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l Ruddlesden–Popper perovskite
microcrystal photodetectors with high detectivity
for ultra-weak light detection

Yunuan Wang, * Yanping Ma, Jianxiang Liu and Shaopeng Li

Strong light absorption capabilities, excellent semiconductor properties, and enhanced humidity and light

stability have led to the rapid development of two-dimensional (2D) organic–inorganic metal halide

perovskites in the field of light detection. However, so far, the research on weak light detection of 2D

perovskite is insufficient, and its detection limit needs to be further broken. Here, high-quality

(C6H5CH2CH2NH3, PEA)2PbBr4 perovskite single crystals with low defect density are prepared. Lateral

photodetectors based on this perovskite single crystal demonstrate stable photoresponse under ultra-

weak ultraviolet illumination. The very low dark current of 4.75 × 10−11 A provides a low-noise baseline

that is essential for achieving high detectivity under weak light conditions. Even at an optical power

density as low as 2.47 nW cm−2, the device exhibits a responsivity of 19.23 A W−1. The corresponding

gain and specific detectivity reach 58.80 and 1.22 × 1014 Jones, respectively. These results confirm the

suitability of 2D perovskite single crystals for ultra-weak light photodetection.
Introduction

With the continuous development of science and technology,
people have higher and higher requirements for material and
spiritual life and thus have higher demands for photodetectors
that are widely used in medicine,1 biological monitoring,2,3

military,4 and other elds.5–7 Especially, weak light detectors,
although they play a vital role in astronomical observations,8

non-destructive material analysis,9 night vision,10 and other
elds,11 when they detect weak light signals, they are oen
affected by background light, dark noise from photodetectors,
and noise from amplication circuits, which makes it difficult
to detect weak light signals.12 At present, commercialized weak
light detection devices are mainly silicon-based avalanche
photodetectors13 and photomultiplier tubes14 with good
stability and low noise. However, due to limitations in technical
characteristics, the high manufacturing cost of these devices
and the complexity of their manufacturing processes have
greatly hindered their development in the direction of low cost,
functionality, and digitization. In comparison, perovskite
materials have the characteristics of low cost and simple prep-
aration methods.15,16 High-quality perovskite crystals can be
obtained at room temperature.17 Coupled with their long carrier
diffusion length, high carrier mobility, and large optical
absorption coefficient, they are considered to be some of the
candidate materials for weak light detectors.18–20
of Technology (Shandong Academy of
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the Royal Society of Chemistry
Currently, perovskite-based photodetectors have made some
progress in weak light detection. For example, Xing et al.
prepared exible self-powered weak light detectors based on
a three-dimensional (3D) CsPbBr3 lm.21 When the light
intensity is 0.01 mW cm−2, the detectivity (D*) is as high as 8.11
× 1013 Jones. On the other hand, Liu et al. prepared a vertical
structure ultraviolet (UV) photodetector based on 3D CH3NH3-
PbCl3 perovskite lm.22 At a light intensity of 0.6 mW cm−2, the
D* is calculated to be 7.08 × 1011 Jones. Compared with 3D
perovskites, two-dimensional (2D) organic–inorganic hybrid
perovskites have higher humidity stability because of their
larger hydrophobic organic groups such as PEA+

(C6H5C2H4NH3
+) and BA+ (C4H9NH3

+).23,24 This stability makes
them particularly appealing for various applications where
environmental conditions might vary.

Layered 2D organic–inorganic hybrid perovskites, character-
ized by a structure of alternating inorganic framework layers and
various organic cation layers, have signicantly broadened the
system of perovskite materials.25,26 Large organic cations acting as
spacers can cut bulk perovskites into 2D materials, resulting in
unique quantum well structures and optoelectronic properties.27

Its good semiconductor properties and excellent light absorption
propertiesmake it popular in short-wavelength light detection.28,29

Currently, 2D perovskites have also made some promising prog-
ress in UV weak light detection. For example, Li et al. designed
a self-powered photodetector based on the PEA2SnI4 lm/Si
nanowire vertical heterojunction.19 When the light intensity is
4.6 nW cm−2, the on/off ratio of the device is as high as 18.6, and
the responsivity (R) and D* are 42.4 mA W−1 and 8 × 1011 Jones,
respectively. Zhang et al. reported a photodetector based on
RSC Adv., 2026, 16, 13243–13251 | 13243
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View Article Online
centimeter-sized (C3H7NH3, PA)2PbBr4 perovskite single crystal
for 405 nm short wavelength detection.30 When the light intensity
is 20 nW cm−2, D* is 6.08 × 1012 Jones and R is 91.2 mA W−1.
Despite this, research on 2D perovskite photodetectors with weak
light detection capabilities is just in its infancy and remains less
explored compared with the well-established research on 2D
perovskite solar cells. Therefore, photodetectors based on 2D
hybrid perovskite materials still have huge development space in
weak light detection.

Herein, a micron-level high-quality 2D Ruddlesden–Popper
type (PEA)2PbBr4 organic–inorganic hybrid perovskite single
crystal was prepared. A lateral photodetector with a low detec-
tion limit and high sensitivity was manufactured based on this
crystal. At an extremely low light intensity of 2 nW cm−2, the
device still exhibits a signicant photoresponse, beneting
from the high quality of the single crystal and the low dark
current of the photodetector. The low detection limit falls
almost near the minimum value for short-wavelength light
photodetectors based on 2D hybrid perovskites. This work has
the potential to promote the application of 2D organic–inor-
ganic hybrid perovskite materials in high-performance weak
short-wavelength light detection.
Results and discussion

The right panel in Fig. 1a denotes the schematics of the crystal
structure of 2D (PEA)2PbBr4 perovskite (PEA)2PbBr4 perovskite
Fig. 1 (a) The crystal structure of 2D (PEA)2PbBr4 perovskite along w
(PEA)2PbBr4 perovskite single crystal by the anti-solvent vapor-assiste
micrographs of the as-grown (PEA)2PbBr4 perovskite single crystal. (
arrangement of the obtained 2D (PEA)2PbBr4 perovskite.

13244 | RSC Adv., 2026, 16, 13243–13251
is composed of organic layers and inorganic framework layers
alternately stacked in the direction perpendicular to the plane.
The organic layer is composed of organic cationic PEA+, while
the inorganic framework layer is constructed of [PbBr4]

2−

octahedrons connected via common vertices. The le panel in
Fig. 1a sketches the energy band structure of 2D (PEA)2PbBr4
perovskite. Due to the signicant disparity between the band
gap of the [PbBr4]

2− inorganic layer and the highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular orbital
(LUMO) gap of the PEA+ organic layer, a natural type-I quantum
well structure is formed. Here, the organic layer serves as
a barrier, while the inorganic layer acts as a well. This
arrangement results in a pronounced quantum connement
effect within the 2D (PEA)2PbBr4 perovskite.31 In addition, the
dielectric constants of the organic and inorganic layers in
(PEA)2PbBr4 perovskites are 3.32 and 4.8 respectively.32 The
disparity in dielectric constants makes it difficult for the organic
layer to shield the Coulomb interaction between electrons and
holes in the quantum well, thus producing a strong dielectric
connement effect in 2D (PEA)2PbBr4 perovskite.33 Due to the
dual inuences of quantum connement and dielectric
connement effects, the interaction of electron–hole pairs in
the potential well layer of (PEA)2PbBr4 perovskite is enhanced,
therefore, the exciton binding energy of the (PEA)2PbBr4
perovskite with type-I quantum well structure is large and can
usually reach hundreds of millielectron volts (meV).34
ith its energy band structure. (b) Schematic diagram of synthesizing
d method (ASV). (c) and (d) optical and corresponding fluorescence
e) and (f) X-ray diffraction (XRD) pattern and the diffraction plane

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) and (b) Steady-state UV-vis absorption spectra and Tauc plot of as-grown (PEA)2PbBr4 perovskite single crystal. (c) and (d) room
temperature steady-state and time-resolved PL spectra of the (PEA)2PbBr4 single crystal on glasses.
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In this work, high crystalline quality (PEA)2PbBr4 perovskite
single crystals were obtained by an anti-solvent vapor-assisted
method (ASV), as shown in Fig. 1b. Specically, in an environ-
ment with a humidity of 30%, a certain amount of PEABr and
PbBr2 powders were dissolved in the benign solvent N,N-di-
methylformamide (DMF) to obtain a perovskite precursor
solution. Then, drop an appropriate amount of the precursor
solution on the substrate and place it in an atmosphere of anti-
solvent dichloromethane (CH2Cl2) for 12 h to obtain a high-
quality (PEA)2PbBr4 perovskite single crystal. Fig. 1c and
d depict the optical and uorescence microscope images of
a (PEA)2PbBr4 perovskite single crystal. The crystal exhibits
a platelet morphology with a width of ∼350 mm and a length
exceeding 440 mm. According to the measurement results of the
prolometer, it is found that the thickness of the crystal is about
1 mm.

In order to characterize the crystal structure of the (PEA)2-
PbBr4 perovskite single crystal, the XRD measurement is
executed, and its result is displayed in Fig. 1e. It is evident that
only the diffraction peaks of the (00l, l = 8, 10, 12, ., 20) plane
at 21.8, 27.2, 32.8, 38.3, 44.0, 49.7, and 55.6 are observed. The
exclusive presence of out-of-plane (00l) reections indicates that
the crystal is highly oriented with its c-axis perpendicular to the
substrate (Fig. 1f). This preferential orientation is typical for
layered Ruddlesden–Popper (RP) perovskites and is directly
related to their anisotropic charge transport behavior. Similar
correlations between vertical crystallographic alignment and
anisotropic photoconductivity have been reported in solution-
© 2026 The Author(s). Published by the Royal Society of Chemistry
processed 2D lead-halide perovskite lms fabricated by bar
(blade) coating methods.35 In addition, the observed high-order
diffraction peaks indicate that the perovskite obtained based on
method ASV has higher crystalline quality. Using Bragg's Law,
2dsinq = nl, the long cell dimension along the c-axis is calcu-
lated to be 16.3 Å based on the fourth-order diffraction peak (2q
= 21.8) corresponding to the diffraction of the (008) plane.
Therefore, the interlayer spacing of the (PEA)2PbBr4 perovskite
single crystal along the c-axis direction is conrmed to be 16.3 Å,
which aligns with previously reported values in the literature.36

To study the optical properties of as-grown 2D (PEA)2PbBr4
perovskite single crystals, steady-state ultraviolet-visible (UV-
vis) absorption and photoluminescence (PL) spectroscopy
measurements were performed. Among them, the UV-vis
absorption spectrum is depicted in Fig. 2a, showing an
obvious absorption cutoff at 428 nm. Moreover, owing to the
large exciton binding energy in 2D perovskites resulting from
strong quantum and dielectric connement effects, a sharp and
strong absorption peak caused by exciton absorption at the
band edge is displayed at ∼404 nm even at room temperature.
For (PEA)2PbBr4 perovskite, the organic layer PEA+ is trans-
parent in the visible range, so the exciton absorption is gener-
ated by excitons from the inorganic layer [PbBr4]

2−. The optical
band gap (Eg) of (PEA)2PbBr4 perovskite single crystal can be
obtained by the formula (ahv)2 = k (hv − Eg). In the equation,
a represents the optical absorption coefficient of the material, h
and v are Planck constant and the frequency of the incident
photon respectively, and k is a constant.37 Fig. 2b denotes the
RSC Adv., 2026, 16, 13243–13251 | 13245
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variation trend of (ahv)2 with perovskite photon energy hv, Eg of
2.92 eV is obtained by tting. Theoretical calculations reveal
that the Eg of (PEA)2PbBr4 is mainly contributed by Pb (5 s) and
Br (4p) orbitals, which is conducive to the transition of electrons
under illumination.30

Fig. 2c depicts the PL spectrum of as-grown (PEA)2PbBr4
perovskite single crystal under the excitation of 369 nm wave-
length light. A sharp emission peak with a full width at half
maximum (FWHM) of ∼13 nm appears at ∼413 nm, which
corresponds to the exciton absorption peak at ∼404 nm, and
a 9 nm red shi occurs as a result of the Stokes shi due to
exciton–phonon scattering.38 The narrow bandwidth of the PL
spectrum illustrates the high color purity of as-grown perovskite
single crystal, which is a key performance metric in lumines-
cence applications. It is worth noting that the PL spectrum is
not symmetrical and has a tail in the low energy direction. This
phenomenon may be due to the signicant quantum and
dielectric connement effects in the 2D (PEA)2PbBr4 perovskite,
which results in the existence of multiple exciton states, the
coupling of excitons and phonons, and the radiative recombi-
nation of trap states.39,40

To study the carrier recombination dynamics of (PEA)2PbBr4
perovskite single crystals, time-resolved photoluminescence
(TRPL) spectroscopy was performed. The measurement result
shown in Fig. 2d indicates that the TRPL spectrum of as-grown
(PEA)2PbBr4 perovskite single crystal has a biexponential decay
feature. Therefore, by tting it with the formula y = Aexp (–t/s1) +
Bexp (–t/s2),41 the fast component lifetime s1 and the slow
Fig. 3 (a) The structural schematic diagram of the photodetector accomp
level structure of the (PEA)2PbBr4 perovskite combined with the work f
device in the dark and under 405 nm light irradiation with various intensiti
photocurrent and optical power density.

13246 | RSC Adv., 2026, 16, 13243–13251
component lifetime s2 are 10.02 and 42.20 ns respectively.
Different recombination mechanisms on the surface and in the
bulk of (PEA)2PbBr4 perovskite single crystal give rise to this fast
and slow time component.42 The fast component arises from
non-radiative recombination caused by defects, while the slow
component comes from the radiative recombination of
photogenerated carriers.43 Through calculation, an average
uorescence lifetime of 11.95 ns was obtained, which is
signicantly higher than that of the same perovskite poly-
crystalline thin lm (s z 0.62 ns),44 and also higher than the
value of this perovskite single crystal previously reported in the
literature (s1 = 1.23 ns, s2 = 5.31 ns).42 The longer uorescence
lifetime demonstrates an extended carrier lifetime, which
benets from the low trap state density of as-grown (PEA)2PbBr4
single crystal.42 For photodetectors, this key characteristic
promotes the transmission of photogenerated carriers and
reduces dark current, thereby enhancing device performance.30

In addition, for 2D (PEA)2PbBr4 perovskite, carriers are
mainly limited to the 2D plane. The PEA+ organic cations hinder
the transmission of carriers in the c-axis direction. In the ab
crystal plane, the [PbBr4]

2− inorganic framework not only has
good carrier transport properties but also has a high light
absorption coefficient.30 Therefore, a lateral photodetector with
two indium tin oxide (ITO) planar electrodes was constructed,
where the (PEA)2PbBr4 single crystal bridges the pre-patterned
ITO channel to enable in-plane carrier transport. The struc-
tural schematic diagram of the device and the photoresponse
measurement mechanism are depicted in Fig. 3a. In this device
anied by the photoresponsemeasurement mechanism. (b) The energy
unction of two ITO electrodes. (c) The current–voltage curves of the
es. (d) When the bias voltage is 15 V, the functional relationship between

© 2026 The Author(s). Published by the Royal Society of Chemistry
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architecture, the (PEA)2PbBr4 single crystal is placed on top of
the pre-patterned ITO planar electrodes, forming a lateral
conduction channel. Carrier transport therefore mainly occurs
along the in-plane (ab) direction of the crystal rather than across
the electrode–perovskite interface. In this conguration, the
role of ITO is primarily to provide a stable and low-resistance
carrier collection pathway, while the transport behavior and
dark current characteristics are governed by the intrinsic
anisotropic charge transport nature of the 2D RP crystal itself.45

Two ITO electrodes construct a channel with a length of 87
mm and a width of 1 mm. In this work, the width of the single
crystal is smaller than that of the channel and therefore does
not completely cover the channel region. Consequently, the
effective photosensitive area is determined by the overlap
between the single crystal and the channel, which is 87 mm ×

700 mm, corresponding to 6.09 × 10−4 cm2. This effective area
was used in all calculations of responsivity and specic detec-
tivity in this study. Fig. 3b illustrates the energy level structure
of the (PEA)2PbBr4 perovskite single crystal and the work
function of electrode ITO.

The photoresponse characteristics of the photodetector were
obtained by measuring the current–voltage (I–V) curves of the
device in the dark and under 405 nm light irradiation with
different intensities (Fig. 3c). When the light intensity or the
applied voltage is constant, the current increases as the inten-
sity of the incident light or the applied voltage increases. When
there are no light irradiation and the bias voltage is 15 V, the
dark current (Idark) is 4.75 × 10−11 A, indicating a low-noise
baseline of the device. Dark current values reported in the
literature are highly sensitive to bias voltage and device geom-
etry. Representative reports for 2D RP perovskite single-crystal
photodetectors include (PEA)2PbI4 (3.06 × 10−12 A at 5 V),46

(BA)2PbBr4 (∼10−10 A at <1 V),47 and previously reported
(PEA)2PbBr4 single crystals (2.81 × 10−12 A at 10 V).30

The relatively low dark current observed in this device is
closely related to the intrinsic structural characteristics of the
2D RP perovskite. The bulky PEA+ spacer cations form hydro-
phobic and electronically insulating organic layers between the
inorganic slabs, introducing a substantial transport barrier
along the out-of-plane direction.45 Such a layered architecture is
known to strongly restrict interlayer carrier conduction and is
therefore favorable for reducing background leakage current in
photodetectors. This understanding is consistent with previous
studies on layered RP perovskite single crystals, where intrin-
sically low dark current densities have been widely reported due
to limited out-of-plane conductivity. In particular, para-F-
substituted (PEA)2PbX4 single crystals have shown, through
space-charge-limited current (SCLC) analysis, trap densities
several orders of magnitude lower than those of conventional
3D perovskites, which correlates with suppressed dark current
and enhanced device sensitivity.48 This suppression of leakage
current originates from the intrinsic layered crystal structure
rather than from the electrode material, since the lateral ITO
conguration does not introduce additional carrier injection
pathways along the out-of-plane direction. In addition, the
electronically insulating organic spacer layers impose an addi-
tional transport barrier that suppresses trap-assisted tunneling
© 2026 The Author(s). Published by the Royal Society of Chemistry
and thermally activated carrier generation under dark condi-
tions. Similar design strategies employing functional organic
groups to block parasitic conduction pathways have also been
demonstrated in perovskite optoelectronic nanodevices, high-
lighting the broader applicability of this structural principle for
achieving low-noise photodetection.49

It is worth noting that the measured dark I–V curve exhibits
a offset around zero bias and does not strictly pass through the
origin. This behavior is attributed to the slight asymmetry of the
practical lateral metal–semiconductor–metal device congura-
tion. The (PEA)2PbBr4 microcrystal does not fully cover the ITO
channel, and the two electrode–crystal contacts are therefore
not perfectly identical. Such contact asymmetry can introduce
a built-in potential and lead to near-zero-bias offsets in the I–V
characteristics.50 In addition, metal halide perovskites are
mixed ionic–electronic conductors, and the redistribution of
mobile ions under an external electric eld may give rise to
scan-direction-dependent hysteresis and a remanent internal
eld, which further contributes to the observed offset.51,52

Therefore, the sign of the current close to zero bias reects the
measurement convention and bias history and does not affect
the evaluation of device sensitivity when absolute current values
and net photocurrent are considered. All I–V curves were
recorded using a voltage sweep from positive to negative bias at
a xed scan rate.

The relatively low dark current provides a reliable foundation
for high-performance photodetection. With a xed bias voltage,
when the light intensity is 210.26 mW cm−2, the current (Ilight:
current under illumination) rises to 2.55 × 10−10 A, corre-
sponding to an on/off ratio dened as j Ilight j/j Idark j of 5.4.
Importantly, even at an ultra-low light intensity of 2.47 nW
cm−2, the device still exhibits a distinguishable photocurrent
with an on/off ratio of 1.61. This behavior demonstrates that the
photodetector can respond to light at the nW cm−2 level. Such
sensitivity primarily originates from the intrinsically sup-
pressed dark current and the anisotropic charge-transport
characteristics of the 2D (PEA)2PbBr4 crystal structure.

To further demonstrate the capability and advantages of the
device in weak-light detection, the photocurrent Iph (Iph= Ilight –
Idark) is presented as a function of optical power density P, as
shown in Fig. 3d. They follow the formula Iph–P

k, where the
empirical value k is determined by the response of Iph to P.53 The
larger the k value, the more sensitive the photocurrent is to light
intensity, and the steeper the corresponding Iph – P curve. In
practical applications, the k value should be equal to or close to
1. By tting, a k of 0.37 is obtained, which is much less than 1. It
is related to the processes of electron–hole generation, recom-
bination, and trapping in (PEA)2PbBr4 perovskite single
crystal.54,55 It is worth noting that when the optical power
density is very small, the tting curve is very steep, and as the
light intensity increases, the growth rate of the photocurrent
becomes slower, proving that the as-fabricated device is more
sensitive to weak light, suggesting that it has great potential in
weak light detection.

In addition, responsivity (R), photoconductive gain (G) and
specic detectivity (D*), as important parameters of the photo-
detector, can also be used to evaluate the device's ability to
RSC Adv., 2026, 16, 13243–13251 | 13247
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detect weak light.53,56 The relationship between the incident
light power and the device output signal is represented by R,
which is dened as follows: R = Iph/(PS). Here, S is the effective
area of the photodetector. G is the ratio of the number of
majority carriers collected by the electrodes to the number of
photons absorbed by the device per unit time. Therefore, G is
expressed by the formula G = Iphhv/(eP), e signals the elemen-
tary charge. In addition, G can also be expressed as the ratio of
the lifetime of the excess minority carriers (s) to the transfer
time of the majority carriers (st) from one electrode to another
(G = s/st). The specic detectivity D*, which is usually used to
evaluate the response ability of photodetectors to weak light

signals, is expressed as follows: D* ¼ Iph
ffiffiffi

S
p

=ðP ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2eldark
p Þ.

Fig. 4a sketches the responsivity and gain of as-fabricated
photodetector as a function of optical power density at a xed
bias voltage of 15 V. It is obvious that both R and G decrease as
the incident optical power density increases. Therefore, the
smaller the light intensity, the greater the values of R and G.
When the optical power density is 2.47 nW cm−2, R and G reach
the maximum values of 19.23 A W−1 and 58.80. The G value far
exceeds 1, indicating that in (PEA)2PbBr4 perovskite single
crystal, the lifetime of photogenerated electrons is much longer
than the time of hole transfer. Specically, when the incident
light intensity is not zero, an incident photon is absorbed by the
photosensitive material (PEA)2PbBr4 perovskite, generating an
electron–hole pair. Since the lifetime of photogenerated elec-
trons is very long compared to the time it takes for holes to
Fig. 4 (a) At a fixed voltage of 15 V, the responsivity R and gainG of as-fab
At a fixed incident optical power density of nW cm−2, the changes in the
and (d) when the incident light intensity or bias voltage is constant, the sp

13248 | RSC Adv., 2026, 16, 13243–13251
transfer from one electrode to another, when an external voltage
is present, aer the photogenerated holes reach the cathode,
another hole will be injected from the anode to the (PEA)2PbBr4
perovskite material to ensure electrical neutrality. Holes dri
from the anode to the cathode until the photogenerated elec-
tron recombines with the last excess hole, so G is greater than 1.
What's more, G decreases as the light intensity increases as
a result of trap saturation. In detail, as the light intensity
increases, the defect states in the (PEA)2PbBr4 perovskite are
gradually lled, causing the number of free carriers inside the
perovskite material to gradually increase. The increased
number of free carriers increases the probability of electron–
hole recombination, so when the light intensity increases, the
gain G decreases. Under a xed light intensity of 2.47 nW cm−2,
the changes of R and G with bias voltage are shown in Fig. 4b. As
the voltage continues to increase, both R and G increase.
Therefore, when the voltage is 20 V, R and G reach the
maximum of 36.54 A/W and 111.71.

Fig. 4c and d respectively reveal the variation pattern of the
specic detectivity D* with voltage and light intensity under the
premise that the light intensity or voltage remains unchanged.
Like R and G, within a certain range, D* also increases with the
increase of voltage and decreases with the increase of light
intensity. When the incident light power density is 2.47 nW
cm−2 and the voltage is 15 V, its value is as high as 1.22 × 1014

Jones (cm Hz1/2 W−1). It is not only signicantly higher than the
value of 7.08 × 1011 Jones for 3D CH3NH3PbCl3 perovskite lm
ricated photodetector under different incident light power densities. (b)
optical response and gain of the device to the applied bias voltage. (c)
ecific detectivity D* as a function of voltage or incident light intensity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Optical switching behavior of the photodetector based on as-grown (PEA)2PbBr4 perovskite single crystal under 405 nm light irra-
diation at a voltage of 15 V. (b) The rise and decay characteristics of as-fabricated device.
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photodetectors but also far exceeds the value of 6.02 × 1012 and
1.55 × 1013 Jones for devices based on the same perovskite
single crystal with the same structure.22,30,42

Response time, which is related to the extraction of
photogenerated carriers, is also a key parameter to evaluate the
performance of photodetectors. Response time is mainly
related to the extraction of light-generated carriers. The rise
time (tr) corresponds to the time required for the photocurrent
to increase from 10% to 90% of its maximum value, while the
decay time (tf) represents the time for the photocurrent to
decrease from 90% to 10%.57 Fig. 5a denotes the time-resolved
photoresponse of the as-fabricated photodetector under 10 V
bias and 405 nm light irradiation, where the light pulse interval
is set to 5 s. Five cycles of optical switching testing showed
almost no change in the photocurrent of the device, proving
that the photodetector has good stability and repeatability. The
rise and decay characteristics of the device are shown in Fig. 5b
with rise and decay times of 138.3 and 138.2 ms. The relatively
long channel of the device results in a longer response time, but
they are still within the common response time range for lateral
photodetection based on perovskite single crystals.5 It is worth
emphasizing that the decay time of the as-fabricated device is
not greater than the rise time, and there is no rising trend of
current within 5 measurement cycles, which is since the as-
grown perovskite single crystal has better crystal quality and
less defect state density. It is precisely because of these that the
as-fabricated device shows great advantages and good applica-
tion potential in weak-light detection.

To further evaluate the environmental stability of the device,
the as-fabricated photodetector was stored under ambient
conditions with a relative humidity of approximately 60% for 8
days and then re-measured under identical testing conditions.
Table 1 Comparison of the key device parameters before and after
aging under 60% relative humidity for 8 days, measured at a fixed bias
of 15 V and an incident light intensity of 2.47 nW cm−2

Aging time R (A W−1) D* (Jones) G

0 day 19.23 1.22 × 1014 58.80
8 days 19.81 7.76 × 1013 61.86

© 2026 The Author(s). Published by the Royal Society of Chemistry
The detailed aging results are provided in Fig. S1–S4 in the SI. As
shown in Fig. S1, at a bias voltage of 15 V, the dark current
increases from 4.75 × 10−11 A to 1.24 × 10−10 A aer aging.
Fig. S2–S4 present the variations of photocurrent, responsivity,
gain and specic detectivity with light intensity aer aging. The
key device parameters before and aer aging at an incident light
intensity of 2.47 nW cm−2 and a bias voltage of 15 V are
summarized in Table 1. It can be observed that the responsivity
(R) and gain (G) remain almost unchanged aer aging, while the
specic detectivity (D*) shows a decrease. This reduction ismainly
associated with the increase in dark current under humid
conditions. Such behavior can be mainly attributed to moisture-
assisted ionic migration, which induces weak self-doping effects
and introduces additional background carriers in the perovskite
single crystal.58 Importantly, the nearly unchanged R and G indi-
cate that the photogenerated carrier transport and collection
processes in the (PEA)2PbBr4 single crystal are not signicantly
affected. These results demonstrate that the device maintains
stable photoresponse capability under moderate humidity.

Conclusions

In summary, we used the anti-solvent vapor-assisted method to
prepare 2D (PEA)2PbBr4 perovskite single crystal with high
crystal quality and low defect state density. The crystal size is
more than hundreds of microns. Lateral photodetectors fabri-
cated from these single crystals demonstrate reliable photo-
response under ultra-weak light illumination at the nanowatt-
per-square-centimeter level. The device shows a low dark
current of 4.75× 10−11 A, together with a responsivity of 19.23 A
W−1, a specic detectivity of 1.22 × 1014 Jones, and a gain of
58.8. These results highlight the suitability of 2D RP perovskite
single crystals for ultra-weak light detection and provide useful
insight into the role of intrinsic layered structure in suppressing
background leakage current.

Experimental
Device fabrication

The specic steps of the antisolvent evaporation-assisted
method to obtain high crystalline quality 2D (PEA)2PbBr4
RSC Adv., 2026, 16, 13243–13251 | 13249

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09159d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

6/
20

26
 2

:1
7:

10
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
perovskite single crystals have been given in previous reports.56

Optical and uorescence microscope images were recorded
through the L3230 optical microscope. The XRD measurement
was performed via a Bruker D8 X-ray diffractometer with Cu Ka
radiation (l = 1.54 Å). The UV-vis absorption spectrum and PL
spectrum of as-grown 2D (PEA)2PbBr4 perovskite single crystal
were measured by a spectrophotometer (UV-3101 PC, Shi-
madzu) and a Horiba Fluorolog system spectrometer respec-
tively. Among them, the excitation wavelength used in PL
measurement is 369 nm. The current–voltage curve and time-
resolved photoresponse of the photodetector were measured
using Keithley 2450 source meter with 405 nm incident light.
The square light pulse signal used in the time-resolved photo-
response measurement is generated by driving the LED through
WF1946B multifunction synthesizer.
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