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TOPICAL REVIEW — Photodetector: Materials, physics, and applications
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The newly emerging metal halide perovskites have attracted considerable attention due to their exceptional optoelec-
tronic properties. This upsurge was initially driven when the power conversion efficiency of perovskite-based photovoltaic
devices exceeded 23%. Due to their optoelectronic properties, perovskite materials have also been used in light-emitting
diodes, photodetectors, lasers, and memory devices. This study comprehensively discusses the recent progress of all-
inorganic perovskite-based photodetectors, focusing on their structures, morphologies of their constituent materials, and
diverse device architectures that improve the performance metrics of these photodetectors. A brief outlook, highlighting
the main existing problems, possible solutions to these problems, and future development directions, is also provided herein.
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1. Introduction

Photodetectors that convert incident optical signals to
electrical signals are crucial in a broad range of applications,
including medial analysis, security surveillance, optical com-
munications, and biological sensing.[l‘sl Commercialization
prospects are high for photodetectors with good responsivity,
fast response speed, low power consumption, good stability,
and low processing cost. Among the various semiconduc-
tor materials explored for light detection, the newly emerg-
ing organic—inorganic hybrid perovskites (CH3NH3PbX3, X =
Cl, Br, and I) have triggered considerable attention[6-10]
probably owing to their excellent properties such as tun-
able bandgap, high and well-balanced electron/hole mobility,
large carrier diffusion length, and low-temperature process-

4172211 At present, most of the studied pho-

ing technique.!
todetectors are based on conventional semiconductors, such
as graphene, two-dimensional (2D) materials, and silicon,
which are expensive and require precise preparation tech-
niques. In contrast, metal halide perovskite-based photode-
tectors can be fabricated with high crystallinity via solution
processing at low temperatures. In addition, the device perfor-
mances of perovskite photodetectors have rapidly improved
over the past three years. The responsivity and specific de-
tectivity of perovskite photodetectors can reach 10° A/W and

22

> 106 Jones, respectively,!??! which are higher than those of

2D materials, graphene, and commercial silicon. For exam-
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ple, graphene possesses high-speed broadband photodetection
properties but is disadvantaged by low photoresponsivity, de-
tectivity, and very low external quantum efficiency originat-
ing from the relatively low light absorption coefficient and
the fast carrier recombination rate. Consequently, the practi-
cal optoelectronic applications of pristine graphene are rather

d.[2-231 Several problems, particularly the instability

limite
and toxicity of organic—inorganic hybrid perovskites, still re-
main unaddressed. Given that organic—inorganic hybrid per-
ovskites are sensitive to oxygen and moisture, devices based
on these materials would become unstable under oxygen ex-
posure or damp conditions. This is the main obstacle to reli-
able device operation and potential applications of hybrid per-
ovskite materials. As a promising alternative approach, all-
inorganic lead-halide perovskites CsPbX3 (X =1, Br, and CI)
have recently attracted considerable attention. The first all-
inorganic halide perovskites were synthesized by Protesescu
et al. in early 2015.12%271 Apparently, these inorganic materi-
als possess an intrinsically higher melting point (> 500 °C)[?#!
and better photostability, earmarking them as alternative can-
didates for future optoelectronic applications. However, these
perovskite materials contain lead, which is highly toxic and
hinders the further application of these materials. After nu-
merous theoretical and experimental efforts to screen suitable
perovskites, a few promising candidates have been identified.
Although the remarkable achievements of organic—inorganic
perovskite-based photodetectors in optoelectronics have been
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extensively reviewed,?¢ a summary of all-inorganic per-
ovskite photodetectors has not yet been published.

This study summarizes the recent achievements in all-
inorganic halide perovskite-based photodetectors, including
Pb-based and lead-free photodetectors. The structural fea-
ture of halide perovskites and their various synthesis meth-
ods are introduced first. Then, all-inorganic perovskite pho-
todetectors with metal-semiconductor—metal and heterojunc-
tion structures are reviewed. Finally, this review concludes
with a summary and a positive outlook on the future develop-

ment of perovskite photodetectors.

2. Structural features and synthesis of all-
inorganic perovskites

2.1. Structural features

Inorganic metal halide perovskites are chemically repre-
sented as ABX3, where A is an inorganic cation (e.g., Cs), B
denotes the metal cation (e.g., Pb, Sn), and X is a halide an-
ion (Cl, Br, and I).’7 A typical perovskite crystal has a cu-
bic (a phase) unit cell (Fig. 1). The cation B (at the cen-
ter) is framed by six X anions (occupying the face centers)
and 12 A cations (occupying the cube vertices). Eight oc-
tahedra of the B halide are centralized at B, which can be
tilted or rotated by replacement with different halide ions to
adjust the material’s bandgap. The crystal phase of ABX3 de-
pends on the synthesis temperature. For example, the CsPbls
structure changes from orthorhombic to cubic at 328 °C. Sim-
ilarly, CsPbBr3 undergoes orthorhombic-to-tetragonal phase
transition at 88 °C and develops a cubic structure at 130 °C.
The structural phase-transition temperatures of CsPbCl3 are
relatively low (the monoclinic—orthorhombic, orthorhombic—
tetragonal, and tetragonal—cubic transitions occur at 37 °C,
42 °C, and 47 °C, respectively). The cubic structures of these
three inorganic lead—halide perovskites are stable at high tem-
peratures.
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Fig. 1. General crystal structure of perovskites ABX3.
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Compared with organic—inorganic hybrid perovskites,
all-inorganic perovskites have received less attention, although
their properties are comparable to those of organometallic

perovskites. Both these materials are imbued with a direct
bandgap, tunable emission wavelength, high light absorption
coefficient (up to 103 cm™!), simple processing technique, as
well as high and well-balanced carrier-transport ability. Re-
garding the tunable bandgap, perovskite photodetectors are
considered as broadband detectors, enabling full-band cover-
age of the ultraviolet and visible light regions. The bandgap
of perovskites can be tuned by varying the composition of
the constituent halide ions and/or cations without changing the
electronic properties of the perovskites. In the past few years,
compositional tunability has been extensively studied in per-

ovskite materials. 2638391

2.2. Synthesis of all-inorganic perovskites

In optoelectronic devices, metal halide perovskites are
mainly applied as light absorbers. Devices with excellent
optoelectronic properties require high-quality perovskites, re-
gardless of their shape and dimensions. Several synthetic
methods for synthesizing halide perovskites have proliferated

and they are now divisible into three main categories.

2.2.1. Solution-processed synthesis

As a simple and low-cost synthesis method, one-step spin
coating is commonly used to prepare perovskites with differ-
ent morphologies, such as films, nanowires, nanoplatelets, and
single crystals. Figure 2 schematizes the solution-processed
preparation procedure of perovskite thin films, in which two
precursors are mixed to form the completed absorber. 4]
Herein, the synthesis of CsPbBr3 is briefly described. First,
CsBr is mixed with PbBr, in dimethyl sulfoxide to form the
The CsPbBrj3 thin films are
then prepared by spin coating the precursor solution under

perovskite precursor solution.

a low-speed spinning setting (500 rpm for 6 s) followed by
a fast-speed spinning setting (4000 rpm for 30 s). Finally,
to improve the coverage of the film, the solvent is evapo-
rated by drying at 100 °C for 10 min under a nitrogen atmo-
sphere. Li et al. reported a photodetector based on a CsPbBr3
thin film fabricated using the one-step method, which de-
livered high responsivity.[*!! Liu et al. demonstrated flexible
high-performance photodetectors based on the CsPbBr3/ZnO
heterostructure. Their photodetectors were prepared using a
solution-processed method and exhibited remarkable photode-
tection capabilities.[42] Tong et al. fabricated CsBiszljo thin
films by spin coating CsI and Bilz solution.[**! Another ef-
fective synthesis technique is in situ solution deposition. Ap-
plying this method, Liu et al. dipped the spin-coated PbBr;
film into CsBr solution for several minutes and obtained high-
performance CsPbBr; thin films after annealing. 44!

The solution process yields perovskite thin films, as
well as high-quality nano- and micro-structures such as

[45

CsPbCl; nanocrystals.[® Liu er al. reported all-inorganic
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photodetectors based on solution-processed scattered CsPbBr3
nanoplatelets. The nanoplatelets were highly oriented, with
an average lateral dimension as large as 5 um. Their x-ray
diffraction peaks corresponded to the (001) and (002) diffrac-
tions of the orthorhombic CsPbBrs phase, and their sharp-
ness confirmed their high crystallinity. The cross-sectional
profile of the CsPbBr3 nanoplatelets is indicated by the

straight white line in Fig. 3(a). The lateral dimension of

<,

Ny By B
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CsPbBr;3 nanoplatelets is ~ 10 um with 376-nm thickness. [0]

Saidaminov et al. synthesized single millimeter-sized crys-
tals of CsPbBr3; perovskite using a low-temperature, solution-
based phase-selective method. Figure 3(b) shows a semitrans-
parent (~ 3 x 2 x 1) mm? crystal grown in 3 h. Their study
elucidated the main optical and charge transport properties
of CsPbBr3 crystals and demonstrated their potential for self-

powered optoelectronics. 47!

‘

100 °C

Fig. 2. Solvent engineering procedure for fabricating uniform and dense perovskite films. 0]

Fig. 3. (a) Atomic force microscopy image of a single multilayered CsPbBr3
nanoplatelet bridging two metal electrodes.[! (b) Photograph of a CsPbBr3
single crystal.[47]

2.2.2. Vapor-assisted solution process

Chen et al. exploited the separate advantages of vapor
and solution processes and developed a hybrid technique,
known as the vapor-assisted solution process, for solar cell
applications. In this method, a Pbl, layer deposited by spin
coating is subsequently treated with the desired CH3NH;I
vapor (Fig. 4).1481 Applying the same process, Wang et al.
reported a visible-blind ultraviolet photodetector based on
CH;3NH3PbCl3 thin film. First, a PbCl, thin film is deposited
via thermal evaporation; then, an upper CH3NH3Cl thin film
is developed via spin coating, and finally, the CH3;NH3PbCl;
film is formed via annealing.[*”) The vapor-assisted solution
process is mainly used for fabricating perovskite thin film with
a high surface coverage, which are desired in hybrid perovskite

[50-55

solar cells. I All-inorganic perovskites are rarely prepared

using this method.

Organic vapor
A
Inorganic film Inorganic film ’
Substrate Substrate Substrate Substrate

Fig. 4. Schematic of the vapor-assisted solution process. 4!

2.2.3. Vapor deposition

Vapor-phase synthesis is suitable for growing epitaxial
nanostructures of inorganic perovskites with improved crys-
tal quality because crystals grown using this method are ther-
mally stable at moderately high temperatures.>>~7 Figure 5
schematizes the vapor deposition setup.>®! Thin films of dense
and compact perovskites can be obtained using this method.
Snaith et al. optimized the ratio between the organic cation
(methylammonium iodide, CH3NH3I) and PbCl,, thereby ob-
taining the best composition for perovskite thin-film forma-
tion via vapor evaporation. *?! To ensure a high-purity product,
Malinkiewicz et al. prepared the perovskite layers via sublima-

r.[%0] Most films prepared via va-

[61-66]

tion in a high-vacuum chambe
por deposition are hybrid perovskites used in solar cells.
In contrast, nano- and micro-structures prepared via vapor de-
position are widely used in photodetectors. Chen et al. re-
ported a vapor-phase epitaxial growth of horizontal single-
crystal CsPbX3 (X = CI, Br, and I). They formed nanowires
and microwires with controlled crystallographic orientations
on the (001) plane of phlogopite and muscovite mica and fab-
ricated them into CsPbBr3 networks with photoluminescence
These
well-connected CsPbBr; nanowires could serve as straight-

waveguiding and good photodetection performance.

forward platforms for fundamental studies and optoelectronic
applications.>>]

At present, solution-processed synthesis, vapor-assisted
solution process, and vapor deposition are all widely and suc-

cessfully employed in perovskite preparation. Among these

W7 ni 4 sloz/sio O

58]

Saflow ( CsX+PbX,
A s

Fig. 5. Schematic of the vapor deposition process. !
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three methods, solution-processed synthesis is low-cost, eas-
ier to operate, and obtains a high-quality perovskite layer at
relatively low temperatures. The vapor-assisted solution pro-
cess is more complicated compared with the solution method
but is suitable for materials that do not easily dissolve in sol-
vents. Vapor-phase synthesis obtains epitaxial perovskite mi-
cro/nanostructures with high crystal quality. Moreover, the di-
mensions and thicknesses of crystals grown using this method
are easily controlled.

2.2.4. Hot-injection approach

Perovskite photodetectors can be fabricated using a
quantum dots (QDs) solution prepared via the hot-injection
method. Following the traditional hot-injection approach,
which is a common synthesis method of metal chalcogenide
QDs, Kovalenko et al. synthesized the first monodispersed
CsPbX3; QDs with a high degree of compositional bandgap
engineering.[?! Therein, the Cs precursors were injected into
the lead-halide precursors containing hot solvents with high
boiling points. A mixture of oleic acid and oleylamine dis-
solved the lead—halide sources and stabilized the QDs. In situ
PL measurements revealed a very fast reaction process after
the Cs precursor injection. Most CsPbX3; QDs were synthe-
sized within a few seconds. In such a rapid synthesis method,
the unit size of the CsPbX3 QDs strongly depends on the re-
action temperature and is reduced by decreasing the reaction
temperature. In that study, the CsPbX3 QDs were produced
with a tunable size of 4—15 nm.

3. Lead-halide perovskite photodetectors
3.1. Parameters of photodetectors

Photodetectors are evaluated using several important pa-
rameters, such as responsivity (R), detectivity (D*), external
quantum efficiency (EQE), response time, and linear dynamic
range (LDR), which are briefly described as follows:

Responsivity (R) This parameter defines the photocur-
rent generated per unit power of the incident light on the effec-
tive area of a photodetector. It is usually expressed as follows:

LIy
Popi-S’

where 4 is the dark current, Py is the incident light intensity,

(D

and S is the effective illuminated area. R reflects the photo-
electric conversion capability of the photocurrent.

Detectivity (D*) This parameter characterizes the weak-
est light level detectable by the device. D* is determined by
the responsivity and noise of a photodetector, which is defined
as follows:

*

AAf)V2 R

where A is the effective area of the detector, Af is the electrical
bandwidth, and i, is the noise current. When the dark current

is dominated by shot noise, D* is represented as follows:

. AV2.R

P e ®

where I is the dark current. Clearly, the dark current should

be reduced as far as possible to distinguish very weak optical
signals.

External quantum efficiency (EQE) The EQE is de-

fined as the number ratio between the outputted electron—hole

pairs and the incident photons per unit time. It is expressed as

I,/e
Popt/hv’
where e is the elementary charge, 7 and ¢ are the Planck’s
constant and light speed, respectively, and v and A denote the
frequency and wavelength of the incident light, respectively.

Response time The temporal photoresponse is a critical

follows:
EQE =

“

evaluation parameter of optoelectronic devices. The response
speed is represented by the rise and fall times of the current
(t; and #, respectively). t. (tr) defines the rising (falling) time
from 10% (90%) to 90% (10%) of the maximum current.
Linear dynamic range (LDR) Another merit measure
of photodetectors is the LDR or photosensitivity (typically
quoted in dB). Within the LDR, the I, is linearly related to
the incident light intensity. The LDR is expressed as follows:

)i
LDR = 20log 2, 3)
Iy

where I, is the photocurrent measured at a light intensity of
1 mW/cm? and 1 is the dark current.

3.2. Metal-semiconductor—-metal (MSM) photodetector

The sensitivity of organic—inorganic halide perovskites
to oxygen exposure and damp conditions destabilizes the
corresponding devices; therefore, all-inorganic lead halide
perovskites, chemically represented by CsPbX; (X = I,
Br, and Cl), have received considerable research attention.
The simplest configuration for CsPbX3 photodetector fabri-
cation is metal-semiconductor—metal (MSM), which sand-
wiches the perovskite absorber between two contact elec-
trodes. This structure is widely adopted in perovskites
photodetectors.®”-"1 Li et al. fabricated prototypical CsPbBr3
thin-film photodetectors with a coplanar MSM interdigitated
patterned Au-electrode configuration. The CsPbBr3 thin film
was prepared using one-step spin coating (Fig. 6) and exhib-
ited a compact structure and good optical properties. The
photocurrent ratio, responsivity, specific detectivity, EQE, and
response speed of the as-designed photodetectors were ex-
tremely high (1.06 x 10%, 55 A/W, 0.9 x 10'3 Jones, 16700%,
and 430/318 ups, respectively). Results demonstrated the
uniqueness and effectiveness of the all-inorganic CsPbBr3 per-
ovskite thin film in photodetector applications, while provid-
ing a simple and low-cost method for visible light optical sen-

sor productions. ]
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Fig. 6. (a) Current—voltage (I-V) characteristics of the studied photodetector illuminated by light at different power densities. (b) Energy
band diagrams of the Au/CsPbBr3/Au structure showing the generation, transfer, and collection processes of the photogenerated carriers.
(c) Logarithmic plot of the photocurrent versus illumination power. The curve is well fitted using a power law. (d) Photoresponsivity (blck),
specific detectivity (red), and EQE (blue) of the photodetectors versus the illuminated light irradiance. 4!}

Further improvements in the detector performance of
thin-film systems are limited by many factors, such as the
large grain boundaries in polycrystalline structures and the
low EQE due to the short lifetime of the photogenerated car-
riers. Therefore, the research focus has shifted toward nano-
and micro-structures of perovskites, which are fabricated with
fewer grain boundaries, lower defect/trap density, smaller re-
combination rate, and longer lifetime of the photogenerated
carriers compared with thin films.[*>465567-731 Tang et al.
demonstrated an MSM photodetector based on CsPb(Br/I);
nanorods. The device was fabricated by placing toluene-
dissolved nanorods in a gold interdigital electrode on a SiO»
substrate with 3-pm spacing between adjacent fingers. Un-
der the employed light source (a continuous-wave laser with
an excitation wavelength of 532 nm and an optical power of
20 mW), the photosensitivity of the device reached 10%; the
rise and decay times were 0.68 s and 0.66 s, respectively. 8] Li
et al. successfully developed high-quality horizontal CsPbCl;3
microwire networks with controlled morphology using simple
vapor-phase epitaxial growth on mica substrates. This method
overcomes the low-solubility problem of CsCl in common sol-
vents. As the evaporation temperature of the source pow-
ders increased, the microwire networks thickened and grad-
ually formed a network structure, leading to full film cover-
age. Well-connected CsPbCls microwire networks have also
been fabricated as the light absorber in MSM-type perovskite

photodetectors (Fig. 7(a)).
high on/off photocurrent ratio of 2.0 x 103, a responsivity of
14.3 mA/W, and a fast response speed of 3.212/2.511 ms.
More importantly, even the non-encapsulated photodetectors

The photodetectors exhibited a

were stable against oxygen and water degradation when op-
erated in continuous-current mode. Long-term operational
stability is a challenge in perovskite-based optoelectronic de-
vices, particularly in hybrid halide perovskites, which are vul-
nerable to environmental heat and oxygen/moisture exposure.
All-inorganic perovskites are rendered more stable by replac-
ing methylammonium with inorganic cesium. [26:67.7475] Real-
time photodetectors must operate outdoors under inconsistent
conditions, such as harsh, hot environments. Therefore, the
temperature tolerance of the photodetectors must be assessed
The

photodetectors efficiently sustained their photodetection abil-

in temperature-dependent photocurrent measurements.

ity at a high temperature (373 K) over 9 h of continuous op-
eration, which is ideal for practical applications (Fig. 7(b)).
Therefore, inorganic CsPbClz microwire networks are ex-
pected to be used as the building blocks of high-performance
photodetectors that can operate well at high temperatures. The
high-temperature operation behaviors of perovskite photode-
tectors is first reported herein. These results might therefore
promote the development of stable and high-efficiency per-
ovskite photodetectors with practical applicability under harsh

conditions. 0%

017803-5



Chin. Phys. B Vol. 28, No. 1 (2019) 017803

Fig. 7.

(a) Schematic of the photodetector based on CsPbClz microwire networks.
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(b) Normalized photocurrent of the non-

encapsulated CsPbCl3 microwire-network photodetectors over time. The operation continued for 9 h at 373 K.1¢9]

Zhang et al. fabricated ultraviolet photodetectors based
on cubic CsPbCl3 nanocrystals. The configuration was a typi-
cal indium tin oxide (ITO)/CsPbCl; nanocrytals/quartz stack.
First, a 100-nm-thick CsPbCls nanocrystal film was fabricated
via spin coating. Next, a pair of interdigitated ITO electrodes
(100-nm thick) was thermally evaporated onto the films us-
ing a shadow mask, forming a 200-nm-wide and 5-pm-long
channel. CsPbCl; has a relatively large bandgap; therefore,
the as-fabricated photodetectors were almost transparent in the
visible region. The visible light transmittance was ~ 90%, and
ultraviolet light was strongly absorbed in the 300-410-nm re-
gion. The device achieved a large on/off photocurrent ratio of
~ 103 and a photoresponsivity of 1.89 A/W. The rise and de-
cay times of the device were < 41 and 43 ms, respectively. 43!

Photodetectors based on single-perovskite single crystals
have also been prepared. After determining the appropri-
ate growth conditions, Cha et al. fabricated millimeter-sized
CsPbBr3; and Cs4PbBrg crystals using the anti-solvent vapor-
assisted crystallization method in polar solvents at room tem-
perature. Panels (a) and (b) of Fig. 8 display a rectangular or-
ange CsPbBr; crystal with dimensions of (0.67 x 2.0 x 0.51)
mm? and a parallelepiped green Cs4PbBrg crystal with dimen-
sions of (0.56 x 0.39 x 0.32) mm?, respectively; these samples
were the largest crystals grown in solution. The precursor stoi-
chiometry and growth time play important roles in the synthe-
sis of single crystals. The CsPbBrj crystal was obtained from
PbBr;-rich precursor solution in three days, and the Cs4PbBrg
crystal was crystallized from HBr-added CsBr-rich precursor
solution for four days. The responsivity of the single-crystal
CsPbBr; was 2.1 A/W, and the rise and fall times were deter-
mined as 0.3 and 5 s, respectively. "]

The aforementioned results typify the characteristics of
an MSM photodetector, namely large photocurrent, high re-
sponsivity, and slow response time. Therefore, many re-
searchers have sought ways to improve the performance of
photodetectors. For instance, Song et al. fabricated two-

dimensional (2D) nanosheets of CsPbBr; and incorporated

The struc-
The prod-
uct was pure and uniform (Fig. 9(b)), exhibiting none of

them into a high-performance photodetector.

ture of this device is presented in Fig. 9(a).

the by-products (such as nanometer-sized cubes) that are
commonly observed in short-time, hot-injection reactions.
A flexible photoconductive detector based on the 2D all-
inorganic perovskite CsPbBr; nanosheets exhibited a high
performance (Fig. 9(c)). When irradiated by a light source,
electron—hole pairs were generated in the perovskites due to
the photoelectric effect (inset of Fig. 9(c)). These electron—
hole pairs were rapidly separated and collected by the op-
posite electrodes under the applied electric field, confirm-
ing the effective operation of the CsPbBr; nanosheet-based
photodiode. The conduction band and valence band of
the CsPbBr3 nanosheets were obtained via ultraviolet pho-
toelectron spectroscopy and UV-visible absorbance spec-
troscopy. The photocurrent versus voltage plots obtained

under illumination by a 442-nm laser (0.35 mW/cm?) were

€
Cs,PbBrg

Fig. 8. Optical microscopy images and crystal structure diagrams of
(a) CsPbBr3 and (b) Cs4PbBrg crystals (orange octahedrons, [PbBrg]*—;
green dots, Cs atoms; blue dots, Br atoms). [70]
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Fig. 9. (a) Configuration schematic of the device based on CsPbBr3 nanosheets. (b) High-magnification SEM images of the device.
(c) I-V characteristics of the photodetector in the dark and under irradiation with 442-nm light (0.35 mW/cm?). Inset: working

principle of the photodetector. (d) Normalized high-resolution photoresponse, showing the rise and decay times.

typically linear and symmetrical, indicating that the CsPbBr;3
nanosheets were well dispersed on the ITO electrode with
good ohmic contact. The as-prepared nanosheets can be
well dispersed in various solvents, increasing the opportu-
nities for fabricating solution-based optoelectronic devices.
In addition, the 2D CsPbBr; nanosheets possessed excel-
lent electronic-transport properties. A high photosensitivity
(0.64 A/W) and an on/off ratio exceeding 10* were reported in
the studied device. The device was remarkably stable, fluctu-
ating by < 2.6% after 12-h irradiation with the 442-nm laser
(10 mW/cm?). By virtue of the high crystal quality and the
atomic 2D plane of the CsPbBr3 nanosheets, the response
times of the photodetector were very fast (t, = 19 ps, tr =25 ps
(Fig. 9(d)). These results demonstrate the huge application
potential of the as-synthesized CsPbBr3 nanosheets in high-
sensitivity detectors.!”!]

Pang et al. demonstrated a CsPbBr3 photodetector based
on high-quality, well-aligned nanoribbons, confirming that
6,6-phenyl-C61-butyric acid ethyl ester (PCBM) not only pas-
sivates the defects on the CsPbBr3; nanoribbon surface but also
transfers the charge. Figure 10(a) presents a schematic and the
logarithmic /-V curves of the studied photodetectors made of
CsPbBr3; nanoribbons. The curves were collected under light
illumination and in darkness. The high signal-to-noise ratio
(~ 10%) implies a high sensitivity to incident light. As shown

[71]

in Fig. 10(b), the photoresponses of the as-fabricated photode-
tectors are regular rectangular pulses. The hybrid 6,6-phenyl-
C 61-butyric acid methyl ester (PCBM)-CsPbBr3 photodetec-
tors shortened the response and recovery times from 13.3 and
7.1 ms (in bare CsPbBr; photodetectors) to 8.7 and 3.5 ms,
respectively. Moreover, the photoresponsivity was enhanced
to 18.4 A/W due to the high material integrity of the CsPbBr3
nanoribbons and the efficient interfacial charge transfer from
the perovskites to the PCBM passivation layer.!”?!

More recently, Tong et al. applied dual-phase inorganic
perovskites (CsPbBr;—CsPb,Brs) as the light-harvesting layer
in photodetectors. The dual-phase perovskites were synthe-
sized using the physical vapor deposition method on rigid and
flexible substrates. More specifically, CsBr and PbBr; films
were sequentially deposited on the substrates via thermal evap-
oration, controlling the PbBr, excess by regulating the thick-
ness. The deposition was followed by a post-annealing step in
air at 13 °C to form the dual-phase inorganic perovskites. The
halogen ions (Br™) were enriched on the surfaces of the inor-
ganic perovskite films, enabling a wide-bandgap semiconduc-
tor of CsPb,Brs in the film and a consequent self-passivation
phenomenon on the interface, which might reduce the charge
recombination at the interface. The inset of Fig. 11(a) is a pho-
tograph of the 2.5 x 1.5-cm? dual-phase inorganic perovskite
film on the glass substrate. The film is quite uniform and
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emits green light under ultraviolet illumination. The inorganic
perovskites absorb wavelengths shorter than ~ 535 nm, ap-
proximately 10 nm lower than the absorption cutoff of pure
CsPbBr3 film. The photodetector exhibited a high photore-

Jones, along with fast response times (¢, ~ 280 us; and ¢ ~
640 s, respectively; Fig. 11(b)).[7%! These results highlight
the great potential of dual-phase inorganic perovskite films in
optoelectronic devices, particularly in flexible device applica-

sponsivity (0.375 A/W) and a specific detectivity of ~ 10! tions.
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Fig. 10. (a) Logarithmic I-V curves of the photodetector devices under light illumination (504 nm, 10 mW/cm?) and in darkness.
(b) Time-resolved photocurrents in the photodetectors based on bare CsPbBrz nanoribbon film and in PCBM passivated CsPbBr3

nanoribbon film. 73]
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photodetector. (76

3.3. Heterojunction photodetectors

The planar MSM structure is the typical architecture
of perovskite photodetectors. However, because the device
lacks an efficient charge-blocking layer or a built-in field,
the dark-noise current is high and the response speed is
slow, limiting further improvements of the detection limit.
To overcome the drawbacks of the MSM structure, hetero-
junction photodetectors have been extensively studied. Bao
et al. processed high-performance heterojunction photodetec-
tors from all-inorganic CsPblBrs_, thin films (Fig. 12(a)).
The hole transport, electron transport, and exciton block-
ing layers were p-type polymer poly[bis(4-phenyl) (2,4,6-
trimethylphenyl)amine] (PTAA), small molecular PCBM, and
bathocuproine (BCP), respectively. The CsPbL,Brs_, film was
deposited via one-step spin coating. After modifying the sub-
strate with ethoxylated polyethylenimine (PEIE), the crystal
quality and surface coverage of the CsPblBrs_, film con-
siderably improved. Panels (b) and (c) of Fig. 12 present
the I-V curves of the fabricated photodetectors based on the

CsPbIBr, and CsPbBrj3 thin films, respectively. The dark cur-
rents of the CsPbIBr, and CsPbBr; devices under a —0.3-V
bias were approximately 6.0 x 107% and 4.8 x 107> mA/cm?,
respectively. Moreover, the approximate detectable limit and
response time of the resulting CsPbIBr; photodetectors were
21.5 pW/cm? and 20 ns, respectively. This confirms that the
device can follow a quickly varying optical signal and suggests
the great potential of such heterostructured photodetectors in
optical communication.[””]

Lu et al. recently proposed a new hybrid 3D architecture
that integrates inorganic perovskite QDs with high quantum
yield on hydrogenated amorphous silicon (a-Si:H) radial junc-
tions (RJs) constructed over silicon nanowires (SiNWs). This
architecture demonstrated an ultrafast and efficient optoelec-
tronic down-conversion for solar-blind ultraviolet detection.
Figure 13(a) schematizes the multilayered a-Si thin film with
the PIN RJ structure constructed around SiNW cores. The film
was grown using a plasma-enhanced chemical vapor depo-
sition method involving a vapor-liquid—solid growth mecha-
nism catalyzed by tin nanoparticles. For photodetection appli-
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cations, the colloidal CsPbX3 QDs were uniformly spin coated
on the SINWSs. These high-quality CsPbX3 QDs with a tunable
bandgap over the entire visible region were successfully inte-
grated in the photonic a-Si:H RJs. The strong light trapping,
absorption, and excitation effects combined in the device, real-
izing an ultrafast solar-blind ultraviolet response with rise/fall
response time scales of 0.48/1.03 ms and a high responsiv-
ity (54 mA/W at 200 nm or 32 mA/W at 270 nm; Fig. 13(b)).
Moreover, the device requires no external power supply. These
successes pave the way toward large-area manufacturing of
high-performance ultraviolet detectors based on Si-based per-
ovskites using a scalable and low-cost procedure. 8!

Zhou et al. fabricated self-powered all-inorganic CsPbBr3
perovskites for microcrystal photodetectors with high detec-
tivity and a fast response time. Threrein, CsPbBr3 perovskite
microcrystals were prepared directly on SnO,-coated sub-
strates using a modified inverse temperature crystallization
method. The resulting microcrystals were ~ 10 um in size and

~ 11 pum in thickness (single layer). Encouraged by the low
trap-state density, self-powered thin-film photodetectors were
fabricated based on the CsPbBr; microcrystals. Figure 14(a)
presents a band diagram of the CsPbBr3 microcrystal thin-film
photodetectors (with a structure of glass/ITO/SnO,/perovskite
microcrystal/spiro-OMeTAD/Au). In this structure, the SnO,
and spiro-OMeTAD are the electron- and hole-selective lay-
ers, respectively. When illuminated with a 473-nm laser
(100 mW), the responsivity, detectivity, on/off ratio, and LDR
of the CsPbBr3; microcrystal photodetectors were 0.172 A/W,
4.8 x 10'2 Jones, 1.3 x 10°, and up to 113 dB, respec-
tively. The rise and fall times were observed as ~ 0.14
and 0.12 ms, respectively, at a light modulation frequency of
500 Hz (Fig. 14(b)). These performances significantly im-
proved over those of photodetectors based on polycrystalline
perovskite thin films and were comparable with those of pho-
todetectors based on single-crystal perovskites.!”’]
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Fig. 12. (a) Schematic of the structure of the photodetector based on all-inorganic perovskites CsPbl,Brsz_,. (b, ¢) I-V curves of the CsPbIBr;-
and CsPbBr3-based photodetectors in the dark and under illumination with 450-nm monochromatic light of different intensities (1 pum/cm? to
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Song et al. proposed a novel photodetector structure
based on a ZnO hollow ball/CsPbBr3 heterojunction. The ZnO
hollow balls function as an ultraviolet response center, and the
CsPbBrj3 is designed as a green light-emitting material. The
CsPbBr3 perovskites shield the ZnO from air contact and allow
the smooth passage of the photogenerated holes to GaN. Ow-
ing to the superior ultraviolet-light trapping characteristics of
the device, the ultraviolet light response is huge, with an on/off
ratio and specific detectivity of 16527 and 2.4 x 103 Jones,
respectively. Similar to Lu et al.’s device,”®! the proposed
photodetector operates accurately without requiring an exter-
nal power supply. The CsPbBrj insertion improved the dual-
functional performance from that of the traditional ZnO/GaN
structure at various wavelengths. This improvement was con-
ferred by the better contact interface and the green-light emis-
sion center. The ZnO/CsPbBr3;/GaN structure yielded much
higher values than the ZnO/GaN structure, and its response
region was widened to 550 nm, except in the ultraviolet re-
gion. Additionally, the ZnO/CsPbBr3;/GaN structure displayed
a blue electroluminescence under a low-threshold voltage. By
separating the light-responsive and actively emitting regions,
this structure avoids the contradictory principles of carrier
transport, possibly enabling high-performance dual-functional

devices. 8%

4. Lead-free halide perovskite photodetectors

Despite the remarkable progress of high-performance
perovskite photodetectors constructed from lead-halide ab-
sorbers APbXj3, the toxicity of lead remains a concern in the
large-scale applications of these photodetectors. Substitut-
ing lead (Pb) with bivalent tin (Sn) might resolve the toxic-
ity problem. Recently, CsSnX3 perovskite (X = Cl, Cly 5Br s,
Br, Brgsls, and 1)[81:8%] and Cs,Snlg perovskite derivatives

have been synthesized via a facile hot-injection process. %3]

However, most of these materials are used in light-emitting

(84901 Photodetector applications

diodes, laser, and solar cells.
of lead-free halide perovskites, particularly all-inorganic Sn-
based perovskites, are scarce. Sb-based perovskites are an-
other promising alternative. Cs3SbrX9 (X = CI, Br, and I)
QDs have been fabricated via solution-phase synthesis and
applied in luminescent devices and solar cells.”!=4! Prad-
han et al. synthesized Cs3SbyClyg nanocrystals by employ-
ing a colloidal synthesis route. Guided by their experimen-
tal observations, they modeled the atomic arrangements of the
trigonal and orthorhombic phases in the nanowires. In both
phases, the Cs and Cl atoms showed a close-packed arrange-
ment with the Sb atoms (Figs. 15(a) and 15(b)). Uniform
nanowires with lengths of several microns and different as-
pect ratios were obtained by tuning the precursors and ligands.
Furthermore, photodetectors based on Cs3SbyClg nanowires
were fabricated on pre-patterned gold electrodes with a chan-
nel length of 100 nm (Fig. 15(c)). The I-V characteristics
showed semiconducting behavior under both dark and illumi-
nated conditions (Fig. 15(d)); however, illumination consid-
erably enhanced the current. A highly sensitive photodetect-
ing response, with no photocurrent decay, was observed over
repetitive on/off illumination cycles (Fig. 15(e)). The rise and
decay times of the photodetectors were 0.13 and 0.23 s, re-
spectively, at a bias voltage of 0.9 V (Fig. 15(f)). The fast pho-
toresponsive properties of perovskite nanocrystals make them
prospective materials for optoelectronic applications. Herein,
an approach for fabricating environmental friendly analogous
Cs3SbyXg (X = Br, I) perovskite nanocrystals with high mate-
rial stability is proposed. This new material system is poten-
tially applicable to other optoelectronic devices, such as mem-

ory and solar cells. ]
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Fig. 15. (a) Atomic arrangements of the trigonal phase of Cs3SbyClg nanowires: unit cell (top) and SbClg octahedra (bottom). (b) Atomic
arrangements of the orthorhombic phase: irregular triangular planar geometry of Sb and Cl (top) and polyhedron (bottom). Black, red, and
white spheres correspond to Sb, Cs, and CI, respectively. (c) Schematic of the photodetector device. (d) Current versus voltage characteristics
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at 0.9 V, revealing fast on/off switching states with a time interval of 500 ms. (f) Rise and decay times of a single on/off cycle.[®!
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All-inorganic Bi-based perovskites have also been suc-
cessfully synthesized.[”®-1921 Tong et al. developed a sen-
sitive red-light photodetector based on CsBisljy perovskite
thin films fabricated via spin coating. In an optoelectronic
study, the as-assembled device demonstrated obvious sensi-
tivity to red-light illumination, excellent reproducibility, and
good spectral selectivity. Figure 16 schematizes the stepwise
fabrication process of the CsBisIo perovskite film-based pho-
todetector. The CsBisljy perovskite film was fabricated by
directly spin coating the precursor on glass. After synthe-
sis, the brownish-black, inorganic, lead-free perovskite film
and two metal electrodes (Au: 50 nm) were deposited using
a shadow mask. The as-assembled device was then placed
on a printed circuit board (PCB). To stabilize the device, the

,Sﬂin-coa@g ]

VA

two Ti/Au electrodes were connected to the PCB using alu-
minum wires (5 pm), which were secured via wire bonding.
The as-fabricated perovskite device exhibited high sensitivity
to red light, with excellent reproducibility, good spectral se-
lectivity, and a high on/off ratio (10°). Under 650-nm illumi-
nation, the responsivity and specific detectivity of the device
were estimated as 21.8 A/W and 1.93 x 10'3 Jones, respec-
tively. Moreover, the perovskite photodetector detected pulsed
light at high frequency (3000 Hz). The rise and fall times were
estimated as 0.33 and 0.38 ms, respectively. These excellent
device parameters, coupled with the strong device stability un-
der ambient conditions, corroborate the promising prospect of
this CsBi3Ijo-perovskite-based photodetector in future opto-

electronic device applications.[*3!
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Fig. 16. Stepwise fabrication process of the CsBi3I}o perovskite film-based photodetector. [*?!

The heterovalent substitution concept, in which a pair
of Pb(II) ions is replaced by a monovalent Bt and a triva-
lent B3>* ion to form an A;B*B3* Xy double-perovskite struc-
ture, has also attracted considerable attention. CsyAgBiBrg
is regarded as a highly promising replacement of conven-

tional lead halides.['92-104

1 Lei et al. fabricated lead-free per-
ovskite photodetectors with the light absorbers of double-
perovskite Cs; AgBiBrg thin film synthesized using the one-
step spin coating.

CsBr, AgBr, and BiBr;. To investigate the potential appli-

The reaction sources were high-purity

cations of such Cs;AgBiBrg thin films in photoelectric re-
sponse, Lei et al. constructed a photoconductive detector with
a coplanar MSM interdigitated patterned Au-electrode config-
uration. Figure 17(a) presents the energy band diagram of the
Au/CsyAgBiBrg/Au structure, showing the generation, trans-
fer, and collection processes of the photogenerated carriers.
Figure 17(b) displays the spectral response of the photodetec-
tor within 300-800 nm. The responsivity was maximized at
~ 510 nm. Increasing the wavelength from 510 to 900 nm, or
decreasing it from 510 to 300 nm, elicited a sharp reduction in
the device sensitivity. Figure 17(c) depicts the -V characteris-
tics of the device under dark and light-illuminated conditions.

As the illumination power increased from 0 to 13.63 mW, the
device photocurrent gradually increased because the number
of photogenerated carriers is proportional to the absorbed pho-
ton flux. Moreover, the dependence of the photocurrent on
the light illumination power was well fitted by a power law
I = mP", where m is the proportionality constant for a given
wavelength, P represents the illumination power of the illumi-
nating light, and u determines the response of the photocurrent
to the light intensity. The data were best described by a sublin-
ear behavior with u = 0.76 (Fig. 17(d)). Figure 17(e) plots the
photodetector responsivity, and figure 17(f) plots the specific
detectivity and EQE, as functions of incident light power. The
responsivity, on/off photocurrent ratio, specific detectivity, and
EQE were determined as 7.01 A/W, 2.16 x 10*, 5.66 x 10'!
Jones, and 2146%, respectively. From the photocurrent re-
sponse profile recorded at 50 and 500 Hz, the rise and fall
times of the Cs;AgBiBrg thin-film photodetector were esti-
mated as 5.77 and 5.97 ms, respectively, at 50 Hz and 956
and 995 s, respectively, at 500 Hz.!10%)

Recently, Wu et al. reported a self-powered photodetector
based on the ITO/SnO,/Cs; AgBiBrg/Au structure but without
a hole-transport layer. The device is self-powered with two
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responsivity peaks at 350 and 435 nm, suitable for light detec-
tion within 320-400 nm and deep-blue light, respectively. Ow-
ing to the high integrity of Cs;AgBiBrg thin film and the effi-
cient interface charge transfer from perovskite to the underly-
ing SnO,, the photodetector demonstrated a high responsivity
of 0.11 A/W at 350 nm and a quick response time of < 3 ms,
which is considerably higher than those of other semiconduc-
tor oxide heterojunction-based ultraviolet detectors. With its
non-toxic and stable double-perovskite active layer, this de-
vice is very promising for practical applications.[!%6]

Table 1 compares the responsivities, specific detectivities,
on/off ratios, and response times of the all-inorganic halide
perovskite photodetectors. The device performances, partic-
ularly the photoresponse times, vary considerably among the
structures. The rise/fall response times reported in Refs. [70]
and [71] are 0.3/5.0 s and 19/25 ps, respectively. Accordingly,
many possible factors, including photocarrier generation and
separation, carrier transport, carrier collection, and resistance—
capacitance of the system, should be considered.!'%”! The pho-
tocarrier generation and separation process largely depend on

the device structure. For example, photovoltaic detectors pos-
sess a built-in electric field that accelerates the photocarrier
generation and separation processes, facilitating spatial sepa-
ration and the transfer of photogenerated carriers. This behav-
ior, which enables operation at zero bias, does not occur in the
MSM structured device. The carrier-transport process strongly
depends on the microstructure characteristics of the perovskite
absorber layer. When perovskite polycrystalline films are em-
ployed as the light absorber in photodetectors, the photogen-
erated carriers can be trapped by defect states in the interfa-
cial areas among the nanocrystallites and the photoresponse
is slowed. In contrast, perovskite micro/nanocrystalline struc-
tures are characterized by few grain boundaries, long lifetime,
low defect/trap density, and small recombination rate. These
properties favor a fast photoresponse and high photorespon-
sivity. The carrier collection process critically depends on the
electrode distance and the semiconductor—metal contact be-
havior. The resistance—capacitance determines the test limit
of the studied photodetectors. This performance measure also
varies widely among thus-reported studies.
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Table 1. Summary of all-inorganic perovskite-based photodetectors.

Device structure Material structure ~ Responsivity/(A/W) D*/10% Jones On/off ratio  Response time/ms  Ref.
Ti—Au/Graphene—CsPbBr;_ I,/Ti-Au nanocrystals 8.2x 108 2.4 x 108 - 810/3650 [25]
Au/CsPbBr3/Au thin films 55 - 10° 0.43/0.318 [41]
Au/CsPbBr3-ZnO/Au thin films 4.25 - 10* 0.21/0.24 [42]
Au/Cs3Biylo/Au thin films 21.8 1.93 x10° 10° 0.33/0.38 [43]
ITO/CsPbCl3/ITO nanocrystals 1.89 - 103 41/43 [45]
Au/CsPbBr3/Au nanoplatelets 34 7.5 % 10* - 0.6/0.9 [46]
Au/CsPbBr3/Au nanoworks - - 103 100/100 [55]
Au/CsPbBr;—Au NCs/Au nanoparticles 0.01 4.56 10° 0.2/1.2 [67]
Au/CsPb(Br/I)3/Au nanorods - - 103 680/660 [68]
Ag/CsPbCls/Ag microwire 0.0143 - 2% 103 3.212/2.511 [69]
Au/CsPbBr3/Au single crystal 2.1 - - 300/5000 [70]

Au or ITO/2D CsPbBr3/Au or ITO nanosheets 0.64 - 10* 0.019/0.025 [71]
ITO/CsPbBr3/ITO microcrystals 60000 10° - 0.5/1.6 [72]
Au/CsPbBr3/Au nanoribbons 18.4 6.1 x10* 8616 8.7/13.5 [73]
Au/CsPbBr3/Au nanosheets - - 10 17.8/14.7 [75]
Ti—Au/CsPbBr3—CsPb, Brs/Ti—-Au thin films 0.375 2960 380 0.28/0.64 [76]
PTAA/PEIE/CsPbIBr,/PCBM/BCP thin films 0.28 9.7 x 10* - 2x 1073 [77]
CsPbX3/a-Si radial junction quantum dots 0.054 - 2.1x10° 0.48/1.03 [78]
Au/spiro-OMeTAD/CsPbBr3/SnO,/ITO microcrystals 0.172 4.8 x10* 1.3x10° 0.14/0.12 [79]
FTO/ZnO/CsPbBr3/GaN/In thin films 0.23 2.4%10° 10* 281/104 [80]
Au/Cs3Sb,Clg/Au nanowires 3616 0.0125 - 130/230 [95]

Au/Cs; AgBiBrg/Au thin films 7.01 5660 2.2 %104 0.956/0.995 [105]
ITO/SnO,/Cs, AgBiBrg/Au thin films 0.11 240 - 3/2 [106]
Au/CsPbBr3/Au microparticles 0.18 - 8x10° 1.8/1.0 [108]
graphite/CsPbBrs/graphite microcrystals 2.1 - 103 0.25/0.45 [109]
Au/CsPbls/Au nanocrystals - - 10° 24/29 [110]
Al/CsPbl3/ITO nanowires 0.0067 1.57 - 292/234 [111]
Au/CsPbBr3/Au single crystal 2 - 103 0.111/0.575 [112]
Ag/CsPbBr;—CNTs/Ag nanosheets 31.1 - 832 0.016/0.38 [113]
ITO/CsPbBr3—ZnO NPs/Ag films 0.0115 - 12.86 409/17.92 [114]
Au/ax —CsPbl3-NaYF4:Yb,Er QDs/Au quantum dots 1.5 - 10* 5/5 [115]
Au/MoS,;-CsPbBr3;/Au nanosheets 4.4 250 10* 0.72/1.01 [116]

5. Conclusions

Owing to the unprecedented optoelectronic properties of
halide perovskite-based solar cells, perovskite photodetectors
have considerably progressed over the past few years. This
study has comprehensively overviewed the recent advances
in all-inorganic halide perovskite materials and photodetec-
tors with different device structures, including lead-based and
lead-free halide perovskites. Recent reports on lead-free per-
ovskite photodetectors were also discussed. The reported en-
vironmentally friendly alternatives are desired in practical ap-
plications. However, many unsolved problems remain and the
stability and performance of halide perovskite-based devices
require further development. It is hoped that this study will
promote research on all-inorganic perovskite photodetectors,
securing their practical applicability in the foreseeable future.
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