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Photodetection is crucial for advancements in next-generation technologies, including Internet of
Things, intelligent perception, augmented and virtual reality, and human-machine interactions. Metal
halide perovskites (MHPs) show unique properties that allow for the creation of straightforward diode
structures, enabling efficient photogeneration and charge collection across a broad spectrum of wave-
lengths, from ionizing radiation to near-infrared. However, the presence of dark current (/4 poses a
significant challenge, affecting the performance of these devices. This review commences by outlining
the essential performance measures impacted either directly or indirectly by /4. Subsequently, it
investigates the adjustable MHP materials employed in photodiodes, with a focus on their structural and
morphological characteristics. We then explore the origins of /4 and highlight the crucial factors that
impact the performance of MHP-based photodiodes (MHPPDs). Additionally, we examine various
strategies to mitigate /4, thereby improving device efficacy. Finally, we provide insights into future
directions for reducing /4 in MHPPDs, potentially leading to further enhancements in photodetection
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1. Introduction

Photodetection is crucial in diverse fields, including medical X-
ray imaging, visible light capture, near-infrared medical ima-
ging, short-wave infrared surveillance, and machine vision.'?
These applications fundamentally depend on semiconductor
photodetectors to transduce photons into electrical signals for
processing, image reconstruction, and storage. Commonly,
photodiodes and phototransistors constructed from inorganic
semiconductors of silicon or III-V compounds, when integrated
with thin-film transistors (TFTs) or complementary metal oxide
semiconductors (CMOS) within a backplane architecture,
enable the creation of intricate image sensor arrays suitable
for modern optoelectronics.®*

The escalating demands of Internet of Things, intelligent
perception, augmented and virtual reality, and human-
machine interactions necessitate components that are light-
weight, energy-efficient, miniature, and mechanically flexible.’
In response, researchers are exploring diverse semiconductor-
based photodetectors,®” including organic materials, inorganic
nanocrystals (NCs), quantum dots (QDs), and metal-halide
perovskites (MHPs). MHPs, in particular, have attracted sub-
stantial attention due to their remarkable capabilities. These
materials offer an ultra-broad spectral photodetection range,
from ionizing radiation to near-infrared, achievable through

J. Mater. Chem. C, 2024,12,10775-10805 | 10775


https://orcid.org/0000-0002-3256-4172
https://orcid.org/0000-0002-3983-0007
https://orcid.org/0000-0002-3669-0192
https://orcid.org/0000-0002-9694-4246
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc01273a&domain=pdf&date_stamp=2024-07-16
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc01273a
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012029

Published on 08 2024. Downloaded on 14.12.2025 15:38:32.

Review

tailored adjustments in their organic and inorganic composi-
tions. MHPs are not only derived from abundant resources and
require low deposition temperatures but also form efficient
single layers owing to their low exciton binding energy.® When
integrated into optoelectronic systems, they substantively aug-
ment functionality and precision in various sensing applica-
tions, such as photoplethysmography (PPG) sensors and pulse
oximeters, enabling real-time and non-invasive monitoring.

While MHP-based photoconductors and phototransistors
are notable for their impressive responsivity, facilitating signal
amplification across applications, they tend to have slower
response times and usually require additional biasing circuits
for optimal performance. These factors demand careful con-
sideration, particularly in the context of specific applications.
Despite these challenges, the intrinsic properties of MHPs
support the creation of simplified diode architectures that
promote efficient photogeneration and charge collection with
minimal losses. MHPPDs, employing configurations such as P-
N, P-I-N, or Schottky junctions, can function without an
external power supply. Applying an additional reverse bias
can further enhance the efficiency of photogenerated carrier
collection.’ Moreover, the progress in MHP-based devices ben-
efits extensively from ongoing research on perovskite photo-
voltaics. Consequently, significant research efforts are directed
at advancing our understanding of materials, device architec-
tures, physical mechanisms, and processing techniques in this
field. This endeavor seeks to improve the figures of merits
(FOMs) of MHPPDs to bring them on par with those of their
counterparts.

A critical parameter affecting MHPPDs’ FOMs directly or
indirectly, including the on-off ratio (OOR), linear dynamic
range (LDR), specific detectivity (D*), is the dark current (I4). In
MHPPDs, as illustrated in Fig. 1, carriers in an MHP film tend
to drift towards their respective electrodes in the absence of a
bias voltage. This behavior, facilitated by the unique properties

(a) p-type
drift
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of MHPs, leads to complete depletion even without an applied
bias voltage, significantly impacting the device’s performance.
The OOR is defined as the ratio of the photocurrent generated
when the photodiode is exposed to light (on-state) to I3 when it
is not exposed to light (off-state). This ratio indicates how
effectively a photodiode can distinguish between the presence
and absence of light signals. Therefore, reducing /5 in MHPPDs
while preserving the photocurrent can considerably enhance
the OOR. The LDR represents a valuable feature for MHPPDs
where the output, such as photocurrent or responsivity,
remains stable across a broad spectrum of incident light
intensities. Beyond this dynamic range, the light signals cannot
be accurately detected due to the elevated levels of I4.'°
Additionally, the noise equivalent power (NEP) defines the
minimum optical power a photodiode can differentiate from
the noise current, indicating the sensitivity of the photodiode
to weak light signals. Noise current (i) in units of A Hz™*?
primarily includes shot noise, thermal noise, and flicker noise,
among which shot noise, arising from the discrete passage of
electrons and holes, generally dominates. Thermal noise is
linked to the random motion of charge carriers, and flicker
noise can result from fluctuations in conductivity due to
variations in the electron concentration."' Additionally, the
influence of I in the practical industrial applications of
photodiodes is substantial. For example, high I3 can rapidly
reach the breakdown voltage of TFTs or CMOS, widely
employed in imaging and sensing technology, rendering them
ineffective."

Furthermore, the I; of MHPPDs plays a crucial role in direct
radiation detection, specifically in X-ray imaging and ionizing
radiation detection applications, enabling nondestructive
inspection in medical, security, and scientific fields. In direct
radiation X-ray detection, MHPPDs employ active layers with
thicknesses up to millimeters to effectively block high-energy
radiation photons, which raises the issue of less charge
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Fig. 1 Schematic illustration of the energy diagram of P—I-N photodiodes without bias (a) and under bias conditions (b). Schematic of the parameters

influenced by /4 in photodiodes for light sensing and direct X-ray detection. (c

(f) Detection limit.
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collection efficiency for the devices. One effective solution to
overcome this challenge is operating MHPPDs at a high reverse
bias, which unfortunately leads to a higher I,. It can deteriorate
the detection limit (refers to the lowest level of X-ray radiation
that can be reliably detected) and the dynamic range of the
ionizing radiation response of a detector. Furthermore, due to
their low defect formation energies, the formed defects within
MHPs are prone to ion migration when subjected to an electric
field. As a result, the high reverse bias applied to MHPPDs in
ionizing radiation applications can trigger a saturation period
lasting hours, referred to as I drift, which affects the current
long-term stability of MHPPDs, as these devices are typically
operated at a specific reverse bias voltage relative to the

13

reference I4.” The I4 drift can be calculated using: D =

Iﬁnsh - Ibegin
tE
dark currents, ¢ is the test time, and E is the applied

electric field.

Therefore, understanding the fundamental causes of I in
MHPPDs is crucial. By exploring the elements that influence I,
we can devise effective strategies to mitigate it, thus overcom-
ing the challenges associated with the material composition
and device architecture. Although recent literature'* provides a
thorough examination of I4’s origins, limitations, and counter-
measures in various MHP-based detectors like photodiodes,
photoconductors, and phototransistors, there remains a gap
concerning the specific issues of I3 in MHPPDs. Considering
the significant impact of MHPPDs on the evolution of MHP-
based photodetection technologies, further investigation in
this area is essential. This review starts by defining the key
performance metrics that are directly or indirectly influenced
by Ij. It then examines the tunable MHP materials used in
photodiodes, emphasizing their structural and morphological
properties. We then explore the sources of Iy and identify the
key factors influencing I, in MHPPDs. Additionally, we discuss
various tactics to curb I4 in these devices. Finally, we contem-
plate future approaches to reduce I; in MHPPDs, underlining
the necessity of developing a clear understanding of I's
mechanisms and exploring new avenues for research to dimin-
ish 1, effectively.

, where Ignish and Ihegin are the final and initial

2. Figures of merits of photodiodes
and their relationship with dark current

In the following section, we provide a comprehensive definition
of the key performance metrics that are directly or indirectly
influenced by I, thereby enabling a clear understanding of the
reported MHPPD performances. A schematic illustration of
several parameters affected by Iy is shown in Fig. 1. For the
most relevant metrics, we highlight their definitions and math-
ematical expressions, as well as their relationships with I4.

2.1 Signal-to-noise ratio

In photodiodes, the signal-to-noise ratio (SNR) is a measure of
the quality of the signal relative to the level of background

This journal is © The Royal Society of Chemistry 2024
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noise. It is defined as the ratio of the photocurrent generated by
the incident light (signal) to the noise current present in the
system. Mathematically, the SNR can be expressed as:

SNR = il?—h

In
where i, is the photocurrent resulting from the incident light,
and i, is the total noise current. Since I3 contributes to the shot
noise, which is a significant component of the total noise
current, Iy directly affects the noise current and consequently
impacts the SNR. A higher I results in increased shot noise,
which reduces the SNR. Furthermore, for simplicity, the OOR is
often employed to gauge the sensitivity of photodiodes to light
signals. It is calculated as the ratio of the photocurrent to the I,.

2.2 Spectral responsivity and EQE

The spectral responsivity (R) in units of A W describes how
much current is generated by a photodiode per incoming
photon of a given energy. It can be calculated using the
formula:

where Jp;, is the photocurrent density and Py, is the incident
light intensity. EQE, which denotes the ratio between the
number of incoming photons and the number of photogener-
ated free electrons, can be expressed as:

EQE = Jridd
q

where / is the Planck constant, v is the frequency of the
incident photon, and g is the elementary charge. Generally, a
high EQE (and hence R) is desirable to ensure efficient photon
flux detection. In most cases, the EQE (or R) and I; are
considered independent parameters. However, it is important
to note that a high I can lead to increased shot noise. This
noise degrades the overall performance of the photodiode by
making it more challenging to detect low-intensity signals
accurately. This degradation can indirectly affect the effective
EQE or (R) as well.

2.3 Speed

The speed of response, defined as the time required to collect
photogenerated charge carriers at their respective contacts,
ultimately determines the photodiode’s dynamic range and
cut-off frequency. Generally, the speed is evaluated based on
the rise time (¢,) (the time it takes for the device response to
increase from 10% to 90%) and the fall time (¢ (the time it
takes for the device response to decrease from 90% to 10%).
The speed of response and Iy are both dependent on the
intrinsic properties of the semiconductor materials, photo-
diode junction capacitance, and device operating temperature.
For instance, high-quality semiconductors with fewer defects
typically exhibit lower I and can also support faster response
speeds. Conversely, high I; can imply higher leakage in the
junction, which may increase the junction -capacitance.
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Increased capacitance can slow down the response speed, as
the photodiode takes longer to charge and discharge.

2.4 Noise equivalent power and specific detectivity (D*)

The minimum incident light power that can be detected by a
photodiode is referred to as the noise equivalent power (NEP).
NEP is defined as the signal optical power that yields a SNR of
1. The NEP, expressed in units of W Hz "/, can be calculated
using the formula:

iﬂ

RVB

where i, is the noise current and B is the detection bandwidth.
The specific detectivity D* in units of cm Hz"> W™* (or Jones) is
the reciprocal of the NEP normalized to the square root of the
device area A:

NEP =

RVAB

In

D =

As discussed, 7,, primarily comprises shot noise, thermal noise,
and flicker noise. Experimental measurements of i, are chal-
lenging and not always performed. For simplicity, it is often
assumed that the shot noise (isho) from the I, is the dominant
contribution to i,:

R\/A—E: RVA

ishot \/2—515
This assumption implies that the I3 (or iz, is the primary
factor limiting D*, while thermal noise and flicker noise are
ignored. However, in photodiodes, and particularly in
MHPPDs, i, is not solely equivalent to ighor, €specially at low
frequencies. Thus, this simplification can lead to an overesti-
mation of D*.

D" =~

2.5 Linear dynamic range

In photodiodes, the linear dynamic range (LDR) is a specifica-
tion that indicates the range of incident light intensities over
which the photodiode can produce a linear (proportional)
response in terms of the output photocurrent. Essentially, it
quantifies the operational light intensity span of the image
sensor. It is defined as the ratio between the maximum
detectable photocurrent before saturation and the minimum
detectable photocurrent above the noise floor. Mathematically,
the LDR can be expressed in decibels (dB) as:

LDR = 10log (I“’“)
Imin

where I, is the maximum photocurrent that the photodiode
can handle linearly, limited by the onset of saturation. I, is
the minimum photocurrent that can be detected above the
noise floor, dominated by the I and other noise sources. A
higher I; increases the noise floor, thus raising the minimum
detectable photocurrent I,,;,. Consequently, this reduces the
LDR because: as I,j, increases, the ratio I,../Imin decreases.
This ratio determines the LDR, so an increase in I, directly
reduces the LDR.

10778 | J Mater. Chem. C, 2024, 12,10775-10805
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3. Metal halide perovskites for
photodiodes

Typically, MHPs have the general formula ABX;, where A
represents monovalent cations such as CH;NH;' (MA),
HC(NH,)," (FA), cesium (Cs'), and rubidium (Rb") or their
combinations. B refers to divalent metal cations such as Pb*",
sn**, Bi**, and Ge**, while X represents halide anions such as
Cl, Br, and I" or a combination thereof. By adjusting the
components, structure, and morphology, the optical absorption
and electrical properties of MHPs can be easily modified. For
example, as the ionic radius of the A cation increases (r¢," <
rva < Tea'), the lattice expands, and the bandgap decreases,
leading to a red shift in the optical absorption band. Another
way to tune the bandgap is by replacing Pb>" with Sn**, which
reduces the bandgap and extends the optical absorption edge
into the near-infrared (NIR) region. Successive tuning of the
bandgap of MHPs can also be manipulated by changing the
halide composition. As shown in Fig. 2a, the halide composi-
tion changes from CI™ to Br to I", and the bandgap sequen-
tially decreases, allowing MHPs to absorb a broader range of
light from ultraviolet (UV) to visible wavelengths."” Further-
more, MHPs composed of Pb, Bi, I, and Br are promising for
direct radiation detection due to the high atomic number of
these elements, providing excellent potential for quick X-ray
direct detection."®

The structure dimensionality of MHPs can be tuned from
three-dimensional (3D) bulk materials to two-dimensional (2D)
layered structures and one-dimensional (1D) chain materials by
manipulating the connections of [BX,]*~ octahedral units (as
shown in Fig. 2b). For instance, 2D MHPs are formed by
incorporating larger organic cation layers between the octahe-
dral network of 3D MHPs. This can be expressed as a general
formula (LA),,(A),_1B,X3snr1, Where LA represents the larger
organic cation and n denotes the number of layers in the 2D
MHP structure. Introducing these larger organic cations in low-
dimensional MHPs enhances their moisture stability and
mechanical flexibility compared to their 3D counterparts. How-
ever, it should be noted that these long-chain organic cations
also decrease the dielectric constant of MHPs, leading to an
increase in the exciton binding energy. Consequently, the
efficient separation and extraction of photogenerated carriers
can be impeded."

Moreover, the control over the morphology dimensionality
of MHPs enables the incorporation of novel properties into
these materials.”® (Fig. 2b) For instance, 0D MHP nanostruc-
tures such as NCs and QDs exhibit tunable sizes ranging from
several to tens of nanometers. These nanostructures generally
possess large extinction coefficients and demonstrate charac-
teristics of multiple-exciton generation. On the other hand, 1D
MHP micro/nanostructures, including nanowires (NWs) and
nanorods (NRs), feature significant surface-to-volume ratios
and anisotropic geometries. These attributes contribute to
low defect/trap densities, prolonged charge-carrier lifetimes,
and reduced carrier recombination rates. Furthermore, 2D
MHPs, comprising nanoplates, nanoflakes, and nanosheets,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Bandgaps of MHPs (CsPbBrs nanocrystals) can be tuned by changing halide components. Reproduced with permission.r” Copyright 2015, ACS.
(b) Optical and electrical properties can be tuned by the tunable dimensionality at the structural and morphological level of MHPs. Reproduced with

permission.'® Copyright 2021, ACS.

exhibit strong quantum confinement effects and possess
unique morphological characteristics. Additionally, these low-
dimensional MHP materials demonstrate reasonable mechan-
ical flexibility due to their atomic thickness. However, the
nanostructures of low-dimensional MHPs still encounter issues
that hinder charge transport and extraction in photodiodes. For
instance, an excess of long-chain organic ligands on the sur-
faces of 0D and 2D MHPs can obstruct carrier transport,
leading to reduced charge transfer efficiency. Moreover, the
random orientation and rough morphology of 1D and 2D MHPs
may create leakage paths, further impeding charge extraction.
While 3D MHP polycrystalline materials have demonstrated
remarkable improvements in photovoltaics due to their super-
ior optoelectronic properties, overcoming challenges related to
hysteresis and stability remains an ongoing endeavor.”*

4. The origin of dark current in
MHPPDs

4.1 Understanding dark current in MHPPDs

Typically, photodiodes are operated under reverse bias, so Iq is
also known as reverse saturation current. In the following part,
dark current density (J4) is investigated by considering the
device area in a photodiode. In photodiodes, J4 flow of majority
carriers can be impeded by the interfacial barrier of P-N
junctions. Thus, Jq4 in MHPPDs comprises several components:
diffusion current (Jqirf), influenced by thermodynamics;
generation-recombination current (J,_,), determined by various
recombination processes such as trap-assisted recombination,
Auger recombination, and radiative recombination; and tun-
neling current (trap assisted tunneling, TAT) and leakage
current, influenced by traps present in the absorption layer
and at the interface between the absorber materials or electro-
des and subsequent transport layers, as shown in Fig. 3.
According to the following equation, J4i¢ of a semicon-
ductor-based photodiode is determined by thermodynamics,
such as the carrier density and bandgap of the materials used:

1 /D, 1 [p E
Jaitr = gN Ny [ —1 | =24+ —, |22 &
diff = ¢ (NA\/ oW Mo\ zp>eXp( kBT>

where D, and D, are the diffusion coefficients of holes and
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Fig. 3 The typical components and generation mechanisms of dark
current in MHPPDs.

electrons, respectively. N, and N, represent the donor and
acceptor concentrations on the n side and p side, respectively.
N. and N, denote the effective density of states for electrons in
the conduction band and holes in the valence band, respec-
tively; 7, and 1, are the carrier lifetimes of holes and electrons,
respectively. Jqier in @ photodiode increases with temperature
and decreases as the material quality increases.

The type of contact can influence J4i. In the case of a
Schottky contact, where the depletion region serves as the
barrier layer, Jqifr consists of various components. One of these
components is the thermionic-emission current (J1), which can
be calculated using the Richardson-Dushman equation based
on the thermionic-emission theory. This equation helps deter-
mine the contribution of thermionic emission to the overall

Jaiee™
, a0 [ qV
Jr = AT e kT | ekT — 1

The Richardson constant, denoted by 4, has a value of 120 A
(em > K™ ?) for vacuum. It reflects the relationship between the
temperature, area, and the thermionic-emission current. The
term q¢s represents the barrier height for carrier injection in
the Schottky contact. Any changes in the Schottky barrier height
(ps) affect jp, the main contributor to Jgi in this contact
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https://doi.org/10.1039/d4tc01273a

Published on 08 2024. Downloaded on 14.12.2025 15:38:32.

Review

configuration. On the other hand, in the case of an Ohmic
contact where the depletion region acts as the accumulation
layer, Jgire arises from a combination of carrier thermionic-
emission and diffusion processes. Theoretically, introducing
blocking layers with high enough barriers between materials
and electrodes makes achieving low Jui¢r in the P-N junction
possible.

Another significant source of Jq4 is the generation-
recombination current (J;_.), which arises from both the bulk
depletion region and the interface. According to the Shockley-
Read-Hall (SRH) model, J,_, is determined in the bulk layer:**

qniXq [ 47
Joor = 2‘{ (e2kT—1)

in addition to the factors mentioned earlier, J, . depends on
the intrinsic carrier concentration (r;) and the non-equilibrium
carrier lifetime (z), which is inversely related to the trap
concentration (N). J;_, is directly proportional to both N; and
the depletion region width (Xj). Unlike Jjr, J, . cannot be
suppressed by the Schottky barrier alone. However, by reducing
the concentration of traps in the semiconductor material, J,_,
can be effectively suppressed. This highlights the importance of
minimizing trap concentrations to achieve low Jg.

Aside from charge injection and bulk thermal generation of
charge carriers, tunneling and leakage current processes also
affect /4 in photodiodes. Photodiodes typically consist of multiple
layers, including an absorber and a charge transport layer. Suppose
traps are present in the absorber layer, in that case, trap-assisted
tunneling can occur between the valence and conduction bands of
the absorber materials or between the absorber materials and
subsequent transport layers, increasing Jq.

4.2 Advancements in exploring dark current mechanisms in
MHPPDs

In the context of MHPPDs, investigating the factors that influ-
ence /4 is essential for elucidating its origin. Researchers have
identified that one of the primary origins of J4 in MHPPDs is
the migration of ions through the bulk of the grains via point
defects or extended defects, such as grain boundaries, which
are considered material imperfections specific to MHPPDs. A
study conducted by Jang et al. compared MHPPDs based on Pb
and Sn MHP films. The researchers discovered that vertical
grain boundaries in these materials contribute to increased Jq,
while horizontal grain boundaries have the opposite effect of
reducing J4.>* This disparity can be attributed to smaller grains
in the Sn-based MHPs, resulting in divergent shunt pathways
for J4. (Fig. 4a) Consequently, Yang et al. conducted a study in
which they observed a decrease in the J4 of MHP films contain-
ing potassium salt additives by reducing the crystal grain size of
Sn-based MHPs. This reduction in j; was attributed to the
increased presence of shunting paths.?® Furthermore, the
inherently weaker halide-ion migration in the Sn-based mate-
rial provides an advantage in suppressing Jq. Similarly, Dey
et al. conducted an investigation using scan-rate-dependent
hysteresis analyses, temperature-dependent impedance
spectroscopy measurements, and first-principles calculations
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on mixed Pb-Sn MHPs.*® Their research revealed the crucial
role of Sn vacancies in enhancing the migration barrier of
iodide ions, which occurs due to local structural distortions.
Yin et al. conducted a study highlighting the significant con-
tribution of surface iodine vacancies to J; in polycrystalline
MHPPDs.”” Their experimental findings revealed that the trap
states induced by surface iodine vacancies within the bandgap
can create many generation and recombination centers. Con-
sequently, this leads to a decrease in the minority carrier
lifetime and an increase in the generation-recombination
current density based on the SRH mechanisms under dark
conditions (Fig. 4b). Moreover, Moseley et al. underscored the
significance of considering the presence of defects in MHP
films, which can result in J4 that exhibit time-dependent
drifting over seconds, as they can cause measurement chal-
lenges such as speed and LDR.?® These defects and trap states
can generate a photoconductive gain by extending carrier life-
times beyond transit times or altering interface energetics,
enabling charge injection even under low light intensity in
MHPPDs.

In addition to the presence of structural and compositional
imperfections such as pinholes, trap states, and grain boundary
leakage in MHPs, the contact between the MHPs and the charge
transport layers (CTLs) or electrodes also significantly influ-
ences the experimental j; of MHPPDs. Sutherland et al
observed that MHPPDs and MHP-based solar cells exhibit
differences in their reverse saturation current density.*" Given

that Vo, = nKTg 'In ( + 1|, shunt paths are not

crucial in limiting V,. (open-circuit voltage) until Ry, (shunt
resistance) becomes extremely small. Shunt paths of this mag-
nitude can immensely increase J; under reverse bias. Thus, it is
not always guaranteed that the efforts to optimize solar cell
performance will result in sufficiently low J; for effective
photodetection. They further developed the electron contact
composites (TiO,/Al,0;/PCBM) for MHPPDs to minimize Jq.
Duijnstee et al. discovered that the experimental data
must consider an interface injection barrier to fit the TPC
measurement.> They pointed out that the injection barrier
and ionization of trapped carriers at the interface contribute
to the J4. Moreover, Ollearo et al. demonstrated that the
interfacial energy offset between the electron-blocking layers
and the MHPs significantly determines the magnitude of j4.%°
As the offset increases, it can efficiently suppress the thermal
charge generation at the interface between electron-blocking
layers (EBL) and the MHPs, leading to a significantly lower J4
(Fig. 4c).

4.3 The dark current drift in MHPPDs

The J4’s saturation period under reverse bias conditions com-
monly known as instabilities in the dark reverse saturation
current can lead to measurement inaccuracy in MHPPDs,
especially for direct radiation detection. It is worth mentioning
that other halide-based radiation detectors under the high

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Diagram illustrating the formation of multiple divergent leakage pathways in a Sn-based MHP with a reduced grain size. Reproduced with
permission.?* Copyright 2022, Wiley-VCH. (b) Schematic energy level diagram showing the generation—recombination processes enhanced by surface
trap states under dark conditions. Reproduced with permission.?” Copyright 2023, Wiley-VCH. (c) Schematic representation of the thermal charge
generation mechanism at the EBL-MHP interface. Reproduced with permission.?° Copyright 2021, Nature. (d) Schematic regime of long-term dark
reverse bias current response for MHPPDs. Reproduced with permission.*® Copyright 2022, Wiley-VCH.

reverse bias conditions also face the problem of j drift.*
Recent studies have highlighted two leading causes for the jq
drift in MHP films used in direct radiation detection. Firstly,
the presence of mobile ions within the bulk and