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13.1 Introduction

Recently, perovskites have gained much attention due to the unprecedented
improvement of their record power conversion efficiency (PCE), with perovskite
solar cells reaching up to 25.5% [1]. The optoelectronic properties of perovskite,
such as high absorption coefficient [2], long carrier diffusion lengths [3], superior
charge carrier mobility [4], and generation of free charge carriers by photoexcitation
[5], translate well to many other device applications, namely, photodetectors.

A photodetector is a device that senses the presence of light by converting
optical signal of a specific wavelength range to electrical signals. Next-generation
perovskite photodetectors have gained increasing interest due to their widespread
applications in spectroscopy, image sensing, biological/chemical/radiation sensing,
environmental monitoring, and fiber-optic communication. The ideal proper-
ties of these photodetectors are fast response speed, high signal, large linear
response range, low noise, and controllable, wavelength-dependent response. Each
application has different performance requirements, necessitating photodetector
optimization. Photodetector applications generally emphasize either very high
sensitivity (spectroscopy, imaging, and remote sensing) or very high modulation
frequencies (data communication, time-of-flight remote sensing, and temporal
spectroscopy measurements) [6].

13.2 Why Perovskites for Photodetectors

Silicon is the most utilized commercial visible-light photodetector. However, it has
high sensitivity outside of the visible spectrum. MAPbI3 (MA = methylammonium)
and crystalline silicon have absorption coefficients of 5× 103–5× 104 cm−1 [7] and
6× 103–8× 102 cm−1, respectively, in the wavelength range of 500–800 nm [8].
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In addition to having much higher absorption coefficients, perovskites are
insensitive to IR light, enabling light detection without the need for external
optical filters [9]. Perovskites absorb a much greater number of photogenerated
charge carriers per unit of thickness, improving the external quantum efficiency
(EQE) and enabling near complete absorption of incident light with only a
few-hundred-nanometer-thick film [10, 11].

Responsivity (R) quantifies how efficiently a photodetector responds to optical sig-
nal at various wavelengths and can be thought of as the electrical output per optical
input. It is defined as

R(𝜆) =
Iph

Pin
=

EQE ∗ q
h ∗ 𝜈

(A∕W) (13.1)

where Iph is the photocurrent, Pin is the incident light power, q is the elementary
charge, 𝜈 is the frequency of light, and h is Planck’s constant. It is best to operate a
photodetector such that it is measuring light at or around the wavelength of highest
responsivity, resulting in the largest signal-to-noise ratio (SNR) and sensitivity. Max-
imum responsivity generally corresponds to photon energies just above that of the
photoactive material’s bandgap.

Unlike silicon, perovskites benefit from a sharp absorption edge due to their direct
bandgap, enabling well-defined regions of either high or low responsivity [12, 13].
Perovskite photodetectors also have an easily tunable response range. Changing the
ABX3 composition in any way will have some effect on the bandgap and, therefore,
shift the response range from ultraviolet to near IR (nIR), but altering the halide
component has the largest and most easily controllable influence [11, 14, 15].

Charge carriers must quickly reach and recombine at the electrodes as determined
by the mobility and transit distance, which are limited by defect/trap density. Due to
their efficient charge balancing of point defects, perovskites are very difficult to dope,
resulting in near-intrinsic performance [16]. In addition, they have a high defect
tolerance. The low concentration of intrinsic defects consists mostly of shallow traps,
hindering efficient charge transport as opposed to promoting recombination [17, 18].
As a result, perovskites have very high charge carrier mobilities, typically in the tens
of cm2/(V s), enabling high EQE and low response time [19].

The response time (𝜏r) describes the time it takes for both photogenerated minority
(𝜏p) and majority carriers (𝜏n) to reach their respective electrodes and recombine.
This is parameterized as the greater of either rise time (𝜏rise) or fall time (𝜏 fall). Rise
time is the time required for the signal to increase from 10% to 90% of its maximum
value, whereas fall time is the time required for the signal to decrease from 90%
to 10% of its maximum value (Figure 13.1). Response time is typically limited by
three factors: the RC time constant (𝜏RC), the drift component 𝜏drift, and the diffusion
component (𝜏diff):

𝜏r =
√

(2.2𝜏RC)2 + 𝜏
2
drift + 𝜏

2
diff (13.2)

The rate of charge trapping and de-trapping, accounted for in 𝜏RC, is the major lim-
iting factor [20–22]. Upon illumination, photogenerated charge carriers accumulate
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Figure 13.1 Rise and fall times given for a
single normalized cycle of an α-FAPbI3
(FA = formamidinium) photodetector’s
photocurrent at a frequency of 500 Hz. Source:
Zhang et al. [15]. Licensed under CC BY 4.0.
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at the perovskite interfaces, which can be trapped in lattice defects and change the
capacitance [23].

Mobile ions and charge defects also aggregate at grain boundaries, screening the
built-in potential [24–27]. These moving charges contribute to the capacitance spec-
trum [28]. The opposing electrostatic potential alters the interfacial charge carrier
concentration and recombination rates, in turn decreasing induced photocurrent
and increasing 𝜏RC [29–31]. Additive engineering and surface treatments have been
a prime focus to passivate both surface and bulk defects and reduce ion migration
[5, 32, 33].

Trapping, de-trapping, and recombination of charge carriers also result in elec-
tronic noise, with deep-trap-mediated recombination dominating under illumina-
tion [34]. This trap-induced current fluctuation manifests as the 1/f , or flicker, noise
[35, 36]. There are two other major sources of noise: Johnson–Nyquist (thermal) and
dark noise. We define the average noise spectral density as

< i2
n(𝜔) > =

[
2q⟨id⟩ +

4kBT
Rshunt

+ i2
1
f

(𝜔)
]
Δf

= [shot noise + Johnson noise + Flicker noise]Δf (13.3)

where ⟨id⟩ is the average dark current, T is the temperature, kB is the Boltzmann
constant, Rshunt is the shunt resistance, i2

1
f

(𝜔) is the flicker noise spectral power den-

sity, and Δf is the frequency bandwidth. Due to the relatively low deep-trap density,
perovskites have a small flicker noise [37–39].

This noise spectrum is more practically quantified as the noise equivalent power
(NEP), which is where the SNR is equal to 1 with respect to incident light intensity:

NEP =
in

R(𝜆)
(W) (13.4)

A small NEP benefits two important parameters: linear dynamic range (LDR) and
specific detectivity (D*). LDR can similarly be thought of as the range in which
responsivity of the photodetector is constant with respect to the incident light inten-
sity, setting its lower limit:

LDR = 20 log
( Jupper − Jd

Jlower − Jd

)
(dB) (13.5)

Jupper is the current at which responsivity deviates from linearity, J lower is the lower
resolution limit, and Jd is the dark current.
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Specific detectivity (D*) tends to be used as a universal means of comparing per-
formance between various photodetectors:

D∗ =
√

AΔf
NEP

=
R(𝜆)

√
AΔf

in
(Jones) (13.6)

where A is the active area. D* can be interpreted as SNR generated by a photodetector
with incident area of 1 cm2 at 1 W of incident power when the electrical bandwidth
(𝛥f ) is 1 Hz, normalizing performance with respect to the active area and bandwidth
of the device that prevents severe overestimation for small area devices. NEP varies
with frequency; therefore, it is important to report the frequency at which the spe-
cific detectivity is calculated at as well.

13.3 Types of Perovskite Photodetectors

There are three types of photodetectors: photoconductors, phototransistors, and
photodiodes. Each of these devices has their own benefits for different applications
and their own shortcomings.

13.3.1 Photodiodes

Photodiodes are by far the most researched photodetector in the field of perovskite
due to the similar device structure to solar cells and the ability to operate efficiently
at low or no applied voltage bias. These are commonly used in fiber-optic commu-
nication [40], medical imaging [41], and consumer electronics [42]. A perovskite
photodiode is a vertical p–i–n junction typically with an inverted device structure
(Figure 13.2).

Photodiodes emphasize low noise and fast charge collection under reverse bias.
They typically have a much more linear response to light than photoconductors. In
addition, photodiodes generally cannot have a photoconductive gain greater than
unity. These properties are due to interfacial charge transport layers that prevent
charge injection into the perovskite. Furthermore, interfacial layers passivate
defect-rich surfaces, reducing flicker noise [46]. Dark current is also minimized by
operating many perovskite photodiodes at 0 V bias.

Cu

BCP
C60

OIHP TSC

PTAA

Glass/ITO

Figure 13.2 Typical photodetector
device structure of substrate/cathode/
HTL/photoactive material/ETL/anode.
Bathocuproine (BCP) acts as both hole
blocking and electron transport material,
while PTAA acts as both electron
blocking and hole transport material. C60
is similarly used as an interfacial buffer
layer to reduce charge accumulation
[43, 44]. Source: Bao et al. [45].
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13.3.1.1 Broadband Photodiodes
Dou et al. fabricated three devices with either a bathocuproine (BCP) hole-blocking
layer (HBL), a poly[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt2,7-
(9,9-dioctylfluorene)] (PFN) HBL, or without a HBL [47]. Operating at a small
reverse bias of −100 mV, the control device without a HBL suffered from a large
dark current density of 10−7 A/cm2 and low specific detectivity of 3× 1011 Jones
at 𝜆 = 550 nm. Using HBLs of either BCP or PFN, specific detectivity increased
to 2× 1012 Jones and 8× 1013 Jones, respectively, due to the enhanced electron
injection, significantly decreasing leakage current. The device also showed a large
LDR of over 100 dB, comparable with the 120 dB LDR of Si photodetectors, and fast
rise and fall times of 180 and 160 ns, respectively.

Gong found that a fullerene derivative PCBM ([6,6]-phenyl-C61-butyric acid
methyl ester) more efficiently facilitates charge carrier transport in addition to
passivating the TiO2, leading to a significantly reduced leakage current under
reverse bias [48]. The device achieved specific detectivity greater than 4× 1012 Jones
and EQE greater than 80% at 375 nm≤ 𝜆≤ 800 nm. Relatively high dark current
occurred due to the hole injection at the perovskite/cathode interface for typical
fullerene derivative interlayers. Teng et al. added polymethyl methacrylate (PMMA)
to PCBM to reduce the work function and improve hole-blocking properties [49].
This photodetector achieved consistently high specific detectivities of ∼1013 Jones,
which is comparable with Si photodetectors in the visible range (Figure 13.3).
In addition, it reached an LDR of 112 dB, and fall time decreased from 2.7 μs
(0 wt% PMMA) to 2.2 μs (20 wt% PMMA) due to the introduction of slightly more
recombination centers.

Fang et al. confirmed that a C60 buffer layer significantly reduces dark current [46].
Using PEDOT:PSS (poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)) as
the hole transport layer (HTL) and PCBM/C60 (20 nm/20 nm) as the electron trans-
port layer (ETL), reverse bias dark current was reduced to 1.6× 10−7 A/cm2. This
result is one order of magnitude smaller than those reported by Dou et al. who did
not use C60 [47]. As demonstrated by Wang et al., this is because the C60 layer reduces
dark current leakage by forming a Schottky junction with the anode, and effectively
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Figure 13.3 (a) Schematic of ITO/PEDOT:PSS/perovskite/ PCBM:PMMA/Al photodetector.
(b) J–V (current density-voltage) characteristics of PCBM:PMMA hybrid photodetectors
under dark and 532 nm (1 mW/cm2) light illumination. Inset: J–V characteristics of the
photodetectors under −100 mV through +100 mV bias voltage in a semi-log scale. (c) EQE
spectra (solid line) of the hybrid photodetectors at different reverse bias and the detectivity
(square points) of PD3 at 𝜆 = 405, 532, and 675 nm. Source: Feng Teng et al. [49].
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passivating traps in the perovskite layer [50]. Replacing PEDOT:PSS with OTPD
(N4,N4′-bis(4-(6-((3-ethyloxetan-3-yl)methoxy)hexyl)phenyl)-N4,N4′-diphenylbi-
phenyl-4,4′diamine) (a triphenylamine derivative) and increasing the thickness
of the C60 from 20 to 80 nm suppressed the dark current to 9.1× 10−9 A/cm2 at
−2 V, more than 50 times smaller than the previously reported best perovskite
photodetector [47]. This record photodetector achieved a responsivity of 0.21 A/W,
comparable with those without the additional buffer layers, indicating that charge
extraction is not impeded. This photodetector also achieved a record low NEP
of 4.3× 10−14 W/Hz1/2 at 𝜆 = 560 nm, resulting in an LDR of 94 dB and a lowest
detectable intensity of 0.64 pW/cm2. The detector maintained a specific detectivity
greater than 1× 1012 Jones from 330 nm≤ 𝜆≤ 790 nm, reaching a maximum value
of 7.4× 1012 Jones at 𝜆 = 680 nm [46].

Lin et al. fabricated four devices with varying thicknesses of PCBM and C60
buffer layers (Figure 13.4a,b) [51], which demonstrated the lowest dark current of
5× 10−10 A/cm2 (Figure 13.4c). This results in a large LDR of ∼170 dB at −0.5 V,
small NEP of ∼200 fW/Hz1/2, specific detectivity of >1012 Jones in the UV–Vis
spectrum, and completely blind response in the nIR, demonstrating its potential for
imaging applications (Figure 13.4d).

Bao et al. utilized space-confined inverse-temperature crystallization in order
to grow thin single crystals with a few to tens of microns thickness (Figure 13.2)
[45, 52]. The detectors achieved a low noise of 1∼2 fA/Hz at 8 Hz, yielding a
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Figure 13.5 (a) EQE values of hybrid photodetectors with different PDPPTDTPT:PCBM
ratios at a bias of −0.2 V. (b) Specific detectivity of hybrid photodetectors at different
wavelengths at a −0.1 V bias. (c) Noise currents of hybrid photodetectors in the dark and
illuminated by 𝜆 = 890 nm at different intensities. (d) LDR of the hybrid photodetector with
𝜆 = 890 nm at various intensities. Source: Shen et al. [53].

high specific detectivity and an LDR of 1.5× 1013 Jones and 256 dB, respectively,
for MAPbBr3. These devices performed similarly. The device’s response time of
hundreds of nanoseconds was limited by the thickness.

Pure Pb-based perovskite can only absorb 𝜆< 800 nm due to its wide bandgap,
but hybrid detectors can extend the response range. Shen et al. developed a
hybrid MAPbI3 photodetector utilizing a narrow bandgap PDPPTDTPT:PCBM
(poly{2,5-bis(2-hexyldecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione-3,6-di(5-thi-
ophen-2-yl)yl-alt-N-(2-ethylhexyl)-dithieno-[3,2-b:2,3-d]pyrrole-2,6-diyl}:phenyl-
C61-butyric acid methyl ester) polymer, serving as both light-absorbing layer, charge
transport layer, and barrier to charge injection from the cathode [53]. The dark
current was reduced to as low as 8.7× 10−8 A/cm2 at a −0.3 V bias, achieving NEP
of 5 pW/cm2 and specific detectivity of 1× 1011 Jones at 900 nm. The response range
was extended to ∼1000 nm with an LDR of 95 dB (Figure 13.5).

Su et al. reported a self-powered photodetector (SPPD) (Figure 13.6) that utilizes
both the photoelectric and triboelectric effects [54]. When an external force brings
the top copper electrode into repeated contact periodically with the perovskite layer,
triboelectric charges of opposite signs on the contacts induce an open-circuit volt-
age between the two electrodes. The triboelectric mechanism is highly responsive to
incident light intensity, enabling a new mechanism for perovskite photodetection.
This SPPD achieves broadband detection in the 300≤ 𝜆≤ 1000 nm range, an average
responsivity of 7.5 V/W, and response time of 80 ms.
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With an ITO/PEDOT:PSS/PbS QD/MAPbI3/PCBM/Al device structure, Gao et al.
achieved broadband response from 375 to 1100 nm. PbS quantum dots (QDs) serve as
a broadband light sensitizer in the Vis/nIR spectra, whereas MAPbI3 serves as both a
trap state passivator of the QD surfaces and a visible-light sensitizer [55]. Zhang et al.
demonstrated that the addition of a separate photoactive layer of PbS QDs is found
to dramatically enhance absorption in the UV–Vis spectrum while simultaneously
providing a notable nIR response (Figure 13.7) [56]. Liu et al. obtained responsivi-
ties and specific detectivities of 0.302 A/W and 1.2× 1013 Jones and 0.132 A/W and
5.1× 1012 Jones at 𝜆 = 500 nm and 900 nm, respectively, obtaining record perfor-
mance for PbS-based photodetectors reported up to this point [57].

When deposited as separate layers, there was incomplete passivation of the
QD surfaces, but, when deposited as a mixed solution, the quantum dot in
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Figure 13.7 (a) Device structure of the broadband PbS/CH3NH3PbI3 composite
photodetector and schematic diagram of the ligands used for exchange. Inset: TEM data of
the oleic acid (OA)-capped PbS QDs. (b) Absorption spectra of CH3NH3PbI3, PbS CQDs, and
PbS/CH3NH3PbI3 composite films, demonstrating the broadening of the photodetector’s
response range. Source: Reprinted with permission from Zhang et al. [56]. Copyright 2019
American Chemical Society.
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perovskite (QDiP) solution can form a well-passivated and highly tunable
poly-heterocrystalline film as demonstrated by Ning et al. [58]. Clifford et al.
developed an MAPbI2.5Br0.5:PbS colloidal QD device where excitons are photo-
generated and confined within the PbS quantum dots [59, 60]. Once an electric
field is large enough, the excitons separate, and the charge carriers are ejected.
This is demonstrated with a sudden 45-fold increase in responsivity at −0.5 V bias.
Specific detectivity reached 5× 1012 Jones in the visible spectrum while achieving
4× 1012 Jones at 𝜆 = 1240 nm, doubling the specific detectivity of previously
reported colloidal quantum-dot (CQD) devices (Figure 13.8).

Habisreutinger et al. demonstrated single-walled carbon nanotubes (SWCNTs)
as an effective HTL for perovskite solar cells by reducing grain boundaries and
pinholes within the perovskite, reaching photocurrents up to 20.8 mA/cm2 [61].
This work was later expanded upon by Li et al. through the incorporation of
a nanonet of carbon nanotubes within the perovskite film itself, providing fast
charge extraction in addition to decreasing the overall film resistance and, in turn,
increasing responsivity and EQE [62]. Alwadai et al. utilized vertically oriented
Gd-doped ZnO nanorods (NRs) within an MAPbI3 film for a UV-to-IR photode-
tector (Figure 13.9) [63]. NRs simultaneously act as a UV absorptive material and
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diagram of photodetector. Source: Alwadai et al. [63].
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an ETL. The photodetector demonstrates a Fano-like intraband transition centered
at ∼1357 nm for MAPbI3. These photodetectors achieved responsivities and specific
detectivities of 28 A/W and 0.22 A/W and 1.2× 1012 Jones and 9.3× 109 Jones upon
white and IR (1200≤ 𝜆≤ 1600 nm) illuminations.

Kanaujia and coworkers designed an Al or Au/(C6H9C2H4NH3)2PbI4/ITO
perovskite photodetector that exhibited a broadband response at 300≤ 𝜆≤ 475 nm
due to band-to-band and charge-transfer absorption transitions (Figure 13.10) [64].
Despite high binding energies, the detector also displayed a narrowband response
centered at 𝜆 = 521 nm due to bound exciton transitions. Upon the incorporation
of a spiro-OMeTAD HTL and combined compact TiO2 and mesoporous TiO2 ETL,
the photodetector displayed an EQE of 36% in the broadband region and 10% at
the exciton wavelength. Lim et al. report various quasi-2D (PEA)2(MA)n−1PbnI3n+1
perovskite photodiodes with n = 1 to ∞ [65]. The detectors operated under 0 V bias
and achieved low dark current of 10−9 A (n = 1) to 10−7 A (n≥ 6) that increases
slightly with n at n≥ 6. Both n = 60 and n = ∞ displayed incredibly similar
performance in terms of specific detectivity and responsivity, reaching values of
2.01× 1012 Jones and 0.53 A/W and 2.2× 1012 Jones and 0.56 A/W, respectively.

13.3.1.2 Narrowband Photodiodes
Both Fang et al. [14] and Lin et al. [66] demonstrated filterless narrowband per-
ovskite photodetectors (Figure 13.11a). Through altering the halide composition,
the primary absorption onset could be tuned, allowing for bandgaps of blue to red
wavelengths. Due to the high absorption coefficient and large surface trap density,
above-bandgap photogenerated charges are generated mostly near the surface
where they become quenched and trapped and recombine. Below-bandgap charge
carriers are generated much deeper in the crystal where they are more efficiently
collected by the anode, contributing to the high, longer-wavelength EQE. With
a large enough bias, collection efficiency of shorter-wavelength photogenerated
charges increased dramatically more than the longer-wavelength charge carriers,
eventually leading to a broadband response (Figure 13.12). The bandgap peaks
ranged from 𝜆∼ 410 nm (MAPbCl3) to 𝜆∼ 630 nm (MAPbBr6/7I1/7) with a full
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width at half maximum (FWHM) <20 nm (Figure 13.11b) [14]. Halide composition
tuning, however, does not tune the secondary absorption onset. Lin et al. added
compatible organic small-molecule dyes, enabling tuning of both absorption
edge onsets and full bandgap control. These narrowband photodetectors reached
FWHM< 100 nm in the response windows of 400≤ 𝜆≤ 500 nm, 500≤ 𝜆≤ 600 nm,
and 600≤ 𝜆≤ 700 nm [66].

Li et al. demonstrated self-filtering narrowband photodetectors using an electron-
ically inactive perovskite filter deposited on the substrate surface (Figure 13.13) [22].
The narrowband photodetector achieves a minimum FWHM of 28 nm that can be
made larger. In addition, the detector maintains the superior specific detectivity,
LDR, and response time of perovskite detectors of 2.65× 10−12 Jones, 190 dB, and
100 ns.

The photodetectors developed by Lin et al. displayed rather low maximum EQEs
of ∼12% most likely due to the low charge carrier mobility of the organic molecules
(∼6× 10−4 cm2/(V s)) [66]. In addition, the response time of the photodetectors
developed by Fang et al. is limited by the crystal’s thickness [14]. Qin et al. devel-
oped a double active layer photodetector utilizing both a polymer active layer and a
perovskite electronically quenched, optically active layer (Figure 13.14) [67]. Within
the perovskite, charge carriers are photogenerated and immediately quenched by
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the thick and low-mobility polymer. As a result, only the absorption of polymer
can induce a response in the photodetector. Therefore, the difference in polymer
and perovskite absorption edges dictates the narrowband response range. The best
detector demonstrated an EQE of ∼20% (Figure 13.15) with a FWHM of 70 nm in
addition to a rise and fall time of 3.9 and 4.0 μs, respectively.

13.3.2 Photoconductors

Photoconductors are a simple two-terminal p–n junction with either vertical or
lateral device orientation. Vertical photoconductors (Figure 13.16a) have a small
electrode spacing with a short carrier transit length, resulting in the fast response
time and low driving voltage, while lateral photoconductors (Figure 13.16b–d)
are the opposite but benefit from a larger photocurrent and are more easily
manufactured [3].

Photoconductors are different from photodiodes in that they can exhibit a gain
(𝛤 ph), which is particularly useful for applications with small signal such as single
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photon counting:

𝛤ph =
Iph

qGphAL
=

𝜏p

tn

(
1 +

𝜇p

𝜇n

)
(13.7)

where Gph is the generation rate of excess carriers (cm−3 s−1), A is the cross-sectional
area, L is the length, 𝜏p is the excess minority carrier lifetime, tn is the excess majority
carrier transit time, and 𝜇p and 𝜇n are the minority and majority carrier mobilities,
respectively. Gain enables an enhanced photocurrent and, in turn, large responsiv-
ity, though it does sacrifice the benefit of low dark current, resulting in the large
NEP and small specific detectivity and LDR. Modern-day commercial photodetec-
tors exhibiting high gain are generally expensive and laborious to produce, which
could be dramatically improved via a solution-processed device.
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13.3.2.1 Vertical Photoconductors
Moehl et al. were the first to show that photoconductive gain is possible using
a vertical structure [70]. Devices were fabricated with either a porous or com-
pact TiO2 HBL. The porous HBL allowed direct contact of MAPbI3 with the
fluorine doped tin oxide (FTO) electrode and, in turn, charge injection into the
perovskite under reverse bias. Charge injection resulted in a high dark current
and photocurrent device, achieving a gain of ∼150 at low light intensities. A third
device with no charge blocking layers expressed a photocurrent amplification of
∼14 fold, demonstrating that no charge blocking layer is possible for perovskite
photoconductors.

Chen et al. developed a device that could switch between photovoltaic and
photoconductive modes by changing the bias direction [71]. When operated at
0 V bias, the photodiode demonstrated high linearity. The detection range could
be extended even more by operating in the photoconductive mode for low light
intensities, demonstrating linearity up to 0.1 mW/cm2 with −0.7 V bias and
𝜆 = 550 nm. While in the reverse bias regime, the photocurrent displays a large
linear dependence on bias magnitude. With a small incident power of 2–20 μW/cm2,
the photodetector achieved an incredible gain of 2400 ± 100. The device exhibited
a large, amplified photocurrent using bypass-rich TiO2 charge blocking layer while
a high-density charge blocking layer suppressed current amplification. It was
suggested that ferroelectric and piezoelectric dipole polarizations enabled the large
photoconductive gain. Ishii et al. improved the performance by using a molecular
layer of an Eu-terpy complex between the MAPbI3 nanocrystal absorber layer
and the cathode [72]. This utilized trap-assisted charge tunneling injection at a
heterogeneous interface to enable photomultiplication by contributing to a large
leakage current (Figure 13.17). The photodetector achieved an EQE greater than
2× 105% at 400≤ 𝜆≤ 750 nm with −0.5 V bias and a maximum of 9× 105% under an
incident light intensity of 0.76 mW/cm2, maintaining similar performance down to
10 μW/cm2 incident light intensity.

Using a TiO2 MP scaffold HTL, Domanski et al. further optimized the design,
obtaining a responsivity of 208 A/W at 𝜆 = 550 nm, corresponding to an incident
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photon-to-current efficiency (IPCE) of 47 000 [73]. The increased performance was
explained to be from a charge buildup at the perovskite/FTO interface, increasing
conductivity and lowering the FTO work function, which increased the hole current
due to the direct hole injection.

Using a MAPbI3 perovskite, Dong et al. created a device with high responsiv-
ity without an interfacial electron-blocking layer (Figure 13.18a) [20]. Through
utilizing density-functional theory calculations and by varying the PbI2 precursor
concentration, it was determined that Pb2+ cations act as hole traps at the top
surface, enabling electron injection and large gain (Figure 13.18d,e). The detector
could switch between high-gain photodetector under reverse bias and efficient
photovoltaic device with a forward bias (Figure 13.18b,c). The gain increased from
0.3 at 0 V to 489± 6 at −1 V with a high responsivity of 242 A/W and broad response
range from UV to nIR. Yang et al. developed a metal–semiconductor–metal (MSM)
photoconductor without any interfacial layers [74]. With a −1.5 V bias, the photode-
tector achieved EQE> 10 000% at 300 nm≤ 𝜆≤ 800 nm with a maximum of 60 000%
at 𝜆∼ 380 nm.

13.3.2.2 Lateral Photoconductors
Hu et al. developed the first perovskite-based photodetector using a flexible polyethy-
lene terephthalate (PET) substrate with MAPbI3 deposited between a pair of con-
ductive ITO (indium tin oxide) contacts (Figure 13.19a) [75]. Having broadband
sensitivity, the photodetector reached EQEs and responsivities of 1.19× 103% and
3.49 A/W at 𝜆 = 365 nm and 5.84% and 0.0367 A/W at 𝜆 = 780 nm with a −3 V bias.
It was proposed that upon illumination, the local electric field at the perovskite/ITO
Schottky barriers efficiently separates the charge carriers in addition to reducing
recombination rate (Figure 13.19b). The larger carrier density reduces the energy
barrier height, allowing a greater ability of charge carrier tunneling and transport
that significantly increases conductivity (Figure 13.19c,d).

Wang et al. developed a MSM UV photoconductor utilizing MAPbCl3 [76].
The detector achieved a responsivity of 7.56 A/W at 𝜆 = 360 nm with a −4 V
bias. It had a fast response speed of <50 ms while maintaining a low dark
current. Zhou et al. similarly used a MSM structure with n = 1, 2, and 3
(CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1-layered perovskite [77]. The decreas-
ing bandgap with increasing n results in the ability to detect different regions of
light. The n = 3 photodetector demonstrates the best performance with rise and fall
times of 10.0 and 7.5 ms respectively, responsivity of 12.78 mA/W under −30 V bias
and 3.0 mW/cm2 incident light intensity, and Ilight/Idark of 1× 103 with −10 V bias.

Ramasamy et al. designed an all-inorganic CsPbI3 nanocrystal (NC) photodetector
[78]. The photodetectors exhibited an on/off ratio of ∼105 and rise and decay times
of 24 and 29 ms, respectively. CsPbX3 NC photodetectors were improved upon by
Dong et al. who demonstrated orientation-dependent performance and enhanced
photodetecting capabilities with the Au plasmonic effect [79]. From x-ray diffrac-
tion (XRD) measurements, it is demonstrated that centrifugal casting results in
higher-order and more dense films than drop-coated films, increasing photocurrent
from 0.67 to 2.77 μA due to the increased mobility. Owing to the localized surface
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plasmon resonance, Au-NC device exhibited an order of magnitude increased
on/off ratio and an increase of photocurrent from 245.6 to 831.1 μA at −2 V bias
with 𝜆 = 532 nm.

Horváth et al. developed the first nanowire-based photodetector using slip-coated
MAPbI3 [80]. In the dark, the detector acted like a good insulator with currents on
the order of tens of pA and resistances in the GΩ range. The responsivity and rise and
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fall times were 5 mA/W and under 500 μs, respectively. Deng et al. utilized pattern-
ing via a mask and alignment of nanowires (NWs) by modified evaporation-induced
self-assembly for the NW active layer [81]. Responsivity reached 0.85 A/W at −1 V
bias at a light intensity of 4 μW/cm2. Using a fluid-guided antisolvent vapor-assisted
crystallization method, Deng et al. developed an MAPb(I1−xBrx)3 NW-array photo-
conductor whose NWs displayed smooth surfaces, a narrow width distribution, and
a high degree of directional uniformity [82]. The photodetectors exhibited incredible
performance of 12 500 A/W and LDR of 150 dB (Figure 13.20).

The lateral photoconductors discussed up to this point focus on detection
of 300–900 nm light. Ka et al. utilized single-wall carbon nanotubes (SWCNTs)
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decorated with PbS quantum dots embedded in an MAPbI3−xClx photoactive layer to
extend the response range to ∼1600 nm and enable efficient charge transport [104].
A lower responsivity at higher incident light power is demonstrated, suggesting
that the lower number of empty traps results in a reduction in the photoconductive
gain. Pan et al. utilized erbium ytterbium silicate (EYS) nanosheets with MAPbI3
perovskites to create a hybrid 2D-3D IR (1530≤ 𝜆≤ 1565 nm) photodetector at the
optical communication wavelength range [83]. In addition to converting IR light to
visible light, EYS nanosheets act as a waveguide for the converted light, achieving a
response time of 900 μs.

Qian et al. demonstrated the possibility of flexible, lead-free detectors with rel-
atively good performance compared with the other similar flexible photoconduc-
tors [84]. These detectors employ 2D (PEA)2SnI4 perovskites with 30 mol% SnF2
added to reduce vacancies and improve stability. The devices achieved a responsiv-
ity of 16 A/W, surpassing the previous maximum of 3 A/W for flexible perovskite
detectors with 𝜆 = 470 nm [75, 85–87]. Lan et al. has published further work on
2D MAPbI3 photodetectors that achieved a responsivity of 40 A/W under 405 nm
incident light [88].

Due to the inherently large distance between electrodes for a lateral device, sin-
gle crystals, with a typical thickness of millimeters, fill the role well for a supe-
rior active layer. Saidaminov et al. grew an MAPbBr3 single crystal on top of an
etched ITO-covered substrate using planar-integrated single-crystal growth method
(Figure 13.21) [89]. The device displayed superior responsivity of 4000 A/W. In addi-
tion, the detector achieved a relatively fast fall time of 25 μs and a large specific
detectivity of 1013 Jones. The detector’s noise approaches the theoretical shot noise
limit, showing that single crystals are potential low-noise solutions for inherently
high-noise devices. Liu et al. demonstrated the use of 2D single-crystal (PEA)2PbI4
for visible-light detection [90]. These single crystals showed anisotropic responsiv-
ities depending on the plane of fabrication with a maximum reaching as high as
139.6 A/W on the (001) plane and a minimum dark current of 3.06× 10−12 A.

13.3.3 Phototransistor

Phototransistors have the same three-terminal structure as a field-effect transistor,
consisting of a source, drain, and gate terminal (Figure 13.22), but with a photoactive
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Figure 13.22 Device structure of a
bottom-gate, top-contact MAPbI3
perovskite phototransistor. Source: Li
et al. [91]. Licensed under CC BY 4.0.
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configuration. Under normal FET operation, the flow of accumulated current is con-
trolled by the applied bias on the gate, enabling control over the flow of current due
to the change in conductivity. A phototransistor can also control the charge carrier
density and, in turn, conductivity through photoexcitation [92]. A phototransistor
can exhibit high gain through the photogating effect where photogenerated charges
are recirculated repeatedly before finally recombining [8, 93].

Though pure perovskite phototransistors have been developed, focus will
be placed on the hybrid heterojunction structures due to their very notewor-
thy performance. The most notable of heterojunction phototransistors is the
perovskite–graphene variety (Figure 13.23). Lee et al. fabricated a broadband
UV–Vis phototransistor using a perovskite–graphene heterojunction [95]. The
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Figure 13.23 Sample structure of a graphene–perovskite hybrid phototransistor. Source:
Chang et al. [94]. Licensed under CC BY 4.0.
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device achieved a high responsivity of 180 A/W. It was discovered that graphene
injects electrons to the perovskite valence band to fill the vacancies left behind
by the photoexcited electrons now in the conduction band. These electrons are
essentially trapped in the conduction band, producing photogating effects and gain.
It has been demonstrated that integration of perovskite nanocrystals and nanowires
into the graphene layer significant improves the performance [96–98].

Due to its high conductivity and lack of bandgap, graphene causes significant dark
current in devices, so charge transport layers, namely, transition metal dichalco-
genides (TMDs), can be used in place of graphene to reduce the noise. Using
WS2, WSe2, and MoS2, photodetectors have achieved responsivities of 17, 950, and
1.94× 106 A/W [99–102]. MoS2 phototransistor achieved a large specific detectivity
of 1.29× 1012 Jones at 𝜆 = 520 nm due to the significantly reduced dark current.
Recently, Zhang et al. has integrated WS2 nanosheets into the perovskite layer for
a perovskite–graphene heterojunction phototransistor [103]. Photoresponsivity
increased to 678.8 A/W while specific detectivity was 4.99× 1011 Jones. The authors
attributed this high photoresponsivity to the electron–hole pair separation that is
promoted by the selective electron trapping of WS2 nanosheets.

13.4 Conclusion

In addition to covering the basic elements of photodetectors and the theory behind
their development, we have demonstrated how and why perovskites are a notable
species for photodetector applications. We have touched on recent and notable
progress made in the field of perovskite photodetectors. Even though these are a
massive field of interest now, focus has mainly been placed on their photovoltaic
applications in the past, leaving many large research opportunities in the pho-
todetector field still available to pursue. With the seemingly ever growing and
expanding field of perovskites, the interest in photodetectors to continually increase
and rightfully so is expected. Perovskites are a highly competitive species in many
optoelectronic applications and have continued to be proven so over the years.
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