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Recent Progress on Wavelength-Selective Perovskite

Photodetectors for Image Sensing

Wengiang Wu, Hui Lu, Xun Han, Chunfeng Wang, Zhangsheng Xu, Su-Ting Han,

and Caofeng Pan*

Spectral sensing plays a crucial part in imaging technologies, optical
communication, and other fields. However, complicated optical elements,
such as prisms, interferometric filters, and diffraction grating, are required for
commercial multispectral detectors, which hampers their advance toward
miniaturization and integration. In recent years, metal halide perovskites have
been emerging for optical-component-free wavelength-selective
photodetectors (PDs) because of their continuously tunable bandgap,
fascinating optoelectronic properties, and simple preparation processes. In
this review, recent advances in wavelength-selective perovskite PDs, including
narrowband PDs, dual-band PDs, multispectral-recognizable PDs, and X-ray
PDs, are highlighted, with an emphasis on device structure designs, working
mechanisms, and optoelectronic performances. Meanwhile, the applications
of wavelength-selective PDs in image sensing for single-/dual-color imaging,

fields of machine vision and X-ray
tomography.*® Generally, the wave-
length recognition in commercial visible
image sensors is enabled by the inte-
gration of silicon (Si)-based PDs and
Bayer filters, in which the Bayer filters
with a 2 X 2 red-green-blue-green pattern
(RGBG) for each pixel are placed on the
top of the PD arrays, complicating the
device fabrication and challenging the
high-density integration.['®!!] Addition-
ally, the rigidness of Si materials limits
the development of future flexible image
sensors.['?] Regarding X-ray imaging, a
long imaging time is usually required for
the amorphous selenium (a-Se) direct-

full-color imaging, and X-ray imaging are introduced. Finally, the remaining
challenges and perspectives in this emerging field are presented.

1. Introduction

Wavelength-selective photodetectors (PDs) are responsive to
lights of particular wavelengths or in a specific band window,
which has extensive applications in image sensing, optical com-
munication, and environment monitoring.['>! Among them, vis-
ible PDs and X-ray PDs have attracted more attention due to to-
day’s ever-increasing demand for imaging technologies in the
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conversion detector due to the low X-ray
stopping ability and insufficient charge
transport.'3! And scintillator imagers
based on traditional scintillators usually
suffer from poor image quality due to
low conversion efficiency and scattering-induced optical
crosstalk.'*l Moreover, some of the traditional scintillators,
such as agglomerated powders and bulk crystals, need to be sin-
tered at high temperatures, and their luminescence is difficult
to adjust in the visible region due to afterglow effects.!'>1]

In recent years, the metal halide perovskites have emerged as
promising materials for wavelength-selective PDs due to their ex-
cellent optoelectronic properties, including strong light absorp-
tion, low defect states density, decent carrier mobility, contin-
uously tunable bandgap, and so on.>17-2%] Lin et al. first re-
ported the filterless narrowband PDs by employing solution-
processable mixed lead halide perovskites.[?!] The narrowband
PDs with the spectral response from blue to red and full width at
half maximum (FWHM) of < 100 nm were achieved by adjusting
the halide compositions. Furthermore, metal halide perovskites
could be applied to direct X-ray detection or as a scintillator.[??] As
early as 2015, Yakunin et al. demonstrated the direct-conversion
X-ray detectors based on solution-processed CH;NH,PbI; per-
ovskite films with an X-ray sensitivity of 25 pC mGy,;, ™! cm=3.123]
Subsequently, a series of perovskite-based wavelength-selective
PDs with novel structures and mechanisms have been explored
and considerable progress has been achieved.**?’] Therefore, a
review of wavelength-selective perovskite PDs is imperative to
promote the development of this research field.

This review starts with the introduction of the performance
metrics for wavelength-selective PDs. And then, four-type
of metal halide perovskite wavelength-selective PDs are
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Figure 1. Schematically demonstrating types of wavelength-selective perovskite PDs, including narrowband PDs, dual-band PDs, multispectral-
recognizable PDs, and X-ray PDs. “Wavelength-selective perovskite PDs”: Reproduced with permission.[3] Copyright 2020, Springer Nature.
“Microcavity-integrated PDs”: Reproduced with permission.l”#] Copyright 2019, Wiley-VCH. “CCN-type PDs”: Reproduced with permission.[*®] Copyright
2018, American Chemical Society. “Absorption-enhanced PDs”: Reproduced with permission.[] Copyright 2020, Wiley-VCH. “X-ray direct-conversion de-
tector”: Reproduced with permission.[113] Copyright 2021, Springer Nature. “X-ray scintillator”: Reproduced with permission.[''8] Copyright 2022, Wiley-
VCH. “Vis—=UV PDs": Reproduced with permission.[”®] Copyright 2020, Wiley-VCH. “Vis—NIR PDs”: Reproduced with permission.[3”] Copyright 2020,
Wiley-VCH. “Vis-Vis PDs”: Reproduced with permission.[8 Copyright 2021, Wiley-VCH. “Gradient response PDs”: Reproduced with permission.[0]
Copyright 2021, Wiley-VCH. “Multipixel PD arrays”: Reproduced with permission.[°®] Copyright 2021, Wiley-VCH.

summarized, including narrowband PDs, dual-band PDs,
multispectral-recognizable PDs, and X-ray PDs (Figure 1). The
structures, working mechanisms, and performances of these
devices are comprehensively discussed, along with their applica-
tions in image sensing of single-/dual-color imaging, full-color
imaging, and X-ray imaging. Finally, perspectives on the key
challenges and future directions of the wavelength-selective PDs
are presented.

2. Performance Metrics of Wavelength-Selective
PDs

PD is a kind of device that converts optical signals into elec-
trical signals. To quantitatively evaluate the performance of
PDs, the fundamental performance metrics are defined. In
this section, the key performance parameters of the normal
wavelength-selective PDs (narrowband PDs, dual-band PDs, and
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multispectral-recognizable PDs) and X-ray PDs are summarized,
respectively.

2.1. Key Performance Parameters of the Normal
Wavelength-Selective PDs

Responsivity (R): R is defined as the ratio of the photogenerated
current of the PDs to the incident light power intensity, which
represents the photoelectric conversion capability of PDs. The
formula is as follows

Iph _ Ilight - Idark (1)
P.S

L, Ligny, and Iy, represent the photogenerated current, the cur-
rent of PD under illumination, and the current of the PD in dark
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conditions, respectively. P,, is the power density of incident light.
S is the effective area of the PD exposed to light.

External Quantum Efficiency (EQE): EQE is described as the
ratio of the number of photogenerated carriers to the number of
incident photons on PD, which can be expressed as follows

Nc hC
EQE= = R (2)

N and N, represent the number of photogenerated carriers and
incident photons, respectively. h, ¢, e, and A are the Planck con-
stant, the light speed, the electron charges, and the wavelength
of the incident light, respectively.

Noise Equivalent Power (NEP): The noise determines the PD’s
detection limit for light signal. NEP is defined as incident light
power at the signal-to-noise ratio of 1 when the bandwidth of
noise measurement is 1, which can be calculated by the following
equation

NEP = & 3)
R

i, represents the noise current.

Specific Detectivity (D*): D* is a key performance parameter
used to assess the ability of a PD to detect weak optical signals,
which is inversely related to NEP. The formula is as follows

1/2 1/2
b= S0 RSH) @

n

Afrepresents the bandwidth. The noise of PD comes from shot
noise, thermal noise, generation-recombination noise, and so
on.[?8] If the whole device noise is mainly contributed by shot
noise from the dark current. The formula can be simplified as
follows

. R
R L— 5
g (zelc]ark/s)l/2 ( )

Linear Dynamic Range (LDR): LDR represents the range in
which the photogenerated current exhibits a linear relationship
with the incident light intensity. It can be calculated by the fol-
lowing equation

P

LDR = 20log -2 (6)
P, min

P... and P, are the maximum and minimum incident light

intensity that PD can detect in the linear range.

Response Time (7): 7 shows how fast the PD responds to inci-
dentlight, including rise time (7,;,.) and decay time (7 4.,,), Which
are defined as the time of current rising from 10% to 90% and
decaying from 90% to 10% of the maximum photocurrent, re-
spectively.

FWHM of R and EQE: It is commonly used to evaluate the
selectivity of narrowband PD’s spectral response. Narrowband
PDs possess a significant responsivity in a narrow spectral range,
which is referred to as the responsivity passband. The FWHM of
the responsivity can be denoted as FWHM,. The same concept
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also applies to characterize the narrowband response range by
using the EQE, denoted as FWHMj;.

Spectral Rejection Ratios (SRR): The crosstalk of wavelength-
sensitive PDs over different spectral regions can be evaluated by
SRR, which is defined as the ratio of responsivity at the target
wavelengths to the one at the untargeted reference wavelengths.
It can be expressed by the equation!?’!

R < A’target )
R (A'ref )
Atarger 15 the light wavelength within the target detection spectral

range, 4, is the light wavelength outside the target detection
spectral range.

SRR (Atargct’ /lrcf) = (7)

2.2. Key Performance Parameters of the X-Ray Detector

2.2.1. Key Performance Parameters of the Direct-Conversion X-Ray
Detector

Dark Current: Dark current, also called leakage current, is the in-
trinsic current of the direct-conversion X-ray detector without X-
ray radiation. The influence of a large dark current on the direct-
conversion X-ray detector mainly has the following aspects: 1) the
large dark current could lead to large noise and drown out the
electrical signals from the X-ray radiation, thus attenuating the
sensitivity and detection limit; 2) the high dark current also can
decrease the dynamic response range; 3) the large dark current
fills the charge-storage capacity, easily causing the X-ray planar
pixel detectors to reach the breakdown voltage of the thin film
transistor (TFT).130

Sensitivity (S): X-ray sensitivity is a paramount performance
parameter of direct-conversion X-ray detectors, representing the
ability of an X-ray detector to convert X-ray photons into collected
charges. The formula is defined as follows

I -1
S = DA (8)

I, and I; are the photocurrent and the dark current of direct-
conversion X-ray detectors under X-ray irradiation and in dark
conditions, respectively. D is the X-ray dose rate. A is the effec-
tive detection area.

Detection Limit: The detection limit refers to the detectable
minimum X-ray dose of direct-conversion X-ray detectors, which
is defined as the equivalent dose rate that produces a response
signal greater than three times the noise level.3!]

Furthermore, several figure-of-merit, including the absorp-
tion coefficient, chemical stability, signal-noise-ratio, and re-
sponse speed, is also important for direct-conversion X-ray
detectors.[3%33]

2.2.2. Key Performance Parameters of the Indirect-Conversion X-Ray
Detector (Scintillator)

Light Yield: Light yield is an important parameter for the scintil-
lator, which determines the X-ray sensitivity and detection limit
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of the indirect-conversion X-ray detector. It is defined as the num-
ber of photons emitted per unit of energy absorbed by a scintilla-
tor when exposed to ionizing radiation. The number of photons
emitted by the scintillator can be calculated by the following for-
mula

E
N, =
T PEg

X SQ 9)

N,, is the number of photons emitted by the scintillator. E
and E,,, represent the energy of incident X-ray photons and
the bandgap of the scintillator, respectively. § represents the re-
quired average energy for generating one thermalized electron—
hole pair. S and Q are the quantum efficiencies of the trans-
port/luminescence stages, respectively.

Emission Wavelength: The emission wavelength of the scintil-
lator is a parameter worthy of attention and optimization, which
should match the spectral response peak of the corresponding
detectors. The perfect emission wavelengths of the scintillator
should be in the range of 500-600 nm for matching the a-Si based
p-i-n photodiodes.3*3%]

Afterglow: Afterglow refers to the intensity of the radiation lu-
minescence over a certain period after X-ray irradiation. The re-
quirement for the duration time of afterglow is different in vari-
ous applications, for example, the highest requirement for com-
puted tomography is 0.1% @ 3 ms.[*®] Because the signals are
superimposed on the previous strong exposure, a prolonged af-
terglow could result in imaging artifacts.[%”]

Additionally, the X-ray stopping power, linearity of scintillation
response, radioresistance, and spatial/energy resolution are im-
portant figure-of-merit of the scintillator.['*]

3. Device Structures, Working Mechanisms, and
Performances of Wavelength-Selective Perovskite
PDs

The perovskite-based wavelength-selective PDs can be roughly
divided into four categories: narrowband PDs, dual-band PDs,
multispectral-recognizable PDs, and a special kind of X-ray
PDs.*341 In this section, the device structures, working mecha-
nisms, and performances are summarized and analyzed, accord-
ing to the classification.

3.1. Narrowband Perovskite PDs

Narrowband PDs, as the most common wavelength-selective
PDs, possess a wavelength response window within 100 nm or
even less than 10 nm.[***) Commercial narrowband PDs com-
posed of broadband semiconductor materials (e.g., Si, Indium
Gallium Arsenide (InGaAs)) and optical filters suffer from lim-
ited spectral recognition range and cumbersome integration, hin-
dering their further development.*+*] To overcome this issue,
organic semiconductors were adopted to prepare filter-free nar-
rowband PDs.[*] However, due to intrinsic material characteris-
tics, such as the high exciton binding energy and small carrier
mobility, organic narrowband PDs still have shortcomings, 4748
as follows: i) the construction of organic narrowband PDs usu-
ally relies on a pair of blended compounds for exciton dissoci-
ation, such as bulk heterojunctions, complicating the progress
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of device fabrication;!*! ii) organic narrowband PDs have small
EQE and slow response speed; iii) the stability of signal out-
put when the device runs for a long time needs to be further
optimized.’%>!! In recent years, lead halide perovskites have been
widely proven with properties beyond that of conventional semi-
conductor materials, shedding light on high-performance nar-
rowband PDs.I>2%] Currently, a great deal of perovskite-based
narrowband PDs have been demonstrated, and their construc-
tion strategy is as follows: i) charge collection narrowing (CCN)
mechanism,; ii) broadband perovskite PDs combining with band-
pass filters or optical microcavity; iii) enhancement of light ab-
sorption in a narrow range.l>*36-58]

3.1.1. CCN Mechanism

The CCN mechanism-based narrowband PDs dissipate photocar-
riers excited by lights outside the target spectra though regulating
the recombination of carriers.?'°] The device type of narrow-
band PDs working with this mechanism mainly includes pho-
toconductance and photodiode. The photoconductance-type de-
vices with a simple structure require strictly the thickness of per-
ovskite material, which usually is several micrometers or even a
few hundred micrometers.[**] Xue et al. reported the narrowband
photoconductances based on polycrystalline perovskite films,
and its working mechanism is schematically demonstrated in
Figure 2a.°°! Under the illumination of short-wavelength lights,
the carriers were only generated on the top surface of perovskite
films due to the short penetration depth of photons. These pho-
togenerated carriers would be quenched by recombination dur-
ing their diffusion to the bottom electrodes. However, the long-
wavelength lights with strong penetration ability could excite the
carriers in perovskite materials near the electrodes. These photo-
generated carriers were collected to produce photocurrent, thus
resulting in a narrowband spectral response. In this work, the au-
thors synthesized CsPbBr, films with different thicknesses using
the freeze-drying casting method (Figure 2b). With the increase
of the perovskite film thickness, the photoresponse of the de-
vice decayed in the short wavelength range until it disappeared,
as shown in Figure 2c. The device fabricated using 20 pm per-
ovskite films presented a narrow response with FWHM of less
than 12 nm. Meanwhile, a variety of narrowband PDs with re-
sponse wavelengths in the visible region have also been demon-
strated by adjusting the halide compositions (Figure 2d,e).
Compared with polycrystalline perovskite films, perovskite
single crystals without grain boundaries have many advantages,
such as high carrier mobility and low volume defect density, for
fabricating narrowband PDs.[°12] Fang et al. first applied per-
ovskite single crystals (MAPbBr;_,Cl, and MAPbI;_ Br,, MA =
CH,NH;) to narrowband photoconductance.[®3] The FWHM of
spectral response ranging from blue to red was less than 20 nm.
In this work, the working principle of surface charge recombina-
tion was proposed to explain the narrowband response. The per-
ovskite single crystals prepared in solution introduced inevitable
defects on the surface, which quenched the carriers excited by
short wavelength lights. Therefore, the surface charge recombi-
nation effect suppressed the EQE in the short wavelength range,
endowing the narrowband response characteristics of single-
crystal perovskite photoconductance. Actually, the essence of the
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Figure 2. a) Schematic diagram of the CCN mechanism for the narrowband perovskite PD. b) SEM images of CsPbBr; films. c) Normalized responsivities
of PDs fabricated with different thick perovskite films. d) Normalized absorption spectra of perovskite films with different elemental compositions. e)
Normalized responsivities of CsPbX; PDs. a—e) Reproduced with permission.[6] Copyright 2018, American Chemical Society. f) The photograph of
CH3NH;PbBr; crystal films. g) Bottom and h) top morphologies of CH;NH;PbBr; crystal films. Scale bar: 2 mm. i) Normalized EQE spectra of PDs
fabricated with different thick perovskite films. f~i) Reproduced with permission.[®9] Copyright 2017, Wiley-VCH. j) The photographs and SEM images
of Cs,SnCl¢_,Br, single crystals. k) Normalized EQE spectra of Cs,SnCl,_,Br, narrowband PDs. j,k) Reproduced with permission.[®1] Copyright 2019,
Wiley-VCH. ) SEM images of MAPbl; QWs/NWs. m) Normalized EQE spectra of PDs fabricated with different thick QWs layer. |, m) Reproduced with

permission.[®#] Copyright 2022, American Chemical Society.

surface charge recombination effect is still the CCN mechanism.
According to this working principle, Rao et al. assembled narrow-
band photoconductance using large-scale CH,;NH,PbBr; single
crystals with a controllable thickness (Figure 2f-h).[°¥l Figure 2i
shows the EQE spectra of the device related to the perovskite film
thickness. With the increase of perovskite thickness, the spec-
tral response of the PDs changed from broadband to narrow-
band. When the thickness of the perovskite film was 0.8 mm,
the FWHM of spectral response was about 35 nm. In addition to
organic-inorganic hybrid perovskite single crystals, all-inorganic
perovskite single crystals have also been used as absorbing layers
in narrowband PDs. Zhou et al. prepared Pb-free Cs,SnCl,_, Br,
single crystals via the hydrothermal method (Figure 2j).1°! The
narrowband PDs using these single crystals presented a high de-
tectivity of 2.71 X 10'° Jones, and the narrow response peaks
can alter from near violet to orange, as shown in Figure 2k.
Besides, Zhang et al., for the first time, used perovskite single
crystals nanowire/quantum wires for narrowband photoconduc-
tances (Figure 21).%] Based on the CCN mechanism, the photo-
generated carriers in the short-wavelength range were lost due to
radiative recombination in the quantum wires. As demonstrated

Small Methods 2023, 7, 2201499

2201499 (5 of 22)

in Figure 2m, the responsivity in the short-wavelength range was
suppressed with the increase of the quantum wire length, and
the narrowband response was finally realized at a quantum wire
length of 3.5 um.

2D perovskites with unique quantum-well structures pos-
sess self-trapped states due to the strong electron—phonon cou-
pling, which booms the performances of narrowband PDs.[65:6¢]
As shown in Figure 3a, Li et al. reported the narrowband
photoconductances using 2D perovskite single crystals of
(BA),(MA),_,Pb,X;,,; (BA=C,HyNH;; X = Br, I) and proposed
the self-trapped state-assisted CCN mechanism.[”] To explore
the mechanism of narrowband spectral response, three kinds
of devices with different configurations were designed and the
schematic diagram of the carrier generation and extraction pro-
cess is displayed in Figure 3b. The EQE spectrum of config. 3
showed a broadband response with distinct three peaks of B,
X,, and X,, which could be assigned to band-to-band transition
peak, free-exciton peak, and self-trapped state-induced absorp-
tion peak, respectively (Figure 3c). The X, peak observed in con-
fig. 3 matched well with the one of devices with config. 1 and con-
fig. 2, which proved that the self-trapped states of 2D perovskite
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Figure 3. a) The structure of narrowband PDs based on 2D perovskite of (BA), (MA)Pb,l;. b). Schematic illustration of the carrier generation and sepa-
ration of PDs with different configurations. c) EQE curves of devices with different structures. d) Specific detectivity of PD with config.1. a-d) Reproduced
with permission.[®”] Copyright 2019, Springer Nature. e) The photograph of (iso-BA),Pbl, crystals. f) Variation of photocurrent with polarization angle.
g) The specific detectivity of the device under the polarization angle of 160°. e-g) Reproduced with permission.[2l Copyright 2019, Wiley-VCH.

caused the narrowband response. The maximum specific detec-
tivity of these narrowband PDs was as high as 1 x 10! Jones,
which is five times larger than that of the 3D single-crystal per-
ovskite narrowband PDs, as presented in Figure 3d.[%3] By adjust-
ing the halide composition X and perovskite layer number n, the
narrowband response peaks can be continuously tuned in the vis-
ible range, and the FWHM of all devices” spectral response was
less than 60 nm. In addition, the polarization-sensitive narrow-
band PDs based on 2D (BA),PbI, perovskite single crystals have
been reported as well (Figure 3e).l>?] In this report, the device real-
ized the dual functions of optical sensing for the polarization and
spectra, ascribing to the large anisotropic crystal structure of the
synthesized 2D perovskites and the CCN working mechanism.
The polarization-dependent photocurrent identified the photore-
sponse anisotropy (Figure 3f). The response spectrum demon-
strated a narrow response with a peak around 560 nm and an
FWHM of 27 nm as presented in Figure 3g. And the maximum
EQE was as high as 120% at a polarization angle of 160°.
Perovskite narrowband photodiodes possess a vertical struc-
ture similar to solar photovoltaic devices, where the perovskite
material is sandwiched between an electron transport layer (ETL)
and a hole transport layer (HTL).[%*%] Wang et al. first reported
the self-powered narrowband photodiodes, as presented in Fig-
ure 4a.’% Interestingly, the device exhibited a broadband re-
sponse behavior at first, even with perovskite film thicknesses
up to 25.1 pm, as displayed in Figure 4b. The photoresponse de-
clined at the short-wavelength range after irradiation with 532 nm
light for a few minutes (Figure 4c). The thicker the perovskite
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film, the more pronounced the phenomenon. After laser illumi-
nation, the device with a 25.1 um perovskite film showed a narrow
spectral response with an FWHM of around 29 nm. The space-
charge-limited current (SCLC) measurements revealed that trap
density in the perovskite films increased after illumination. The
surface defect states determined the recombination of the charge
carriers generated in the short wavelength range. As demon-
strated in Figure 4d,e, the operating principle of the device still
followed the CCN mechanism. In addition, Hou et al. proposed
an unbalanced charge carrier transport strategy to tune carrier re-
combination for constructing narrowband photodiodes.l”!! This
strategy triggered the wavelength-dependent carrier collection,
but not sacrificed charge transport properties, which is different
from the reported way by enhancing the perovskite thickness to
obtain narrowband PDs. In this strategy, the p-type mixed-halide
perovskite films (p-MAPDI, Br) were synthesized by a self-doping
method. The photodiodes with inverted and normal structures
were designed and both of which exhibited narrowband pho-
toresponses with spectral response peaks at 625 and 350 nm,
respectively (Figure 4f—i). The working principle of the invert-
structured device is schematically shown in Figure 4jk. The
short-wavelengths photoexcited carriers were close to the HTL
owing to the Beer-Lambert regime.[?! Although the holes were
easily extracted, the electrons that reached the ETL can be ig-
nored due to the low electron mobility in p-type MAPbBI, Br. In
contrast, red lights deeply penetrated inside the perovskite and
made charge carriers generated close to the ETL. In such a case,
the short transport path and high hole mobility ensured that both
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Figure 4. a) Device architecture of the self-drive narrowband photodiode devices. b) EQE spectra of the as-prepared device with different thick perovskite
layers. c) EQE spectra of the device after laser illumination. d,e) Schematic diagram of the CCN mechanism. a—e) Reproduced with permission.[”°!
Copyright 2021, Wiley-VCH. Schematic illustration of the f) invert-structured and g) normal-structured narrowband PDs. Specific detectivity spectra of
the h) red PD and i) UV PD. Schematic illustration of the optical field distribution and the carrier transport in j,k) invert-structured device and I,m)
normal-structured device. f-m) Reproduced with permission.l”"l Copyright 2020, Wiley-VCH.

electrons and holes can be extracted efficiently. Thus, the invert-
structured device realized the narrowband response in the red
region. For the normal-structured device, electrons and holes ex-
cited by ultraviolet (UV) lights can be efficiently collected due to
short transport paths and high hole mobility, as displayed in Fig-
ure 4], m. In contrast, the electrons excited by red lights suffered
from long transport paths and low electron mobility. Hence, the
normal-structured device obtained a narrowband response in the
UV region.

3.1.2. Bandpass Filters or Optical Microcavity

Combining broadband perovskite PDs with bandpass filters or
an optical microcavity represents another strategy for construct-
ing narrowband PDs.’”*%] Due to strong light absorption charac-
teristics, perovskite materials can be used as both photosensitive
layers and bandpass filters. The scheme adopting perovskite as
a bandpass filter was first put forward by Li et al.l’®/ As shown
in Figure 5a, the front side of the transparent glass substrate is
a broadband photodiode with perovskite-2 as the photosensitive
layer, and the back side is the perovskite-1 layer as a bandpass
filter. The perovskite-1 filter layer was described as an optically-
active-but-electronically-dead (OAED) layer, which absorbed light
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in the short-wavelength range but did not contribute photocur-
rents, as shown in Figure 5b. Actually, the part of perovskite films
near the incident light in the traditional CCN-type narrowband
PDs could also be called the OAED layer, as illustrated in Fig-
ure 5¢, which deteriorated device performances, such as response
speed, due to the increase of carrier transmission distance and
the introduction of additional recombination center.”!] There-
fore, separating the OAED layer from the photosensitive layer
could improve device performance. The narrowband PDs were
obtained by selecting suitable perovskite-1 and perovskite-2, as
presented in Figure 5d. The best narrowband PDs exhibited a
spectral response with an FWHM of 28 nm and a maximal SRR
greater than 1000. Subsequently, Qiao et al. reported the self-
powered perovskite narrowband PDs by introducing bandpass
filters.l”>] By adjusting the materials’ bandgap of the photoactive
layer and OAED layer and controlling their thickness, a series
of narrowband PDs were demonstrated with spectral responses
ranging from the visible to the near-infrared (NIR) region. Be-
sides, these devices presented a narrow spectral response with
an FWHM of < 50 nm and a maximal SRR of more than 1100.
Optical microcavity as an emerging filter has been applied in
perovskite narrowband PDs. The optical microcavity integrated
into broadband PDs allows the specific transmission of target
photons without using complex optical path systems. Inspired
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Figure 5. a) Schematically demonstrating the structure of narrowband PD with bandpass filters. Working mechanism of b) the narrowband PDs with
OADE layers and c) the conventional CCN-type narrowband PDs. d) The EQE curves of narrowband PDs using different bandpass filters. a—d) Reproduced
with permission.[38] Copyright 2017, Wiley-VCH. e) The structure of bionic narrowband PDs with optical microcavities. Normalized f) EQE spectra and g)
detectivity of different bionic PDs. e-g) Reproduced with permission.l”4] Copyright 2019, Wiley-VCH. h) Schematic structure diagram of narrowband PD
with the MDM microcavity. i) Cross-sectional SEM image of the device. j) Normalized EQE spectra of narrowband PDs with different spectral responses.

h—j) Reproduced with permission.[>”] Copyright 2019, Wiley-VCH.

by the compound eye structure of butterflies, Cao et al. pre-
pared bionic narrowband PDs with selective NIR photon de-
tection by introducing optical microcavity, as illustrated in Fig-
ure 5e.”*] The optical microcavity consisted of alternating LiF (n
= 1.33, n refers to refractive index)/NPB (N, N’-Bis(naphthalen-
1-yl)-N, N'-bis(phenyl)benzidine, n = 2.1) layers to imitate the
tapetum cells in the butterfly eyes. The peak wavelength of
transmitted light could be controlled by regulating the thick-
ness of the optical microcavity. The CsPb,sSn,;I;-based pho-
todiodes were employed to detect NIR light in the range of
~700-900 nm. The integrated narrowband PDs exhibited tun-
able narrowband response with FWHM of less than 50 nm,
as demonstrated in Figure 5f. The maximal detectivity was up
to 5.4 x 10'* Jones, which is superior to commercial Si-based
PDs.[7578] Another type of optical microcavity with the config-
uration of metal/dielectric/metal (MDM) was reported by Tsai
et al., as shown in Figure 5 h,i’’] The narrowband trans-
mission can be designed by modulating the adopted materi-
als and their thickness. The materials of Ag/TAPC/TmPyPB/Ag
with different thicknesses were used in MDM microcav-
ity, TAPC and TmPyPB refer to 4,4'-cyclohexylidenebis[N,N-
bis(4-methylphenyl)benzenamine] and 1,3,5-tri[(3-pyridyl)-phen-
3-yl]benzene, respectively. In principle, the thickness of the metal
layer (t,) and the dielectric layers (t,) dominated the FWHM and
peak wavelengths of the transmitted light, respectively. The de-
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vices prepared with perovskite PDs and MDM microcavity exhib-
ited a tunable narrow spectral response to red, green, and blue
lights, which are similar to human photoreceptors (Figure 5j).

3.1.3. Enhancement of Light Absorption in Specific Wavelengths

Narrowband PDs can also be realized by enhancing light ab-
sorption of photosensitive layers for specific spectrums. For ex-
ample, the plasmonic effect was reported as a beneficial ap-
proach to regulating light harvest in constructing filterless nar-
rowband PDs.l”778] For the 2D Ruddlesden—Popper perovskites,
the organic-inorganic periodic overlaying structure gave it natu-
ral multiple quantum wells (MQWs), leading to strong excitonic
light absorptions in a narrow spectral range, as demonstrated in
Figure 6a. Tu et al. demonstrated the function of strong exciton
absorption in 2D perovskite narrowband PDs.’*l The ultrathin
(PEA),PbI, crystals were prepared by mechanically exfoliating
bulk single crystals, as shown in Figure 6b. The measurement re-
sults revealed that ultrathin (PEA),Pbl, single crystals exhibited a
narrow absorption enhancement from blue to green lights with a
sharp peak at 517 nm (Figure 6c¢). A vertical-stacked narrowband
PD with the configuration of graphene-(PEA),Pbl,-graphene was
demonstrated, as shown in Figure 6d,e. The device showed a nar-
row spectral response with an FWHM of 15 nm and a response
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Figure 6. a) Schematically illustration of the structure of 3D and 2D perovskites. b) The AFM image of ultrathin (PEA),Pbl, perovskites. c) The absorption
spectra and PL spectra of ultrathin (PEA),Pbl, perovskites. d) Schematic demonstration of the narrowband PD structure. e) The optical microscopic im-
age of the device. f) The absorption spectra of ultrathin (PEA),Pbl, perovskites and the photocurrent of the device versus wavelengths. a—f) Reproduced

with permission.[>*] Copyright 2020, Wiley-VCH.

peak at 517 nm, which is consistent with the exciton absorption
range in ultrathin (PEA),Pbl, crystals (Figure 6f).

3.2. Dual-Band Perovskite PDs

Different from narrowband PDs with spectral responses in a nar-
row range, wavelength-selective dual-band PDs have two distinct
spectral response peaks in two-band regimes. The following sec-
tion will review the recently reported wavelength-selective dual-
band perovskite PDs. The main realization strategies include
the preparation of heterojunction with different bandgap mate-
rials and the modulation by working voltages.l”># The detection
bands of wavelength-selective dual-band perovskite PDs can be
classified into visible-visible, visible-NIR, and visible-UV.[*81:82]

3.2.1. Visible-Visible

Owing to the broad absorption of perovskite in visible, the
perovskite-based PDs mainly work in either broadband or nar-
rowband modes. The fabrication of dual-band perovskite PDs
with wavelength selectivity in the visible region is difficult.
The researchers are exploring in terms of new device struc-
tures and working mechanisms. Wang and co-authors syn-
thesized centimeter-sized 2D perovskite heterostructures of
(BA),Pbl,/(BA),MAPb,I, and assembled dual-band PDs with
wavelength selectivity in the visible region.?®] Due to the self-
trapping states of the 2D perovskites, the device had narrow
dual-band spectral responses with peaks of 540 and 610 nm and
the corresponding FWHM of 20 and 30 nm, respectively. Af-
terward, Wang et al. reported self-driven dual-band perovskite
PDs and proposed a new mechanism of charge separation re-
version (CSR).®% Figure 7a schematically presents the device
structure, which is composed of a photovoltaic structure of
FTO (fluorine-doped tin oxide)/MAPbBr,/PCBM (phenyl-C61-
butyric acid methyl ester)/PPDING6 (amino-functionalized pery-
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lene diimide polymer)/Ag. The device exhibited a negative broad-
band response above-bandgap absorption region and a positive
narrowband response in the sub-bandgap absorption region, re-
spectively (Figure 7b). Figure 7c—e shows the schematic dia-
gram of the CSR mechanism, revealing that the dual-band re-
sponses originate from the formation of the S-shape band struc-
ture and the thickness-related light absorption of the active layer.
As sketched in Figure 7c, the S-shape band structure was formed
in the perovskite layer after equilibrium due to the ion redis-
tribution. According to Beer-Lambert law, charge carriers gen-
erated by above-bandgap photons were close to the interface of
FTO/perovskite (Figure 7d). Because the photon energy (hv) is
much larger than the perovskite bandgap (Eg), the excited elec-
trons with excess energy (hv-Eg) can easily tunnel through the
Schottky junction between perovskite and FTO and drifted to the
FTO electrode under the action of built-in electric field, leading
to a negative photoresponse. However, the sub-bandgap photons
with immense penetration depth can excite the charge carriers
near the PCBM side (Figure 7e). The electrons near the FTO
electrode cannot pass through the Schottky junction because
they have no excess energy. Thus, these photogenerated carriers
were recombined by the defect states and did not contribute to
the photocurrent. Meanwhile, due to the energy difference be-
tween perovskite and PCBM, the photoexcited electrons close to
PCBM drifted toward the Ag electrodes, resulting in a positive
photoresponse. Similarly, the voltage-modulated dual-band PDs
with stacking two perovskite photodiodes in opposite polarity was
reported by Huang and co-workers.[®¥] By modulating the direc-
tion of the driving voltage, the response of a single device could
be switched between the wavelength range of 300-570 and 630—
800 nm.

3.2.2. Visible-NIR
Dual-band PDs with a detection selection in visible and NIR

regions have essential applications in bionic vision for daylight
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Figure 7. a) The cross-sectional SEM image of dual-band PDs with two wavelength response peaks in the visible region. b) Normalized EQE spectra
of PDs prepared from perovskites with different halides. c—e) Schematic demonstration of the working principle. a—e) Reproduced with permission.[8]
Copyright 2021, Wiley-VCH. f) Schematic diagram of the dual-band PDs with response peaks in the NIR and visible regions. g) The responsivity of
the device under a bias of —0.6 V. h,i) The schematic energy band diagrams for the device under —0.6 and 0.6 V. fi) Reproduced with permission.[3’]
Copyright 2020, Wiley-VCH. j) Schematically demonstrating the structure of dual-band PDs with response peaks in the UV and visible regions. k) The
responsivity curve of the device versus wavelengths. j,k) Reproduced with permission.l”?] Copyright 2020, Wiley-VCH.

visualization and night vision detection.#*#] Organic semicon-
ductors have been used as a cost-effective material for dual-band
PDs to identify visible and NIR lights.[®®) The combination of
perovskite and organic materials can make up for the deficiency
of organic materials in the construction of high-performance
PDs. Li et al. reported dual-band PDs using nonoverlapping
absorption materials of small organic molecules (CO,;8DFIC)
and CH;NH,PbBr, films, as shown in Figure 7£.18’] This device
exhibited two distinct response peaks on the condition of no
power supply or the reverse bias. Figure 7g shows the spectral
response of the device under a reverse bias of —0.6 V, presenting
two cut-off wavelengths locate at around 544 and 920 nm,
respectively. The spectral response of the device can be switched
between dual-band to single-band by adjusting the operating
voltages. As shown in Figure 7h, under a reverse bias (—0.6 V),
the direction of the applied electric field was consistent with
the built-in electric field. The energy band of CO,8DFIC shifted
downward relative to CH;NH;PbBr; perovskite, resulting in an
increase in the responsivity compared to the device at zero volt-
age. In contrast, when a forward bias was applied, the direction of
the applied electric field was opposite to the built-in electric field,
and the energy band of CO;8DFIC shifted upward (Figure 7i).

Small Methods 2023, 7, 2201499
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With the increased applied electric field, the separation efficiency
of excitons in CH;NH,PbBr; and CO,;8DFIC decreased. At 0.6V,
the excitons in CO;8DFIC cannot be separated due to low electric
field intensity and the offset of the valence band, which resulted
in a single-band spectral response (visible range). Subsequently,
Gao et al. also employed a similar strategy of voltage-modulated
spectral response to assemble dual-band PDs.[8?] The dual-band
PDs with spectral response in visible and NIR regions were
prepared based on Cs,, ;sFA, ¢ Pbl, (FA refers to CH(NH,),) and
organic material (PBDBT-DTBT and BTP-4F). The bias-tunable
responses were determined by energy band bending and bias-
related carrier injection behaviors. This device exhibited a visible
response at forward bias and a NIR response at the opposite
bias, with responsivities of 93.5 and 102.2 mA W~!, respectively.

3.2.3. Visible-UV

Dual-band PDs capable of recognizing visible and UV lights
have aroused attractive applications in secure communication,
chemical analysis, and environmental monitoring.[®!l The per-
ovskite materials combined with traditional UV semiconductor
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materials, such as SnO, ZnO, and GaN, represent a simple
and effective approach for fabricating visible-UV dual-band
PDs.”>88] Wu et al. reported visible-UV dual-band PDs using
Cs,AgBiBr,/SnO, heterojunction, as shown in Figure 7j."%
This device had two distinct spectral response peaks at 350 and
435 nm, respectively (Figure 7k). A high response of 0.11 A W1
was obtained at 350 nm with a rapid response time of less than
3 ms, which is significantly higher than other UV PDs based on
semiconductor oxide heterojunction. The majority of reported
dual-band PDs based on heterojunctions were implemented by
complex manufacturing processes, which inevitably imported
defects in the depletion layer. Recently, Fang et al. reported
dual-band PDs by using Cs;Bi,Br,/Cs;BiBr, perovskite bulk
heterojunction.!®] The device presented two spectral response
peaks located at 360 and 450 nm, with responsivities of 59.4 and
3.09 mA W-!, respectively. Remarkably, this device exhibited
excellent optoelectronic performances in the UV band, including
high detectivity of 1.2 X 102 Jones, a high on/off current ratio of
18 881, and a fast response speed (rise and fall times: 1.4 and 2
us), respectively.

3.3. Multispectral-Recognizable Perovskite PDs

Multispectral recognition refers to distinguishing photon signals
with two and more ranges of wavelength. Commercial multi-
spectral PDs rely on complicated optical elements, e.g., prisms,
interferometric filters, and diffraction grating, which ham-
pers their development to miniaturization and integration.[**?1]
The multispectral-recognizable perovskite PDs could achieve
wavelength-selective response over a wide spectral range without
the need for a dispersion element.[?*] By simply varying the halide
ions (I7, Br, Cl") and the organic ions (methylammonium
[MA*] or formamidinium [FA*]), a multitude of perovskites with
customized bandgap can be available.l”?] To fully realize this con-
cept, two promising fabrication strategies are proposed for high-
performance multispectral detectors, including integrating dif-
ferent bandgap perovskite materials on the same substrate and
using gradient bandgap-tunable perovskite materials.®>

3.3.1. Integrating Different Bandgap Perovskite Materials on the
Same Substrate

Integrating different bandgap perovskite materials on the same
substrate is an inevitable way to fabricate PDs with a selective
spectral response. Schroder et al. prepared different compo-
sitional perovskite films with an absorption cutoff from 410
to 790 nm by combinatorial inkjet printing method (Figure
8a,b).°"] The tunability of absorption cutoff achieved an 8 nm
step for MAPb(BrxCl, _,); compositions by shifting the bandgap
with fine-tuned ink ratio. The PDs fabricated using different
compositional perovskite films exhibited spectral response cor-
responding to the respective bandgap (Figure 8b). Meanwhile,
a distinct photoresponse matrix with spectral selectivity was ob-
tained using light sources with different wavelengths to irradiate
the PDs along the perovskite gradient, as shown in Figure 8c.
Chen et al. fabricated PD arrays by integrating three PDs with
different perovskite components in each cell (Figure 8d).*! In
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this report, an improved evaporation method was developed
to boost the crystal quality of halide perovskite films, in which
the substrates were treated with a self-assembled monolayer.
Figure 8e displays the image of the compact CsPbBr, films with
larger crystalline grains. The perovskites of CsPbI,Br, CsPbBr;,
and CsPbBrCl, with optical bandgaps of 1.91, 2.33, and 2.75 eV
were employed as active materials (Figure 8f). The spectral
response for the CsPbl,Br, CsPbBr;, and CsPbBrCl, PDs was
displayed in Figure 8g, revealing the fabricated PD arrays can
discriminate red, green, and blue lights. Furthermore, to achieve
spectral recognition together with high resolution, Wang et al.
constructed flexible full-color PD arrays by fabricating various
bandgap perovskite films on the same substrate via electrohydro-
dynamic printing of ionic-liquid-based ink (Figure 8h,i).°®) By
optimizing the printing conditions, the perovskite dot arrays with
an extremely high resolution of 1 pm (5070 dpi) were success-
fully prepared. Simultaneously, the as-fabricated demonstrated
the potential in color imaging, as shown in Figure 8;.

3.3.2. Using Gradient Bandgap-Tunable Perovskite Materials

Using gradient bandgap perovskite materials to assemble PDs
with a continuously tunable photoresponse is an advanced tech-
nique that can precisely recognize the visible spectrum. A light
signal in different spectral regions can be discriminatively col-
lected to project the hue information that best represents the
color. The more signals from different spectral regions, the
higher the hue resolution is. Inspired by this, Zhang et al. devel-
oped rainbow perovskite films prepared by a halide-exchanging
method as the active layer of the PDs for intensity and color per-
ception, as shown in Figure 9a,b.’] The device consists of two
parts (Figure 9c): one is a photoactive layer composed of per-
ovskite films with a relatively small bandgap (SBG), and the out-
put current (I5¢) shows linear response to the total photon flux
(¢) in a certain photon energy (¢) region; the other is a photo-
sensing layer consisting of semiconductors (dioctylbenzothieno
[2,3-b] benzothiophene and rainbow perovskites) with gradient
bandgap (GBG). The photogenerated current output (I;?G) re-

lates to the average photon energy (g,) that and photon flux (¢b).
For nonmonochromatic light, the Ipc’]fc can be expressed as(®’!

1599 o (75 - €0) 6 (10

where ¢, is the smallest bandgap of the GBG film employed in
the device, and the (¢,) is weighted by the flux e, = p/¢, p is the
total power density. Hence, by combining two signals generated
from two parts of the device, the intensity and color information
(hue, represented by ;) of the tested spectrum can be obtained.
Figure 9d summarized the spectral information derived from the
fabricated PDs, which are in good agreement with those obtained
from a commercial spectrometer.

Furthermore, gradient bandgap-tunable perovskite materials
can be applied for miniature on-chip spectrometers with the
assistance of a computing algorithm, as schematically in Fig-
ure 9e.l”] The tunable response range of PDs based on gra-
dient bandgap perovskite materials sets the precondition for
computational spectral recognition. Sun et al. prepared filterless
wavelength-sensitive PDs based on the gradient bandgap-tunable
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Figure 8. a) Schematic illustration of the combinatorial inkjet printing approach and the photograph of synthesized perovskite films. b) The normalized
EQE spectra of the PDs fabricated with gradient composition perovskites. c) A matrix of responsivities obtained with gradient response PDs. a—c)
Reproduced with permission.[**] Copyright 2021, Wiley-VCH. d) Schematic illustration of multicomponent perovskite PDs. e) The SEM image of CsPbBr,
films synthesized by an improved evaporation method. f) The optical bandgap of CsPbl,Br, CsPbBr3, and CsPbBrCl, films. g) The normalized responsivity
of PDs prepared with CsPbl,Br, CsPbBry, and CsPbBrCl, films. d—g) Reproduced with permission.[®>] Copyright 2021, Wiley-VCH. h,i) The photographs
of PD arrays in which each pixel contains three sub-pixel pixels. j) The imaging results and schematic diagram of the imaging test set-up. h-j) Reproduced

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

perovskite of KMAPDCIL, Br,_,. These materials with the absorp-
tion edge evolving from 450 to 780 nm formed by repeating spin-
coating MACI precursor and annealing process (Figure 9f,g).[%”]
The device exhibited the maximum EQE of over 90% and an ul-
trafast speed with a response time down to 71 ns, which was
impacted by the junction capacitance via electron-donor control
(Figure 9h). More importantly, a spectral resolution of ~80 nm
can be well realized by integrating six pixels in the different po-
sitions of devices. Subsequently, Zeng et al. reported a minia-
turized multispectral detector without delicate optical elements
based on gradient bandgap MAPbX; microwires with a length
of 4 mm, in which halide ions varied from Cl to I along the axis
(Figure 9i).1*] Figure 9j shows the fluorescence spectra at differ-
ent positions of the microwires. Gradient bandgap-tunable mi-
crowires enabled the spectral detector to a response range cov-
ering 450-790 nm, as presented in Figure 9k. More importantly,
the miniaturized detectors presented the capacity of multispec-
tral sensing with a relatively higher resolution of 25 nm.

3.4. X-Ray Perovskite PDs
X-ray detectors have a wide range of applications in daily life and

industrial production, including nondestructive tests, medical di-
agnosis, security inspection, etc.®®! In addition to the common
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detection of UV, visible, and NIR lights, the metal perovskite ma-
terials have revolutionized the field of radiation detection, espe-
cially in X-ray detection.[**) The advantages of halide perovskite
in optical, electrical, and structural aspects endow it as the most
promising material for assembling X-ray detectors, which are
summarized as follows:[??] 1) the heavy atom compositions, such
as Pb, Br, and I atoms; 2) high photoluminescence yield and wide
color gamut; 3) decent carrier mobility, long carrier lifetime, and
low trap density; 4) simple and low-cost synthesis process. Up to
now, numerous works have been carried out on perovskite-based
X-ray detectors, which can be divided into direct-conversion X-
ray detectors and indirect-conversion X-ray detectors (perovskite
materials as scintillators) according to the detection mode.3*%!

3.4.1. Direct-Conversion X-Ray Detector

The direct-conversion X-ray detectors work based on the photo-
electric effect, in which photons of X-ray radiation are absorbed
by perovskites to generate photocurrents.'®! This type of
X-ray detector has several unique advantages, including fast
response speed, wide linear response range, and high-energy
resolution.l'%!l In recent years, many achievements have been
made in terms of X-ray sensitivity, flexibility, and resolution.
Huang et al. reported an ultrasensitive X-ray detector with a
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Figure 9. a) Schematic demonstration of the halide-exchanging method for preparing bandgap-gradient perovskite films. b) Fluorescence microscopy

images of Br/| perovskite films. c¢) Conceptual demonstration of wavelength

perception using the fabricated spectrometer. d) The €, values measured by

the GBG device and spectrometer. a—d) Reproduced with permission.[>3] Copyright 2020, Springer Nature. e) Schematic illustration of spectral recogni-
tion using wavelength-sensitive PDs combinate with the algorithm. f) The preparation process for gradient bandgap-tunable KMAPbCI, Br;_, perovskites.
g) Absorption spectra of six positions in KMAPbCI,Br;_, perovskite films. h) The EQE curves at different points in the device. e-h) Reproduced with
permission.[®”] Copyright 2020, Wiley-VCH. i) Schematic diagram of the gradient perovskite microwire PD arrays. j) The PL spectra of gradient MAPbX;
microwire. k) The EQE curves of PDs prepared on different positions of the MAPbX; microwire. i-k) Reproduced with permission.[40l Copyright 2022,

Wiley-VCH.

sensitivity of 2.1 X 10* uC mGy,;, "' cm~2 under X-ray radiation
of 8 keV by integrating MAPDBr, single crystals on Si substrates,
which is over a thousand times higher than the sensitivity of
the reported a-Se X-ray detectors.'®?] And a flexible direct-
conversion X-ray detector array has also been demonstrated
for realizing X-ray imaging on a curved surface, in which a
perovskite-filled membrane was prepared as an active layer
with good flexibility and stability.'®®! This device can stably
work at a radius down to 2mm. Kim et al. reported a flat-panel
X-ray imager with high resolution by combining polycrystalline
hybrid perovskite films with TFT arrays.'%l The active layer
with the configuration of polyimide-perovskite composites/thick
perovskite films/polyimide-perovskite composites was printed
onto the TFT backplane. The modulation transfer function
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(MTF) representing the spatial resolution was 0.2 at 3.1 Ip
mm~! for the flat-panel X-ray detector superior to the a-Se X-ray
detectors.l'%) According to a similar strategy, Xia et al. synthe-
sized compact and large-area perovskite films by soft-pressing
methods incorporating polymerizable binder and obtained the
state-of-the-art direct-conversion flat-panel X-ray imager among
polycrystalline films, with a ratio of sensitivity to noise current
up to 1.41 x 10! uC Gy~' A7! (Figure 10a—).'%] Recently,
Zhan et al. reported robust 120 keV direct-conversion hard X-ray
detectors based on as-grown single crystal of CsPbBr,_,X, (X
= Cl, 1) (Figure 10d).l'%”] Figure 10e shows the time-dependent
response of CsPbBr;, CsPbBr,,],;, and CdZnTe X-ray detec-
tors at different electric field intensities, demonstrating that
CsPbBr, o1, X-ray detectors have respectable response stability
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Figure 10. a) Cross-sectional SEM image of the thick MAPbl; /TMTA films. scale bar: 100 pm. b) The surface SEM image of thick MAPbl; /TMTA
films. scale bar: 20 um. c¢) Summary of dark current and the ratio of sensitivity to noise current for X-ray perovskite detectors. a—c) Reproduced with
permission.!'%] Copyright 2022, Wiley-VCH. d) The photographs of CsPbBr;_, |, single crystals. e) The -t curves of CsPbBr;, CsPbBr, 4o ¢, and CdZnTe
X-ray detectors. f) Sensitivity of CsPbBr;_,I, (n = 0.1, 0.5, and 1) and CdZnTe X-ray detectors. g) Comparison of the sensitivity for different X-ray
detectors. d—g) Reproduced with permission.[19] Copyright 2022, Wiley-VCH.

under high electric field, which is comparable to CdZnTe X-ray
detectors.['% A record sensitivity of 6.3 x 10* uC Gy~! cm™ and
a low detection limit of 54 nGy s7! for the 120 keV hard X-ray
detection were achieved by CsPbBr,,l,,; and CsPbBr,I X-ray
detectors, respectively (Figure 10f,g).

3.4.2. Indirect-Conversion X-Ray Detector
The indirect-conversion X-ray detector consisted of a scintillator
that converts high-energy X-ray into visible or UV lights and a

conventional photosensor, such as complementary metal-oxide
semiconductor (CMOS) detectors and charge-coupled devices
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(CCD), to capture the converted lights.['®! Compared with direct-
conversion X-ray detectors, indirect-conversion X-ray detectors
possess characteristics of stability, low cost, and easier integra-
tion with commercially electronic components (CMOS or TFT
arrays), which is the mainstream approach in X-ray detection.!??]
Perovskite materials, including bulk single crystals, nanowire
single crystals, and polycrystalline films have been proven to
be excellent scintillators.'*) Birowosuto et al. reported the bulk
perovskite single crystal of CH;NH;PbI; and CH;NH,PbBr,
as scintillators (Figure 11a).**] The X-ray radioluminescence
(RL) spectra (light color area) of MAPbI, and MAPbBr; were
in accord with their photoluminescence spectra (dark color
area), as shown in Figure 11b,c. And both perovskite single
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Figure 11. a) The photographs of MAPbBr; and MAPbI; single crystals. b,c) The PL and RL spectra of MAPbBr; and MAPbI; single crystals. a-c) Re-
produced with permission.[34] Copyright 2022, Springer Nature. d,e) Cross-sectional SEM images of CsPbBr; nanowires synthesized in AAO templates.
The RL intensity versus the f) nanowire length and g) nanowire diameter. d—g) Reproduced with permission.l’'®! Copyright 2021, American Chemical
Society. h) Photographs of the CsPbBr; /PMMA films on an 80 °C hotplate recorded under UV illumination. i) The RL spectrum of CsPbBr; /PMMA films
at a 40% humidity environment. j) The RL intensity versus dose rate of X-ray. h—j) Reproduced with permission.I"! Copyright 2021, Wiley-VCH.

crystals have high luminescence yields of over 120 000 photons
MeV~! from the X-ray excitation at low temperatures (T = 130
K). Zhang et al. reported stable scintillators of CsPbBr; single-
crystalline nanowires, achieving a micrometer-scale ultrahigh
spatial resolution.[''®! The CsPbBr; nanowires with diameters
ranging from 30 to 360 nm were grown in anodized aluminum
oxide (AAO) membrane template (Figure 11d,e). The RL inten-
sity of this scintillator increased as the length increased and the
diameter decreased of perovskite nanowires, respectively (Fig-
ure 10f,g). The scintillator with perovskite nanowires of 30 nm
diameter harvested the maximum luminescence yield of 5300
photons MeV~!. Because the perovskite nanowires were encap-
sulated in the AAO template, the RL intensity of the scintillation
was not degraded after two months in the ambient environment,
demonstrating high environmental stability. Chen et al. prepared
a flexible and refreshable scintillator based on the perovskite poly-
crystalline films, which was defined as a perovskite “polymer-
ceramics” scintillator with CsPbBr; nanocrystals growing in the
polymethylmethacrylate (PMMA) polymer.[''!] Figure 11h dis-
plays the photoluminescence images of fresh CsPbBr;-PMMA
films in the crystallization process, indicating that perovskite
crystals are uniformly dispersed into PMMA polymer. Under the
excitation of X-ray radiation, this scintillator exhibited robust RL
at a 40% humidity environment (Figure 11i). Moreover, RL in-
tensity presented a function on incident X-ray dose rate and this
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indirect-conversion X-ray detector realized a detection limit of
120 nGy s, as shown in Figure 11;.

4. Applications of Wavelength-Selective Perovskite
PDs in Image Sensing

The wavelength-selective PDs not only respond to the light in-
tensity but also can recognize light wavelengths, which plays a
crucial role in image sensing. This section summarizes the appli-
cations of wavelength-selective perovskite PDs in image sensing.
One way of image sensing is based on multipixel image sensors,
where each PD acts as a pixel to convert optical signals into elec-
trical signals.[>®! All the electrical signals are collected and then
processed by software to reconstruct the original 2D images. An-
other way of image sensing is achieved by a single-pixel PD, that
is, single-pixel imaging.!””! The PDs collect optical signals from
different positions in the 2D image by moving along the x-y bi-
axial. This way takes a long time to reconstruct a clear image and
cannot realize dynamic imaging. As a consequence, single-pixel
imaging is only utilized in the laboratory as a strategy to validate
the PD’s imaging potential. According to the spectral recognition
capability of wavelength-selective perovskite PDs, image sensing
can be mainly divided into single-/dual-color imaging, multicolor
imaging, and X-ray imaging.[4087:112]
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Figure 12. a) The structure of CCN-type narrowband PD arrays. The imaging results of the device under b) white light and c) 540 nm light illumination. a—
c) Reproduced with permission.[>¢] Copyright 2018, American Chemical Society. d) Schematic diagram of single-pixel imaging for self-driven narrowband
PDs. The imaging results of the device under ) 800 nm light and f) 530 nm light illumination. d—f) Reproduced with permission.[”%l Copyright 2020,
Wiley-VCH. g) Dual-color imaging results of the device at 0 V bias and the scanning currents in the h) x-axis direction and in i) the y-axis direction. j)
Single-color imaging results of the device at 0.6 V bias and the scanning currents in k) the x-axis direction and in l) the y-axis direction. g-l) Reproduced

with permission.[®’] Copyright 2020, Wiley-VCH.

4.1. Single-/Dual-Color Imaging

Narrowband perovskite PDs with the characteristic of spectral
response in a narrow range can realize single-color imaging.
Xue et al. designed an image sensor by integrating 10 x 10 pix-
elated narrowband perovskite PDs, as schematically displayed
in Figure 12a, where the thick perovskite films of CsPbBr; and
CsPDbBr, I, s were utilized for the recognition of different spec-
tra, and the CsPbBr;-based PDs were arranged in the shape of
“N” letter.*®] Under the illumination of white light, all pixels
can be excited, whose photocurrent values showed good consis-
tency, and thus no discernible images appeared (Figure 12b).
When monochromatic light of 540 nm was applied, a lumi-
nous letter “N” can be identified because the CsPbBr;-based
narrowband PD arrays were selectively activated, as shown in
Figure 12c. Similarly, a legible dark letter “N” also appeared at
610 nm monochromatic light due to the selective excitation of
the CsPbBr, I, ;-based narrowband PDs. Those results prove
that these narrowband PDs achieved single-color imaging. Wang
et al. demonstrated single-color imaging based on single-pixel
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perovskite narrowband PDs, as shown in Figure 12d.17% The fab-
ricated narrowband PDs with thick MAPbI, films possessed a
narrow spectral response with a wavelength response peak at
800 nm and an FWHM of 29 nm. Under the illumination of
800 nm monochromatic light, a clear 2D image was obtained
by x-y biaxial scanning with the single-pixel narrowband PDs, as
presented in Figure 12e. In contrast, the observed 2D image was
blurry under monochromatic light at 530 nm, which attributed
to the suppression of the photoresponse in the short wavelength
range (Figure 12f). Further optimization of the SRR of the device
could obtain better single-color imaging results. In addition, the
dual-band PDs with featuring two response peaks could realize
dual-color imaging. Li et al. demonstrated dual-color imaging by
self-powered dual-band perovskite PDs.[*” The imaging systems
are also based on single-pixel x-y biaxial scanning. The collected
current signals were converted into gray values during the image
reconstruction process. At zero bias voltage, a visible/NIR image
with 56 x 59 pixels was obtained, which displayed an “N” pat-
tern with sharp boundaries under both visible and NIR regions,
as shown in Figure 12g. The gray value ratio of the visible/NIR
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Figure 13. a) Schematic illustration of the algorithm for spectral recognition. b,c) Schematic demonstration of the spectrum detection with a commercial
spectrometer and miniaturized detector, and the corresponding measurement results. d) The reconstructed images with the miniaturized detector. a-
d) Reproduced with permission.[4?l Copyright 2021, Wiley-VCH. e) The photograph of artificial narrowband photoreceptors. f) The original photograph
of a sunflower. g—i) The scanned images with red, green, and blue narrowband PDs. j) The reconstructed image of a sunflower with the images of
(g-i). k) Current signals obtained by scanning colored stripes with different PDs and the images of reconstructed colored stripes. e—k) Reproduced with

permission.l>’] Copyright 2019, Wiley-VCH.

image is around 3.7:1, thus this dual-color image can be recog-
nized (Figure 12h,i). Because this device can realize the conver-
sion of dual-band response to single-band response under voltage
modulation, this device at 0.6 V bias achieved single-color imag-
ing in the visible range, as presented in Figure 12j-1.

4.2. Full-Color Imaging

Multispectral-recognizable perovskite PDs could achieve full-
color imaging. Xu et al. demonstrated full-color imaging via a
multispectral PD array combined with the algorithm for spec-
tral recognition.l*’] In detail, to reconstruct the unknown spec-
trum F(4), the photocurrent (I,) of detector unit can be expressed
belowl!!13]

A2

1i=/1:u) R(4),i=123,...,n
a1l

(11)

where A,and A, are the working wavelength range of the PD ar-
rays, respectively, R;(4) is the precalibrated response function of
each device, and I, is the measured photocurrent. Optimized cal-
ibration of spectral curves of the incident light can be recognized
by adopting the adaptive regularization program to simplify com-
putational spectral reconstruction. The algorithmic mechanism
is shown in Figure 13a. To verify the wavelength recognition abil-
ity of the prepared miniaturized multispectral detector based on a
single MAPbX; microwire, a commercial spectrometer was em-
ployed as a comparison (Figure 13b). Figure 13c shows the in-
cident light spectra measured with a commercial spectrometer
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(dashed line) and reconstructed with a single MAPbX; microwire
detector (solid line), indicating that the miniaturized spectral de-
tector can symbolize the spectral region with a little worse ac-
curacy. This miniaturized detector showed a spectral mismatch
of <10 nm that still precedes the commercial spectral detector
(P4M, SZ DJI Technology Co., Ltd. Spectral mismatch: 16 nm).
Figure 13d displays the full-color image reconstructed by the
miniaturized spectral detector, which is exactly consistent with
the target picture. In addition, full-color imaging can also be re-
alized by on-chip integration of narrowband PDs that respond to
red, green, and blue lights, respectively. Tsai et al. constructed ar-
tificial human photoreceptors with four narrowband perovskite
PDs, where three pixels were used as cones to detect red, green,
and blue lights, respectively, and another pixel was used as rods
to perceive surrounding conditions when light intensity is low
(Figure 13e).”! To demonstrate full-color imaging capabilities, a
real picture of the sunflower was scanned using artificial human
photoreceptors (Figure 13f). Figure 13g—i shows the images plot-
ted with the scanning current results. Since the original image
of the sunflower was dominated by red, green, and yellow colors,
the red and green PDs had high signals, whereas the blue PD ex-
hibited high signals only in the background image of the sky. The
reconstructed image combining the images of Figure 13g—i with
minor artifacts is presented in Figure 13j, which is highly simi-
lar to the original one. In addition, the red, green, and blue PDs
were employed to simultaneously scan a series of colored stripes
to further verify the spectral recognition capability. The photocur-
rent signals were summarized in Figure 13k. By normalization
and calibration of black and white results, the reproduced colored
stripes were very similar to the original stripes.
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Figure 14. a) Schematic demonstration of the pixelated perovskite X-ray detector. b) Optical microscopy image of local pixels in the device. c) Pho-
tographs of part of a hearing aid and a metallic coronary stent. d) The corresponding X-ray imaging results. a-d) Reproduced with permission.['"%]
Copyright 2021, Springer Nature. €) Schematic illustration of the structure of a single-pixel perovskite X-ray detector. f) Schematic demonstration of
single-pixel X-ray imaging. g,h) Photographs of metal objects in a plastic box. i,j) The X-ray imaging results with the X-ray detector freshly prepared and
after 60 days of storing. e-j) Reproduced with permission.l""®l Copyright 2021, Wiley-VCH. k) Schematic illustration of X-ray imaging using perovskite
scintillator combines with CCD. |) The MTF versus spatial resolution of scintillator with different thicknesses. m) Photographs of the scintillator with
different thicknesses and the corresponding X-ray imaging results. k-m) Reproduced with permission.["'8] Copyright 2022, Wiley-VCH.

4.3. X-Ray Imaging

The realization of X-ray imaging based on perovskite X-ray detec-
tors has three ways: using pixelated X-ray detectors, single-pixel
X-ray detector scanning, and perovskite scintillators combined
with image sensing devices.[?>1%4114] Deumel et al. demonstrated
high-resolution X-ray imaging by using a pixelated perovskite
X-ray detector.''] The device with 508 pixels per inch was fab-
ricated by incorporating soft-sintered MAPbI, perovskites onto
the TFT backplane (Figure 14a,b). The X-ray detector exhibited a
high sensitivity of 9300 uC Gy,;,~! cm~2, a low detection limit of
0.22nGy,;, per frame as well as a high spatial resolution of 6 Ip
mm~!. To demonstrate high-resolution X-ray imaging, part of a
hearing aid (diameter ~2 mm; length ~15 mm) and a coronary
stent (cross section 2100 x 200 um?) were selected as research ob-
jects, as shown in Figure 14c. Under the X-ray radiation of 4.17
uGy,;, per frame, the obtained X-ray images provided a detailed
view of the sample structure, and even the mesh structure of the
coronary stent could be identified, as displayed in Figure 14d. Liu
et al. reported single-pixel X-ray imaging based on triple-cation
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mixed-halide perovskite of FA| gsMA ; Cs, s PbI, 5sBry 45, as pre-
sented in Figure 14e.[''] The X-ray detector with a photodiode-
type structure exhibited high sensitivity of (3.5 + 0.2) x 10°
uC Gy,;, ! cm™? under the 40 keV X-ray radiation, which is 29
times larger than the previously reported polycrystalline MAPbI,
wafer.['V’] Figure 14f displays the experimental set-up of the X-
ray imaging, where a plastic box containing two metal objects
was placed between the detector and the X-ray source. Figure 14i
shows the clear X-ray imaging results, which correspond to the
original morphology of the object hidden in the plastic box (Fig-
ure 14g,h). Remarkably, this detector with good stability was still
imaging of the same plastic box after 60 days, and the radiograph
same as the result produced from the fresh detector, as shown in
Figure 14j. Wang et al. demonstrated X-ray imaging by combin-
ing the X-ray CsPbBr; nanocrystalline scintillators with a com-
mercial CCD.['®] This scintillator achieved a detection limit of
40.1 nGy,;, s7!, and can stably work for 108 h at continuous X-
ray irradiation (dose rate of 5.5 uGy,;, s™'). Figure 14k displays
schematically the imaging systems, where the as-prepared scin-
tillator was placed between the detected object and the commer-
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cial CCD. Because of the different X-ray stopping abilities on ob-
jects, scintillators received X-rays with different intensities and
then converted them to visible lights that were collected by com-
mercial CCD. The spatial resolution of scintillators was evaluated
by MTF extracted from the slanted edge in X-ray images, as sum-
marized in Figure 14l. Figure 14m displays the photographs of
scintillators with different thicknesses and corresponding X-ray
imaging results. The highest resolution of 17.3 Ip mm~" (MTF is
0.2) was realized with a scintillator thickness of 0.01 mm, which
is higher than the commercial CsI:T1 flat-panel X-ray detectors
(10 Ip mm~1).[119]

5. Conclusion and Outlook

In this review, the recent developments of wavelength-selective
perovskite PDs and their applications in image sensing are sys-
tematically introduced. The main performances of wavelength-
selective perovskite PDs have been rapidly improved in recent
years: 1) the FWHM of spectral response for narrowband PDs
narrows to about 12 nm from 100 nm at the beginning of the
study;!?1°¢1 2) both negative and positive photoresponses related
to light wavelengths are implemented in a single dual-band
PD;®] 3) multispectral-recognizable PDs enable simultaneous
detection of light intensity and spectra, which attributes compa-
rable to commercial spectrometers;!*}! 4) ultrahigh sensitivity of
perovskite X-ray PD is obtained, which is three orders of magni-
tude higher than the reported a-Se X-ray detectors.['%] In terms
of applications, the state-of-the-art multispectral-recognizable
PDs and X-ray detectors exhibit the capability of full-color
imaging and high-resolution X-ray imaging, respectively.[**11%]
All of these are attributed to the controllable synthesis of
high-quality perovskite materials and the proposal of new
mechanisms.

Some challenges remain for wavelength-selective perovskite
PDs to meet practical applications. 1) Although a series of per-
ovskite narrowband PDs have been assembled, the integration of
narrowband PDs with different recognition wavelength bands,
such as red, green, and blue on a single monolithic substrate,
is still a challenge. Perovskite materials are not compatible with
micro-nanofabrication technologies involving polar liquids, thus
novel device processing methods for integrating narrowband per-
ovskite PDs are desired. The realization of this goal can ex-
tend their application to panchromatic imaging. 2) Most of the
wavelength-selective PDs reported so far are device demonstra-
tions with few pixel numbers and low resolution. Employing the
device structure of cross-type is the efficient path to exploit de-
vices with large-scale and high-resolution. The assembly of such
a device could significantly optimize imaging quality. For the
miniatured spectral detectors reported by Xu et al., their spec-
tral resolution could be further improved by increasing the pixel
numbers. 3) The toxicity of Pb in lead halide perovskites seriously
limits their applications. Especially, the X-ray detectors have vi-
tal applications in medical diagnosis, it is urgent to reduce the
possible harm caused by heavy metal Pb to the environment and
organisms. Lead-free perovskite detectors can be used as alterna-
tives, but their performances need further improvement. In ad-
dition, it is possible pathway to solve this problem by developing
effective encapsulation technology of preventing Pb leaks.
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