of the photodetector. b-f) Reproduced with

permission.52 Copyright 2020, Wiley-VCH.

3.2 Photodiodes

Photodiodes have a vertical structure, in which charge
transport materials are applied between the perovskite
material and two sides of the electrode to further enhance the
composite performance of the detector (Fig. 3a). Photodiodes
can work at zero bias voltage due to the built-in electric field
that separates the electron-hole pairs generated by the
perovskite under photoexcitation and transports them to the
corresponding  electrodes, resulting in self-powered
photodetection.?3-%¢ However, since the photocurrent of the
photodiode exhibits a nonlinear characteristic with the light
intensity under zero bias voltage,®’ it generally works under
reverse bias voltage to promote charge collection, which is
different from photovoltaic devices.®® ¢ Compared to planar
photodetectors, photodiodes have low dark currents and

This journal is © The Royal Society of Chemistry 20xx

faster response speed, benefiting from the carrier rejection
mechanism and short carrier transmission distances,
respectively. However, due to the lack of inherent gain,
photodiodes typically achieve low R and low EQE. Piya et al.
developed a self-powered perovskite photodiode device with
the structure of FTO / PEDOT:PSS / MAPbI,Br / PCBM / Au on
the glass supporting substrate (Fig. 3b).52 The D* of this device
was over 10 Jones in the red light at zero bias, and a
narrowband response induced by an unbalanced charge
transport in the device was observed (Fig. 3c). This photodiode
detector had a low dark current density of = 107 Acm 2and
exhibited an on/off current ratio of over 104 under 625 nm
irradiation (=~ 0.3 mW cm 2) (Fig. 3d). The rise and decay
times were 6.88 and 6.58 ms (Fig. 3e), and the response
bandwidth was 12 kHz (Fig. 3f), indicating a high response
speed of the photodiode device.

J. Name., 2013, 00, 1-3 | 5
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3.3 Phototransistors

Phototransistors have a three-terminal device structure,
composed of the source (S) and drain (D) electrodes, the
photosensitive layer, the gate (G) electrode, and the dielectric
layer (Fig. 4a),>®> which is similar to the device structure of
field-effect transistors (FETs).” According to the types of
channel carriers, the perovskite phototransistors can be
classified into n-channel and p-channel devices. When
electron-hole pairs are generated within the photosensitive
layer of phototransistors due to the absorption of light, one
type is trapped on the surface of the semiconductor or in
internal defects, and the other type forms a conductive
channel.’”? The charge transport characteristics in the
conductive channel of perovskite phototransistors can be
adjusted by the voltage applied to the gate electrode, thereby
achieving noise reduction and signal amplification to ensure
their excellent performances.’?’¢ Recently, Zou et al.

Journal Name

fabricated phototransistors with device structure gf Ay (S&R).£
CsPbBr3:P3HT / PMMA / Al (G), whos©Ph&téleN&Va0fayk
was surface-passivated all-inorganic halide perovskites with
poly (3-hexylthiophene) (P3HT) (Fig. 4b).”” The high absorption
and fast dissociation of the Frenkel excitons of the hybrid
photoactive layer with optimized energy band structure
significantly improved the device performance (Fig. 4c). This
phototransistor device exhibited excellent optoelectronic
performance under the regulation of the source-drain voltage
(Vps) and the gate voltage (Vg), which could achieve the
relatively high responsivity (469 A W -1), external quantum
efficiency (EQE = 1.82 x 103), and specific detectivity (1.34 x
104 Jones) even under a relatively high light intensity (0.4 mW
cm 2 under 405 nm illumination) (Fig. 4d, e and f). In
conclusion, perovskite phototransistors can achieve both very
high quantum efficiency and responsivity without sacrificing
response speed, combining the advantages of
photoconductors and photodiodes.
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Fig. 4. a) The schematic diagram of the phototransistor device. b) The schematic structure of the field-effect transistor (FET)-
based photodetector with the photoactive layer of CsPbBr; nanocrystals with poly (3-hexylthiophene) (P3HT). c) The schematic
diagram of the band structure of the hybrid active layer. d) The photocurrent and detectivity, e) the photosensitivity and
photoresponsivity, and f) the LDR and EQE of the phototransistor device. b-f) Reproduced with permission.”” Copyright 2022,

Wiley-VCH.

4 Construction methods of perovskite
photodetector arrays

A variety of methods for the preparation of metal halide
perovskite arrays have been developed based on the solution-
processed method or low-temperature vapor deposition
method. However, there are still many aspects to be
considered in construction of perovskite photodetector arrays
owing to the fragile structure of perovskite materials.”8-80
Firstly, to construct perovskite photodetector arrays, the

6 | J. Name., 2012, 00, 1-3

patterned perovskite material generally needs to be grown
with a precise alignment on the surface of metal electrode
materials or other materials such as charge-transporting
materials, which has a high requirement for the compatibility
of the perovskite material with various interfaces. Second, the
fabrication of patterned electrodes for photodetector arrays
typically consists of a photolithography process coupled with a
metal or semiconductor deposition process, where the
solvents used in the development and lift-off process or the
high-energy bombardment used in the deposition of metals or
semiconductors can cause the degeneration and degradation

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



https://doi.org/10.1039/d3nh00119a

Published on 22 May 2023. Downloaded on 5/29/2023 8:33:41 AM.

1= :Nanoscale Horizons : -1

Journal Name

of the perovskites. Thirdly, so far, efficient and repeatable
construction methods of homogeneous perovskite arrays with
uniform morphology and performance are rare to meet the
demand for large-scale and high-resolution perovskite
photodetector arrays. In this section, four effective
construction methods of perovskite photodetector arrays are
summarized, including substrate surface treatment technology,
template-assisted construction, inkjet printing technology, and
modified photolithography. The detailed preparation
procedures of perovskite photodetector arrays are presented
and both the advantages and disadvantages of these
construction methods are discussed.

4.1 Substrate surface treatment technology

Substrate surface treatment technology refers to the physical
or chemical treatment of the surface of the substrate so that
the perovskite or its precursor solution can be deposited and
grown only in certain areas and not elsewhere.8! Wu et al.
reported a two-step deposited MAPbIs,Cl, film arrays on a
substrate by the hydrophilic-hydrophobic surface treatment.°
In detail, the Al,O3 film deposited on the PET substrate was
first treated with the mixed solution of hexane and (octadecyl)
trichlorosilane (OTS) to form a hydrophobic surface. Then, a
patterned substrate uncovered with the Al,O; film was treated
by oxygen plasma to form the designed array with a
hydrophilic surface, which was processed by the UV
lithography and etching techniques. In this case, a hydrophilic
patterned area was obtained on the hydrophobic surface.
Subsequently, a mixed solution of Pbl, and PbCl, was spin-
coated on the as-prepared substrate and immediately

This journal is © The Royal Society of Chemistry 20xx
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followed by a spin-coating of the CH;NHj3l solution, te.cenryert
the precursor arrays into MAPbIClLOFInC BEAVSNHIRGIRA
benefiting from the superior chemical stability and controlled
growth of PbX,, it nucleates and crystallizes only in the
hydrophilic region and eventually forms a compact film (Fig.
5a). The good crystallinity of the synthesized perovskite arrays
was revealed by X-ray diffraction (XRD) measurements after
the precursor conversion and annealing process, as shown in
Fig. 5b. The scanning electron microscopy (SEM) images of
MAPbI3,Cl, film arrays exhibited compact surfaces and clear
and uniform shapes at the interface of hydrophilic and
hydrophobic regions (Fig. 5c). Large-scale MAPbIs,Cl, film
arrays with more complex patterns demonstrated the
versatility of the construction method (Fig. 5d and e). In
addition, patterned perovskite arrays can be aligned with a
complex designed circuit by lithography alignment process
during device preparation (Fig. 5f). By combining
photolithography and substrate surface treatment processes,
it is possible to achieve region-selective growth of perovskite
arrays on patterned electrode substrates to fabricate
perovskite photoconductor arrays. The size and shape of the
pixels can be adjusted by the substrate surface treatment
technology to change the resolution of the photodetector
arrays. This method is cost-effective, fast, and compatible with
a variety of solution-processed perovskites, which is suitable
for large-scale fabrication of perovskite photoconductor arrays.
The coffee ring effect during the crystallization process on the
surface-treated substrate is a major challenge in the
fabrication of uniform and dense films, which is mainly caused
by uncontrolled droplet diffusion and contact line obstruction.

J. Name., 2013, 00, 1-3 | 7
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Fig. 5. a) The schematic illustration of the synthesis process of CH3NH3Pbls,Cl, arrays. b) X-ray diffraction (XRD) measurements of
as-synthesized CH3NH3Pbls,Cl, arrays. c) SEM images of patterned CH3NH3Pbls,Cl, arrays and the film surface. d, e) Photographs
of large-scale CH3;NHsPbls,Cl, film with complex patterns on PET substrate. f) The schematic illustration of the fabrication process
of the photodetector array device. a-f) Reproduced with permission.®® Copyright 2018, Wiley-VCH.

4.2 Template-assisted construction (AAO),%* roller and blade coatings,®> % and photoresist
patterns,®” etc., to grow geometrically confined perovskite
arrays by physically separate precursor solutions. The
template-assisted construction method is suitable for the

The template-assisted construction method uses a variety of
simple templates, such as polydimethylsiloxane (PDMS),?2
polymethylmethacrylate (PMMA),8 anodized aluminum oxide
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MAPDbBr;. b) The SEM image of the MAPbBr; single crystal arrays. c) The schematic illustration of device strugture efthe
MAPbBr; photodetector array. a-c) Reproduced with permission.83 Copyright 2021, Wiley-VCH. d) The scRemEIEIRUEPEtIOA ST
the blade coating process by the microchannel confined crystallization (MCC) strategy. e) The cross-polarized optical microscopy
(CPOM) image of the MAPbBr; PSC arrays at 45° rotation angle. f) The SEM image of the MAPbBr; PSC arrays. g) The cross-
sectional SEM image of a single MAPbBr; PSC. h) The schematic illustration of the image sensor with vertically stacked structure.
i) Cross-sectional SEM image of a single pixel. d-i) Reproduced with permission.®* Copyright 2020, Wiley-VCH.

growth of micro and nano single-crystal perovskite arrays. In
addition, some templates in this method also act as an
insulating layer for the whole device to avoid crosstalk
between the perovskite pixels. More importantly, these
templates can block the diffusion of water and oxygen
molecules, thus reducing the rate of perovskite decomposition
and extending the device lifetime. However, the fixed
template often limits the construction of photodetector
devices with perovskite arrays because of the low pattern
resolution of the template, the difficulty of fabricating complex
patterns, and the poor alignment with the patterned
electrodes. Fortunately, the resolution of the templates can be
further improved by advanced micro and nano manufacturing
and mark alignment techniques, such as Electron Beam
Machining and lon Beam Machining, etc., leading to high
resolution and large-scale perovskite photodetector array
devices. Luo et al. reported a template of the patterned PMMA
microhole arrays to fabricate the single-crystal MAPbBrs
perovskite microplate arrays.®3 As shown in Fig. 6a, traditional
photolithography and reactive ion etching technology were
used to fabricate the patterned PMMA template. Then, the
hydrophobic PDMS was uniformly pressed onto the PMMA
template to drive the perovskite precursor solution into the
circular PMMA microhole arrays. Finally, rectangular MAPbBr;
microplates were obtained by nucleation growth at the edge
of the circular hole with slow evaporation of the solvent. The
vast majority of the microplates had a rectangular shape after
peeling off the PDMS, except for a few irregular ones that
could lead to device malfunction (Fig. 6b). The perovskite
photodiode array device with the vertical structure of ITO /
MAPbBr; / Au was assembled by using the as-patterned
perovskite microplates (Fig. 6c). This template-assisted
construction method shows an appeal to be able to integrate
large-scale and high-resolution perovskite photodetector
arrays due to its merits of combining lithography process
patterning. Zhang et al. demonstrated the photoresist patterns
as a template for constructing perovskite photodetector arrays
combining the blade-coating process.?! First, periodic
photoresist microchannels were formed on an indium tin oxide
(ITO)-glass substrate by photolithography. Then, the
perovskite solution was dragged over these photoresist
microchannels with a blade at an optimized deposition rate
and temperature. The microchannels were then all filled with
the perovskite solution driven by capillary force. Finally, as the
solvent evaporated from the perovskite solution inside the
microchannels, the perovskite molecules precipitated and
formed seed crystals, which continued to grow and eventually
formed single-crystal perovskite (Fig. 6d). Real-time
observation of crystallization process by cross polarized optical
microscopy (CPOM) showed that the single-crystal CH;NH3Pbl3

10 | J. Name., 2012, 00, 1-3

arrays were neatly arranged within the microchannel array
due to the well-controlled solution flow dynamics (Fig. 6€). The
detailed geometrical appearance of the CH3;NH3Pbl; perovskite
single crystals indicated that it was filled into the
microchannels (Fig. 6f and g). Based on the embedded
structure of CH3NH3Pbls;  perovskite, a vertical-type
photodetector array was fabricated by using stainless-steel
shadow mask deposition of top electrode arrays (Fig. 6h and i).
In this device, the photoresist pattern served as both a
template for material preparation and an insulating layer to
prevent short circuits between the top and bottom electrodes.

4.3 Inkjet printing technology

Inkjet printing is a non-contact, micron/nano-scale material
preparation technology.8® Typically, inkjet printing can be
divided into two printing modes, namely piezoelectric inkjet
and thermal inkjet.8% % |nkjet printing equipment includes an
ink cartridge and an inkjet head capable of depositing the
solution precisely over the designed area. Because the
execution of this technology does not need complex
micromachining processes, inkjet printing is considered a
simple and efficient approach to fabricate perovskite
photodetector arrays.®> 92 Huang et al. introduced an
electrohydrodynamic (EHD) printing process to directly
fabricate different types of perovskite films into a
photodetector array device for full-color imaging.®? It consisted
of three steps, namely printing, in-situ precrystallization, and
post-annealing. First, the ionic liquid methylammonium
acetate (MAACc) solvent was used to reduce the crystallization
rate of perovskite inks so that the resulting perovskite film had
regular morphology and credible performance. Then, droplets
were formed on the substrate by applying a high pulsed
voltage between the glass nozzle and the grounded substrate
to overcome the surface tension of the meniscus (Fig. 7a).
Finally, the photoconductor array device with Cr / Au /
MAPbX3 polycrystalline film / Au structure was fabricated (Fig.
7b). A pulse voltage was used in which the jetting of the EHD
printing process started from the peak voltage (V,) and
stopped at the baseline voltage (V) (Fig. 7c). The average
diameter of the printed pixel dots increased linearly with the
increase in V,, as the higher electric field strength provided
greater jet power, and decreased with the pulse frequency due
to the shorter jetting time (Fig. 7d). The surface of the
perovskite film formed by the ink using dimethylformamide
(DMF) as the solvent had many hole defects, while the surface
of the perovskite film formed by the ink using MAAc solvent is
flatter, indicating that the selection of a suitable solvent of the
perovskite is crucial for the quality of printed films (Fig. 7e and
f). Precise drop-on-demand printing can be achieved by
adjusting several key factors including the pulse voltage, nozzle

This journal is © The Royal Society of Chemistry 20xx
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diameter, and printing distance, to match the properties of
different perovskite inks (Fig. 7g and h).

Inkjet printing also is a most promising technology for
commercial applications in low-cost, high-volume printed
electronics due to ease of patterning, high material utilization,
and non-polluting non-contact deposition. However, there are
so many parameters that affect the quality of the film and the
resolution of the array, including ink jet characteristics,
solution evaporation behavior, ink viscosity, and nozzle
diameter. At the same time, the coffee ring effect after
solution deposition is also a major challenge in producing

d

MAAcH MA® Pbe

i -

|—®

L2 % i i
Taylor cone
it L]’

- “
P -3,
e T p=s w o @ S o
L 2
- —9 « o B e—
- - Ty -t o
- “ i et *
- 4 L5 et
EHD printing In-situ pre-crystallization

c \:oltage V) Pulse voltage

uuuuuuu

Time (ps)
d Peak voltage (V)
2300 2400 2500 2600 2700 2800 2900
60 -
£ ° :
EXE e 8 " -]
£ «f ® s
<9
Bl @
Q) 6
B SRS N o e e o l L
0 3 50 60 80 %

40
Frequency (Hz)

uniform and dense films using inkjet printing technology.?49¢

I\'Ir\l’h)\, cr\ stal !

]

Nanoscale Horizons

Currently, various techniques are being introdugegd,intoothe
inkjet printing process to improve the q@alityCdPMKpetippriited
films, which are as follows: (1) ink design, using low surface
tension materials (surfactants, dodecanethiol), high boiling
point solvents, gelled polymers, or modified nanoparticles; (2)
substrate treatment, improving substrate surface wettability,
reducing surface temperature, or introducing corona
treatment; (3) equipment improvements, such as customized
nozzle diameters or improved planar shift accuracy. The above
methods are effective in improving the shape, thickness, and
morphology of dried microdroplets, as well as the precision of
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Fig. 7. a) The schematic illustration of the EHD printing and perovskite transformation process. b) The schematic illustration of
the structure of the perovskite image photodetector array device. c) The pulse voltage used in EHD printing and the shape
changes of the solution at the nozzle tip within one cycle. d) The relationship between MAPbX; dot diameter and pulse
frequency or peak voltage. e, f) SEM images of printed MAPDbI, 4Brq ¢ films with two different solvents (DMF and MAACc) of inks. g)
The high-resolution dot array by the EHD printing with dot diameters of 1, 2, and 3 um respectively. h) The EHD printed high-
resolution dot array with diameter of =1 um. a-h) Reproduced with permission.?3 Copyright 2021, Wiley-VCH.

4.4 Modified photolithography

Photolithography is an important step in the semiconductor
device manufacturing process that uses exposure and

development to etch geometric patterns on a photoresist layer,

and then transfers the pattern on the photomask to the
substrate by an etching or ion sputtering process. However,
perovskite materials are incompatible with such high-

This journal is © The Royal Society of Chemistry 20xx

resolution patterning lithography methods due to their
degradation in photolithographic polar solvents and poor
thermal stability,?®-1°° which hinders perovskite patterning and
device integration. Therefore, some modified
photolithography processes have been developed to solve the
above problems, including using a well-designed photoresist,
adding a protective layer, and accepting the lift-off process.10%
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104 1n addition, some direct lithography processes have also
been applied to the high-resolution and large-scale fabrication
of perovskite arrays.1%5-107 Yang et al. reported a photocatalysis
of lead bromide complexes to support the patterning of
different types of perovskite quantum dots.1%> Liu et al.
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Fig. 8. a) The SEM image of a pixelated Cs,AgBiBrg-based device and the inset of electrode arrays on oxide silicon wafer. b) The
modified photolithography process and the corresponding material structures at different stages. c-e) The cross-sectional SEM
image () and XRD peaks (ll) of fresh Cs,AgBiBrg film (c), Cs,AgBiBrg film with photoresist (d), and the terminal patterned
Cs,AgBiBrg film (e). f) Cross-sectional SEM images of the edge of the patterned Cs,AgBiBrg film before and after HBr treatment
with energy dispersive X-ray spectroscopy (EDS) analysis of the marked areas, respectively. a-f) Reproduced with permission.108
Copyright 2022 American Chemical Society. g) The schematic illustration of the PbBr, patterning and perovskite transformation
process. h) The film thickness after different solvent treatment of the photoresist and PbBr, film. i) The residues amount in the
patterned perovskite by different solvents. j) The optical image of the patterned perovskite rinsed by —20 °C IPA. k) The optical
image of the CsPbBr; photoconductor array. g-k) Reproduced with permission.1?® Copyright 2022, Wiley-VCH.

the modified lithography techniques are only applicable to one
or a few types of perovskite array growth. Therefore, the
development of improved modified lithography processes
applicable to most of the perovskite arrays and different types
of device preparation will be a promising direction for
researchers' attention. Ren et al. fabricated a wafer-scale
photoconductor array device with the Cs,AgBiBrg perovskite
material by photolithographic patterning method, whose
strategy was to remove the degradation layer after
photolithography (Fig. 8a and b).1%® First, a full side of

12 | J. Name., 2012, 00, 1-3

Cs,AgBiBrg film was fabricated by the optimized antisolvent
method, which exhibited compact and pinhole-free
morphology and high phase purity (Fig. 8c). Then, the
Cs,AgBiBrg film was patterned by a photolithography process
with a commonly used photoresist and developer reagents,
which caused the degradation of the pale surface layer of the
Cs,AgBiBrg perovskite film (Fig. 8d). Then, the HBr solution
treatment based on the Lewis acid-base interaction separated
the degradation layer, resulting in a high-quality
photolithography patterned film with a steep edge and flat

This journal is © The Royal Society of Chemistry 20xx
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etched area (Fig. 8e and f). S. J. Oh et al. introduced an all-
solution two-step patterning method for preparing cesium
lead halide perovskite (CssPb,Br,), which was designed to be
compatible with the existing photolithography equipment.t®®
Fig. 8g showed the patterning process of the patterned
Cs.PbyBr,. Briefly, the PbBr, film was first deposited on a
substrate by a spin-coating method. Then, the photoresist was
spin-coated over the PbBr, film and exposed under the 365 nm

ultraviolet light through a patterned photomask. The
patterned PbBr, was achieved by the simultaneous
development and etching process using tetramethy-

lammonium hydroxide (TMAH) and deionized water (Dl),
which had the selective etching ability to etch only PbBr, and
the UV-exposed photoresist (Fig. 8h). Subsequently, the
patterned PbBr, film was transformed into Cs.Pb,Br, by
dipping into the CsBr solution with the control of reaction time
and concentration. Finally, the perovskite array without
impurities was fabricated after removing the residual CsBr by
an IPA-assisted reaction due to its excellent rinsing function
(Fig. 8i and j). Photoconductor arrays were successfully
fabricated by the optimized photolithography process to
precisely align the patterned CsPbBrs; array with patterned
metal electrodes (Fig. 8k).
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perovskite photodetector arrays

Metal halide perovskites are expected to be the new
generation of low-cost and high-performance materials to
promote the development of photodetectors in imaging,
machine vision, and optical communication. This section
presents the current development trends of perovskite
photodetector arrays in terms of flexibility, large-scale
integration, narrow-band detection, and bionic structure, at
the same time, introduces the corresponding applications.

5.1 Flexible perovskite photodetector arrays

In recent years, flexible electronic devices have attracted great
attention as one of the future development directions. The
rapid development of flexible processing technology has led to
the gradual evolution of electronic devices from the previous
rigid systems to flexible systems.110-113 Flexible perovskite
photodetector arrays have great potential in bionics and
artificial electronic skin for photosensing and imaging

applications.14116 For the assembly of flexible photodetector
arrays, substrate materials should have the characteristics
such as flexibility, insulation and corrosion resistance, and
chemical and thermal stability. These commonly available
materials are polyvinyl

alcohol (PVA), polyester (PET),
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Fig. 9. a) Photographs of the photodetector array device bent at different angles from 0° to 150°. b) The photoresponse of the
device at different bending angles. c) I-V curves of the device after different bending cycles. d) The optical photograph of the
flexible photodetector array device. a-d) Reproduced with permission.?® Copyright 2021, Wiley-VCH. e) The photograph of the
laminated ultrathin device being compressed on the human skin. f) Photocurrent distribution images obtained by lamination

detection of photodetector arrays on hemispherical brackets with ‘H’,

permission.''” Copyright 2021, Wiley-VCH.
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‘N’ and ‘U’ letter masks. e-f) Reproduced with
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polyimide (PI), polynaphthalene dimethyl ethylene glycol (PEN),
textile materials, etc.52 118121 Hyang et al. introduced a flexible
10 x 10 perovskite photodetector array on the Pl substrate by
developing inkjet printing technology for color detection.®?
Each pixel with photoconductor structure of Au / perovskite /
Au consisted of three sub-pixels. The bending test of the
device at different bending angles was performed to verify the
mechanical stability (Fig. 9a). The photocurrent of this flexible
device decreased within a controlled range of ~8% as the
bending angle increased from 0° to 150° (Fig. 9b). Furthermore,
the -V curve of the flexible device remained essentially
unchanged after a maximum of 500 cycles under the bending
angle of 60°, demonstrating high robustness (Fig. 9c). In
addition, this flexible perovskite photodetector array device
can be easily and completely attached to curved surfaces (Fig.
9d). Wu et al. also reported a photoconductor array device
composed of 10 x 10 pixels with excellent flexibility for
imaging.1'” The ultrathin parylene-C film was used as the
supporting substrate and packaging materials, and thin
CsPbBrs; perovskite films were employed as the photosensitive
materials. This ultrathin device could be conformed to
irregular surfaces without damage. As displayed in the Fig. e,
it was able to adhere to the wrinkled human skin surface
it after being compressed,
demonstrating the unprecedented flexible characteristic. The
photoresponse remained stable under different compressive
strains, revealing superior mechanical robustness. Imaging
tests were performed by irradiating a patterned light source
onto an ultrathin device mounted on a hemispherical holder.
The clear letters of ‘H’, ‘N’, and ‘U’ could be recognized from
the current mapping, illustrating the reliable imaging capability
of the flexible device on curved surfaces (Fig. 9f).

without delamination from

5.2 Large-scale perovskite photodetector arrays

Large-scale integration of perovskite photodetectors is the
basis for achieving high-resolution image sensing, which is an
important part of the commercialization of perovskite
photodetectors. The efficient preparation processes of large-
scale perovskite arrays with homogeneous properties are the
most important factors for obtaining large-scale perovskite
photodetector arrays. Zhang et al. reported large-scale
photodetector arrays with vertical device structures based on
homogeneous CH3NH3PbBr; single-crystal microplates (Fig.
10a).122 Through a substrate surface treatment process to
suppress the multiple nucleation, the CH3NH3PbBr; single-
crystal microplate was only grown on the surface of patterned
gold nanoparticles. Thus, the large-scale perovskite single-
crystal microplates with uniform morphology and crystalline
quality were obtained (Fig. 10b), which provided useful
support for the subsequent integration of photodetector

View Article Online
DOI: 10.1039/D3NH00119A

arrays. The performance uniformity of the pixels in the
photodetector arrays is fundamental for large-scale imaging
applications. The dark currents and photocurrents (light
intensity of 109 uW cm-2) of all pixels were statistically found
to be distributed within a narrow range, and the ratio of the
standard deviation of the photocurrents to the average value
was less than 5.2%, indicating that the performance uniformity
of this 10 X 10 array device was credible (Fig. 10c). Because
the pixels are addressed independently, the patterns both with
simple and complex outlines can be imaged by the perovskite
arrays (Fig. 10d and e). Xia et al. fabricated a flexible
photodetector array with van der Waals MAPbl; / graphene
heterostructure as the photosensitive layer for large-scale (24
x 24 pixels) imaging (Fig. 10f).123 This device showed excellent
flexibility (Fig. 10g) and an ultra-high responsivity of 107 A W -1,
Two-dimensional current mapping displayed clear images with
patterns of a cartoon pig and the QuickMark code,
demonstrating the excellent imaging capabilities of this large-
scale perovskite photodetector array (Fig. 10h).

5.3 Narrowband perovskite photodetector arrays

The narrow-band photodetector arrays have a selective
response to photons of different wavelengths, which is similar
to the functions of cones in the retina and plays an essential
role in the human-machine visual interaction systems.
Recently, narrowband detection has become a development
direction of perovskite photodetector arrays for multispectral
imaging.’?* The common ways to realize narrow spectrum
response include i) using materials with narrow-band
absorption or enhancing the absorption of materials at specific
wavelengths by plasmon resonance; ii) coupling broadband
photodetectors with bandpass filters or optical microporous
structures; iii) using charge collection narrowing (CCN)
mechanisms to modulate the quantum efficiency.36 125 126 For
perovskite materials, the last two methods are usually used to
achieve the construction of narrow-band photodetector arrays.
As for the second method, it increases the complexity of the
device structure and the fabrication cost by adding additional
filters. The CNN mechanisms can regulate the light distribution
in the active layer by adjusting the thickness of the perovskite
film, which in turn can select the desired detection band and
realize the charge narrowing absorption effect, thus achieving
selectable detection bands with narrower half-wave peak
widths. At the same time, the use of thick junctions reduces
the defect density and thus significantly suppresses the dark
current, resulting in higher specific detection rate and LDR.
Therefore, researchers prefer this method to prepare narrow-
band photodetector arrays.

Chen et al. successfully fabricated a CsPbBr; photodetector
array with ultra-narrow spectral response by freeze-drying
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Fig. 10. a) Three-dimensional (3D) surface topography image and corresponding schematic of the device. b) Digital photograph of
patterned single-crystal perovskite microplates on a 2 inch silicon wafer. c) Distribution of the dark current and photocurrent of
the perovskite microplate array device. d) The photocurrent image of the photodetector array with an ‘8’-shaped mask under
white illumination. e) The reconstructed photocurrent image of ‘SUDA’ by the photodetector array. a-e) Reproduced with
permission.1?2 Copyright 2022, Wiley-VCH. f) The schematic illustration of the flexible 24 x 24 image sensor array device on PET
substrate. g) Photograph of a flexible image sensor. h) The corresponding output images of a cartoon pig and the QuickMark
code of ‘photodetector’ under a light illumination (30 mW cm 2, 633 nm). f-h) Reproduced with permission.123 Copyright 2019,
Science China Press.
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casting method.’?” This designed 10 x 10 perovskite increased, the spectral response in the short wavelength
photodetector array device was fabricated with the region gradually decreased, which was caused by the CCN
photodiode structure on the glass substrate (Fig. 11a and b). mechanism. The light in the short wavelength region had a
As shown in Fig. 11c, as the thickness of the CsPbBr; film
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Fig. 11. a) The schematic illustration of the 10 x 10 perovskite photodetector array. b) The schematic structure of the 10 x 10
perovskite photodetector array. c) The EQE spectra of CsPbBr3 films under different thicknesses. d) The schematic mechanism of
the surface charge recombination assists narrow-band photodetector. e€) The output images of the 10 x 10 perovskite
photodetector array with a mask of the letter ‘N’ under the illumination of white light, 610 nm, and 540 nm. f) The schematic
illustration of the photodetector array device under the illumination of different colors and the corresponding output images. a-f)
Reproduced with permission.1?? Copyright 2018 American Chemical Society. g) The PL and reflection spectra of the (BA),Pbl, 2D
perovskite plates. h) The structure schematic of the (BA),Pbl, narrowband photodetector array device with a shadow mask with
the letter ‘L. i) The optical image of the (BA),Pbl, narrowband photodetector array and a single Au spherical film. j) The device
current and k) the responsivity under different wavelengths of light. 1) Current images of the (BA),Pbl, narrowband
photodetector arrays under four different wavelengths of light. g-1) Reproduced with permission.1?8 Copyright 2021 the Royal
Society of Chemistry.


https://doi.org/10.1039/d3nh00119a

Page 17 of 23

Published on 22 May 2023. Downloaded on 5/29/2023 8:33:41 AM.

carriers on the top of thick CsPbBr; film. The photogenerated
carriers would be quenched by recombination before diffusing
to the collecting electrodes (Fig. 11d). A narrowband response
with a full-width at half-maximum (FWHM) of less than 12 nm
occurred near the absorption cutoff of the CsPbBr; film. The
image of the photocurrent/dark current ratio showed a
uniform photoresponse of this array device under white light
illumination, demonstrating the good consistency among the
individual pixels. Furthermore, this device outputted an image
with a dark identifiable ‘N’ shape under the monochromatic
light of 610 nm, while a bright identifiable ‘N’ pattern was
displayed under the monochromatic light of 540 nm due to its
different  responsivity at different wavelengths of
monochromatic light (Fig. 11e). In addition, narrow-band
photodetectors with different bandgap materials (CsPbCIBr,,
CsPbBr3, and CsPbBrysl;s) were fabricated and alternately
arranged in rows to form a new array device for the real-time
imaging. When illuminated by three strip light sources with
different wavelengths arranged in columns, this array device
responded only to the light within its narrowband spectral
detection range (Fig. 11f). The above results demonstrated the
reliable imaging function with spectral selectivity of these
narrow-band photodetector arrays. By modulating the photon
absorption and charge collection, the perovskite
photodetector arrays with continuously tunable detection
bands are desirable.

Li et al. demonstrated a 12 x 11 narrowband photodetector
array based on (BA),Pbl, 2D single crystals for imaging.1?® The
PL and reflection spectra of the synthesized 2D perovskite
plates showed one emission peak at around 522 nm and two
reflection peaks at around 514 nm and 551 nm at room
temperature, which can be attributed to the free and self-
trapped excitons (Fig. 11g). The narrowband photodetector
arrays were constructed with a vertical structure of ITO /
(BA),Pbl, 2D single crystal plate / Au (Fig. 11h and i). This
device exhibited narrow band photoresponse characteristics
with a FWHM of 24 nm at the peak of around 546 nm (Fig. 11j),
whose working mechanism was based on the CCN concept
together with structure self-trapped states. It also exhibited an
estimated maximum responsivity of 1.53 AW ! (Fig. 11k) and a
high external quantum efficiency of 350% under 546 nm
illumination. The 12 x 11 (BA),Pbls narrowband photodetector
arrays also showed excellent wavelength discrimination
performance. When four monochromatic lights of different
wavelengths with approximately the same power density were
projected from the back of the device through the shadow
mask onto the device, only the light illumination with
wavelengths (540 nm and 546 nm) in the narrow-band
detection range could be detected by the device. Light
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illumination with wavelengths (500 nm and 600 nm) outside
the narrow-band detection range could not be detected,
resulting in a black image without any pattern (Fig. 11l). The
output photocurrent under 546 nm illumination was obviously
larger than that under 540 nm illumination due to the different
spectral response and both of them showed the image with
clear letter ‘L’, indicating the excellent wavelength selection of
this perovskite narrowband photodetector array.

5.4 Bionic perovskite photodetector arrays

Some organisms have functions that are far superior to any
man-made machine, such as information reception (sensory
function), information transmission (neural function),
automatic control systems, etc. The imitation of these state-of-
art biological functions has promoted the development of
bionics.12°134 |n the field of optical sensing and imaging,
photodetectors with some bionic structures have been applied
to manufacturing, such as an optical element of the fly eye
lens in imitation of the compound eye of a fly, which consists
of hundreds or thousands of small lenses neatly arranged and
combined.’3% It is capable of taking thousands of the same
photo at a single time, which has been used for printing plates
and projection display, greatly improving the efficiency and
quality. In recent years, innovative perovskite photodetector
arrays have been used to mimic the visual functions of the
human eye, such as color recognition and curved surface
imaging, which have wide applications in visual sensing of
bionic robotics and human-computer interaction.3% 136 The
geometric shape of the perovskite photodetector arrays is
vitally concerned in the bioinspired sensing system. Compared
to a planar image sensor, a curved image has the advantages
of reducing the number of optical elements, correcting
aberrations including astigmatism and coma, and increasing
off-axis brightness and sharpness.3”> 137 However, the
commercial image sensors, such as charge-coupled device
(CCD) and the complementary-metal-oxide-semiconductor
(CMOS), are mainly planar structures and are fabricated by
universal planar microfabrication processes, making it a
tremendous challenge to integrate flexible perovskite
photodetector arrays into curved or even spherical surfaces.
Due to the simple solution preparation process of perovskites,
integrated curved or even spherical photodetector arrays can
be obtained by inkjet printing through direct spraying of
perovskite on curved surfaces or by template-assisted
deposition of perovskite in spherical templates. In addition,
curved photodetection can also be achieved by transferring
some flexible planar devices onto curved surfaces with some
special device structures, such as origami structure, kirigami
structure, island-bridge structure, fractal web structure, etc.,
which are designed to reduce or eliminate the stress on the
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perovskite material to ensure the device performance in the
curved or even spherical surfaces.

Fan’s group displayed a biomimetic eye with a high-density
formamidinium lead iodide perovskite nanowire array grown
inside a hemispherical porous aluminum oxide membrane
(PAM) to mimic the photoreceptors on the human retina.138
Thin liquid-metal wires were used as nerve fibers to connect
the biomimetic eye to a computer-controlled multiplexer to
form the measurement system. Since adjacent pixels were
isolated from each other, this device provided an excellent
imaging capability, with high contrast and clear edges of the
mask with the letter ‘A’. Taking advantage of the
hemispherical shape of the biomimetic array device, it could

Journal Name

achieve a wider field of view (FOV) and better focys, light.ep
each pixel compared to a planar device, iR 18EWEFtED PR
the more uniform distance between pixels and the lens.
Moreover, the FOV of the hemispherical photodetector array
device can be further improved by optimizing the distribution
of the photosensitive perovskite pixels. Wei et al.
demonstrated hemispherical photodetectors with the
structure of Cr / PEDOT:PSS / PEA,FA,.1Pb,X3n:1/ Cso / BCP / Cr
by spray-coating methods (Fig. 12a).13° By adjusting the halide
I/Br ratios of the employed perovskite films, these devices
could obtain clear swan patterns with narrow-band
photoresponse on hemispherical surfaces (Fig. 12b). In
addition, the hemispherical perovskite photodetector device
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Fig. 12. a) The schematic of the structure of the hemispherical perovskite photodetector device. b) The schematic of the imaging
system and the swan images captured by the hemispherical device with different I/Br ratios. c) The photocurrent of the
hemispherical and planar perovskite photodetector devices under different light angles. d) The schematic of the imaging system
for wide angle detection and the images detected by planar and hemispherical photodetectors under different light angles. e)
The schematic of the structure of a 9 x 9 hemispherical perovskite photodetector array device. f) The schematic of the imaging
system for the hemispherical array device and the microarray imaging result. a-f) Reproduced with permission.'3° Copyright 2022,
Springer Nature.
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showed approximately the same photocurrent at different
light incidence angles from 0° to 90° (Fig. 12c). By removing
the light source of the imaging system, the same clear swan
patterns were obtained at different angle ranges, achieving
wide-angle imaging of 180°, as demonstrated in Fig. 12d.
However, since the photocurrent of the planar device
decreased linearly with increasing angle of incidence until it
was almost undetectable at 90°, the swan pattern obtained by
the planar device was partially missing in a wide-angle range.
Meanwhile, a 9 x 9 hemispherical photodetector array device
was also fabricated by spray-coating, and a microarray image
perfectly showed the shape of the object, proving its excellent
imaging capability (Fig. 12e and f).

6 Conclusion and Outlook

Metal halide perovskite materials have been used as light-
harvesting materials in photodetectors due to their low-cost
solution fabrication process and remarkable optical and
electrical properties. Metal halide perovskite photodetector
arrays show great potential for high-performance image
sensing applications. In this review, we reviewed the types of
perovskite photodetectors, and introduced the recent
effective ways to construct perovskite photodetector arrays
along with their future development trends.

According to the device -configuration, perovskite
photodetectors can be divided into three types:
photoconductors, photodiodes, and phototransistors. The
different device structures result in differences in their
optoelectronic performance. In general, photoconductors have
higher gain and external quantum efficiency than photodiode
detectors, but photodiodes have lower dark currents and
faster response speed. Phototransistors have the
performances that combine the advantages of both. In terms
of array device construction methods, surface treatment and
template-assisted construction methods are considered as the
bottom-up construction strategy, which prepares perovskite
by aggregation confinement of precursors through templates,
pre-patterned substrates, or capillary forces. In contrast, inkjet
printing as well as modified lithography methods are
considered as the top-down construction strategy, which
achieves perovskite patterning by direct microfabrication on
the fabricated perovskite film. In general, the bottom-up
construction strategy allows for precise control of the
perovskite growth process to improve crystal quality and
device performance. The top-down construction strategy
shows effective control over the resolution and pixel size of
the perovskite arrays. The above device construction strategies
are feasible and effective for building all three types of device
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structures without interfering with the patterning of device
electrodes and the fabrication of other auxiliary layers, such as
charge transport layers in photodiode detector devices. Taking
advantage of these convenient, effective, and competitive
fabrication methods, photodetector arrays based on
perovskite materials have made achievements in flexibility,
large-scale integration, narrow-band detection and bionics.

Although the perovskite-based photodetectors have
experienced rapid development, there are still some problems
and challenges to be solved in large-scale and high-resolution
integration and practical applications of perovskite
photodetector array devices.

(1) Perovskite materials: On the one hand, lead ions exhibit
contamination of soil and water sources and toxicity to
humans, animals and plants, which has become a major
obstacle to the commercialization of lead-based perovskite
materials. Although some progress has been made in lead-free
perovskite materials, the performance of devices based on
these materials still needs to be further improved compared to
Pb-based perovskite materials. On the other hand, water,
heat, oxygen, and light can all cause degradation of perovskite
materials. The surface passivation and hydrophobic barrier
package are considered to be effective methods to keep
perovskites stable. However, it is still difficult to solve the
stability problem of perovskite materials from the point of
view of composition and structure.

(2) Fabrication strategy: Fabricating high-performance
photodetector arrays from single-crystal perovskite arrays
remains a great challenge. Single-crystal perovskites exhibit
better properties than polycrystalline films, such as lower
defect state density, higher carrier mobility, and longer carrier
lifetime, which are the best choice for perovskite
photodetector arrays. Currently, most single-crystal perovskite
arrays are fabricated by solution-treated template-assisted
growth, which lacks precise control over pixel placement and
size. Therefore, it is necessary to develop efficient and
repeatable methods that can precisely control single-crystal
perovskite growth and are also suitable for fabricating
photodetector arrays. In addition, the resolution and pixel
number of photodetector arrays urgently need to be
improved. Planar structures are widely used in photodetector
arrays due to their simple fabrication process. However, each
pixel of these devices is connected to the driver circuit by a
separate line, which greatly compresses the space for device
pixels. The vertical crossbar photodetector arrays generally
have a large number of pixels. Nevertheless, constructing such
a device with high resolution is technically difficult because
perovskites are not compatible with conventional
photolithography processes.
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(3) Practical application: First, the optoelectrical crosstalk
caused by the parasitic current and photoelectric coupling
effect between the pixels of perovskite arrays significantly
reduces the imaging accuracy and the linear detection range
under full-frame illumination. A switching thin-film transistor is
widely used to reduce the optoelectrical crosstalk of
perovskite photodetector arrays by allowing each pixel of the
array device to work independently. However, its complex
device structure often requires sophisticated
micro/nanofabrication and suffers a significant performance
loss, such as reduced on/off ratio and LDR, due to the
electrical mismatch. Second, static imaging can be achieved by
most existing perovskite photodetector arrays. There is still a
technical gap because photodetection in the real world often
requires real-time dynamic imaging. Third, it will be a great
challenge to integrate perovskite photodetector arrays with
other sensor devices to achieve more complex sensing
functions, because perovskite materials are not compatible
with processes involving polar solvents. Fourth, the fabrication
of advanced perovskite photodetectors by mimicking
biological eyes is receiving more and more attention.
Biomimetic perovskite photodetector arrays with curved
structures for accurate imaging and color recognition are
urgently needed.

In conclusion, an ideal and universal method for
constructing perovskite photodetector arrays should have the
characteristics of controlled preparation of perovskite arrays,
reproducible processes, and compatibility with conventional
photolithography. With further research on perovskite
materials, we believe that the above challenges will eventually
be solved, and perovskite-based photodetector array devices
will bring great changes to the future technology of image
sensing.
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