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ABSTRACT: Metal halide perovskites have outperformed con-
ventional inorganic semiconductors in direct X-ray detection due
to their ease of synthesis and intriguing photoelectric properties.
However, the operational instability caused by severe ion migration
under a high external electric field is still a big concern for the
practical application of perovskite detectors. Here, we report a 2D
(BPEA)2PbI4 (BPEA = R-1-(4-bromophenyl)ethylammonium)
perovskite with Br-substituted aromatic spacer capable of
introducing abundant interactions, e.g., the molecular electrostatic
forces between Br atoms and aromatic rings and halogen bonds of
Br−I, in the interlayer space, which effectively suppresses ion
migration and thus enables superior operational stability.
Constructing direct X-ray detectors based on high-quality single
crystals of (BPEA)2PbI4 results in a high sensitivity of 1,003 μC Gy−1 cm−2, a low detection limit of 366 nGy s−1, and an ultralow
baseline drift of 3.48 × 10−8 nA cm−1 s−1 V−1 at 80 V bias. More strikingly, it also exhibits exceptional operational stability under
high flux, long-time X-ray irradiation, and large working voltage. This work shows an integration of multiple interlayer interactions to
stabilize perovskite X-ray detectors, providing new insights into the future design of perovskite optoelectronic devices toward
practical application.
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■ INTRODUCTION
X-rays with strong penetrating capability have been widely
applied to many essential fields, such as medical imaging,
security screening, and nondestructive product tests.1−4 As a
key component of X-ray detectors, X-ray sensitive materials
directly determine device performance, thus driving ongoing
explorations on high-performance X-ray detection materi-
als.5−11 In recent years, benefiting from the solution-processed
synthesis, exceptional photoelectric properties, and strong X-
ray attenuation, lead halide perovskites (LHPs) have achieved
significant advances in X-ray detection.12−21 In 2015, 3D
MAPbI3 (MA = methylamine) was first used for direct X-ray
detection, obtaining a sensitivity (S) of 25 μC Gy−1 cm−2,
which arouses explosive research on LHP-based X-ray
detectors.12 To date, an ultrahigh sensitivity of 2.2 × 108 μC
Gy−1 cm−2 and an extremely low detection limit (LoD) of 0.1
nGy s−1 have been achieved in MAPbI3-based direct X-ray
detectors,19,20 far surpassing conventional X-ray detection
semiconductors such as Si, HgI2, and α-Se. Despite these great
achievements, the severe ion migration (e.g., halogen ions) in
3D LHPs under high working voltages, causing large dark
current and current noise as well as serious baseline drift
(about 10−3 nA cm−1 s−1 V−1), are still severely limiting their

detection performance and operational stability improve-
ment.10,21,22

In contrast, 2D LHPs with alternating inorganic perovskite
slabs and organic spacer layers structure naturally provide
resistive organic barriers to inhibit ion migration, reduce dark
current, and improve structural stability, therefore giving them
great potential for fabricating operationally stable optoelec-
tronic devices, including stable X-ray detectors.23−26 For
example, a small dark current drift (Idrift) of 7.76 × 10−6 nA
cm−1 s−1 V−1 has been achieved in a direct X-ray detector
based on 2D (2IPA)2(FA)Pb2I7 (2IPA = 2-iodopropylammo-
nium, FA = formamidine) perovskite single crystal (SC), which
is about 1000 folds lower than its 3D counterparts, exhibiting
superior operational stability.27 More recently, to further
improve the operating stability of 2D LHP devices, some
researchers have focused on strengthening interlayer inter-
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actions among adjacent inorganic perovskite sheets, and
remarkable success has been achieved.28−34 Ren and co-
workers constructed a novel 2D Ruddlesden−Popper (RP)
phase perovskite, (2-(methylthio)ethylamine)2(MA)4Pb5I16,
that successfully creates strong sulfur−sulfur interactions in
the organic bilayers, thus allowing for the fabrication of a
highly stable and efficient solar cell.28 Fu et al. found that
establishing strong and homogeneous halogen bonds (I−I
bonds) between organic spacer layers and inorganic perovskite
slabs in (1-(4-iodophenyl)ethanamine)2PbI4 can effectively
block halogen ion migration routes.29 Benefiting from such a
blocking effect, a very stable red perovskite light-emitting diode
with an operational half-life of ∼540 min is successfully
constructed. Inspired by these exciting results, we plan to
strengthen the interlayer interactions in 2D LHPs by purposely
designing their spacers, reducing ion migration under large
external electric fields, and finally realizing stable X-ray
detection.
In this work, we present an ultrastable direct X-ray detector

based on a 2D RP-type perovskite (BPEA)2PbI4 (BPEA = R-1-
(4-bromophenyl)ethylammonium) with a Br-substituted ar-
omatic spacer. The elaborately introduced Br atoms not only
form abundant molecular electrostatic interactions with
adjacent benzene rings (Br···π) but also interact with I
atoms in the perovskite skeleton to form strong halogen bonds
(Br−I), which synergistically blocks paths for ion migration,
thus enabling high operational stability. High-quality SCs of
(BPEA)2PbI4 were grown via a facile solution process, which
exhibits a high bulk resistivity of 1.46 × 1011 Ω cm, a large
mobility-lifetime product (μτ) of 3.26 × 10−4 cm2 V−1, and
excellent photoresponse under visible light illumination.
Combining the efficient X-ray absorption, outstanding
optoelectronic performance, and most importantly, strong

interlayer interactions in (BPEA)2PbI4, a highly stable
perovskite X-ray detector is successfully fabricated, possessing
a high sensitivity of 1,003 μC Gy−1 cm−2, a low LoD of 366
nGy s−1, as well as an extremely small Idrift of 3.48 × 10−8 nA
cm−1 s−1 V−1. More intriguingly, the superior operational
stability of this detector is also realized even under long-time,
high-flux X-ray irradiation and a large working voltage.

■ RESULTS AND DISCUSSION

Crystal Growth and Micromorphology

Bulk SCs of (BPEA)2PbI4 with an orange color and a size up to
2.5 × 2.5 × 0.4 mm3 were grown from a hot hydroiodic acid
solution containing stoichiometric starting chemicals via a
gradual temperature-cooling process (Figure 1a). Their phase
purity is verified by the powder X-ray diffraction (PXRD)
patterns, as shown in Figure 1b, in which the diffraction peaks
match well with those in the simulated PXRD pattern (CCDC
2095537).35 The XRD scan of a (BPEA)2PbI4 SC surface
shows intense and sharp diffraction peaks of the (00l)
crystallographic planes (l = 2, 4, 6, 8, 10, 12, and 14),
revealing its well-oriented growth and good crystallinity
(Figure 1b). Figure S1 presents the PXRD patterns of
(BPEA)2PbI4 fresh and after exposure to air for 90 days,
which show no phase change, indicating its excellent
environmental stability. The thermogravimetric (TG) curve
plotted in Figure S2 shows that (BPEA)2PbI4 has good thermal
stability, with a high decomposition temperature of up to 252
°C in a N2 atmosphere. Figure 1c presents the scanning
electron microscope (SEM) images of the (001) plane of a
(BPEA)2PbI4 SC, which appears to be very smooth and free of
defects. The SEM image of the (100) plane displays
periodically spaced layers (Figure 1d), suggesting the strong

Figure 1. Crystal structure and micromorphology. (a) Photograph of a bulk SC of (BPEA)2PbI4. (b) PXRD patterns of (BPEA)2PbI4 powders and
SC. (c,d) SEM images of (001) and (100) crystallographic planes of (BPEA)2PbI4 SC, respectively. (e−j) SEM image of a selected area in
(BPEA)2PbI4 SC and corresponding elemental mappings. (k) Crystal structure of (BPEA)2PbI4 viewed along the a-axis. H atoms have been
omitted for the sake of clarity.
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parallel growth habit of (BPEA)2PbI4, which agrees with the
previous observation for 2D layered LHPs. The X-ray energy
dispersive spectroscopy (EDS) mappings of a selected SC are
demonstrated in Figure 1e−j, demonstrating that Pb, I, Br, C,
and N elements are uniformly distributed within the crystal. To
further evaluate the quality of the (BPEA)2PbI4 SC, the space-
charge-limited current (SCLC) method was adopted to
measure its trap density (ntrap). As shown in Figure S3, the
Ohmic region (n = 1) and the trap filling limited (TFL) region
(n > 3) are observed in the logarithmic current−voltage (I−V)
curve. From which, the ntrap value is determined to be 2.08 ×
109 cm−3, which is lower than some similar 2D hybrid
perovskite SCs, e.g., (PEA)2PbI4 (PEA = phenethylamine, 3.71
× 1010 cm−3) and (4-F-PEA)2PbI4 (4-F-PEA = 4-fluorophe-
nethylammonium, 6.24 × 109 cm−3),30,32 suggesting its high
crystal quality. Figure 1k depicts the crystal structure of
(BPEA)2PbI4, adopting a pure 2D RP motif. The [PbI6]4−

octahedra are corner-connected to form monolayered
inorganic slabs, which further alternate with the bilayered
organic spacers of BPEA.

Interlayer Interactions
To gain deeper insights into the effect of this halogen-
substituted aromatic spacer, we further analyze molecular
interactions in the interlayer space of the (BPEA)2PbI4
structure. As shown in Figure S4, these organic BPEA cations
are firmly anchored to inorganic slabs by strong N−H···I
hydrogen bonds. Normally, in the organic bilayers of 2D RP-
type perovskites, there only exists relatively weak van der Waals
forces, however, in this compound with Br-substituted
aromatic cations, it is expected to form additional molecular
electrostatic forces due to the short distance between Br atoms
and the adjacent benzene rings (e.g., 3.6 Å), as shown in Figure
2a.32,33,36 Indeed, as displayed in the Hirschfeld surface
analysis (Figures 2b−e and S5),37 strong molecular electro-
static interactions between electron-deficient Br atoms and
electron-rich benzene rings (Br···π) are observed, which
strengthen the link among organic spacers. Such a strong
interaction between halogen atoms and neighboring benzene
rings (e.g., F···π) has also been reported in a similar compound
(4-F-PEA)2PbI4.

32 Moreover, the shortest distance between Br
atoms on organic cations and I atoms in inorganic [PbI4]2−
sheet is measured to be 3.7 Å (Figure 2a), which is smaller

Figure 2. Molecular interactions. (a) Distances for Br atoms to adjacent I atoms and neighbor benzene rings, respectively, in (BPEA)2PbI4
structure. H atoms are omitted for clarity. (b) Hirshfeld surface of BPEA cation and (c−f) corresponding 2D fingerprint mappings for all Br···H,
Br···C, and Br···I contacts in the asymmetric unit of (BPEA)2PbI4. The red spots on Hirshfeld surface in (b) represent the distance between two
atoms less than the sum of van der Waals radii, indicating shorter contact. (g) TG curves of (MBA)2PbI4 and (BPEA)2PbI4, respectively. (h)
Temperature-dependent conductivity of (BPEA)2PbI4 and (MBA)2PbI4 SCs measured at an electric field of 300 V mm−1.
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than the sum of two atomic radii for interacting (e.g., rBr + rI =
3.8 Å),29 thus allowing the formation of Br−I halogen bonds
(Figure 2b, f). It should be noted that not all 2D hybrid
perovskites with halogen-substituted spacers can form halogen
bonds between the halogen atoms on organic ligands and the
halogen atoms in an inorganic framework because their
distance often is greater than the sum of van der Waals radii
(Table S1). Thus, introducing proper halogenated organic
ligands is crucial. Both the halogen···π interactions and halogen
bonds have been solidly proven to be beneficial to blocking ion
migration paths and thus stabilizing crystal structure in 2D
halide perovskites, which further contributes to improving
operational stability of their optoelectronic devices, for
instance, perovskite LEDs.29,33,38 This is also supported by
the enhanced thermal stability of (BPEA)2PbI4 compared to a
highly similar compound of (MBA)2PbI4 (MBA = methyl-
benzylammonium) just without Br substitution on organic
spacers (Figures 2g and S6).32 To further understand the effect
of these interlayer interactions on suppressing ion migration,
the activation energy (Ea) for ion migration of (BPEA)2PbI4
and (MBA)2PbI4 SCs was calculated from its temperature-
dependent conductivity curve according to the Nernst−
Einstein equation,39,40

T
T

E
k T

( ) exp0 a

B
= i

k
jjj y

{
zzz

i
k
jjjjj

y
{
zzzzz (1)

where σ is the conductivity at a given temperature T, σ0 is a
constant, and kB is the Boltzmann’s constant (8.617 × 10−5 eV
K−1). By fitting the correlation between ln(σT) and 1000/T
(Figure 2h), it is clear that there exists a transition from
electronic to ionic conductivity in both compounds when the
temperature increases. The fitting result shows that Ea (1.12
eV) for (BPEA)2PbI4 is larger than that of (MBA)2PbI4 (Ea =
0.96 eV), which can be ascribed to the contribution of Br
atoms on organic cations. Moreover, this activation energy of
(BPEA)2PbI4 is also much higher than those of 3D LHP SCs,
i.e., MAPbI3 (276 K, Ea = 0.624 eV),

40 and many 2D hybrid
perovskites, such as (4-F-PEA)2PbI4 (331 K, Ea = 0.87 eV),

33

(1,4-butanediammonium)PbI4 (375 K, Ea = 0.88 eV),
39 and

(NH4)3Bi2I9 (350 K, Ea = 0.91 eV),
9 which suggests that strong

interlayer interactions are beneficial to increasing the energy
barrier for ion migration, eventually inhibiting ion migration.
In this context, we think that the abundant interlayer forces
(e.g, Br···π and Br−I interactions) in (BPEA)2PbI4 induced by
halogen-substituted aromatic ligands are expected to realize
direct X-ray detection with improved operational stability.
Semiconducting Characteristics
The absorption spectrum of (BPEA)2PbI4 powders is recorded
on an ultraviolet−visible-near-infrared spectrometer to esti-
mate its optical band gap (Eg). As plotted in Figure 3a,
(BPEA)2PbI4 presents an absorption cutoff at around 546 nm,
from which its Eg is derived to be 2.31 eV according to the
Tauc’s plot.41 This value is in good agreement with the
previously reported result (2.34 eV).35 Figure S7 presents the
bulk resistivity (ρ) of a (BPEA)2PbI4 SC along the inorganic
plane. It is measured to be 1.46 × 1011 Ω cm, comparable to
the values of some reported 2D perovskite SCs, e.g.,
(PEA)2PbI4 (1.07 × 1011 Ω cm),30 (o-F-PEA)2PbI4 (4.8 ×
1011 Ω cm, o-F-PEA = orth-fluorophenethylammine),30 and
(4AEPy)PbI4 (2.86 × 1011 Ω cm, 4AEPy = 4-(2-aminoethyl)-
pyridine)34 but is about 1,000 times higher than those of 3D

LHP SCs (107−108 Ω cm).42 Such a large bulk resistivity is
advantageous for minimizing dark current and noise current,
thereby contributing to achieving high-performance X-ray
detection.8

The photoelectric performance of (BPEA)2PbI4 SC under
visible light illumination is evaluated by adopting a two-
terminal planar device structure, Ag/(BPEA)2PbI4 SC/Ag (the
inset of Figures 3b and S8). Figures 3b and S9 plot the I−V
traces of the SC device in dark and under 405 nm laser
illumination, which shows perfect symmetric and linear
correlations, suggesting a good Ohmic contact with a low
contact resistance between SC and Ag electrodes is
formed.27,43 Notably, a low dark current (Id) of 4.91 pA at
10 V bias is obtained, which reveals the low intrinsic carrier
concentration and high quality of the (BPEA)2PbI4 SCs. Under
405 nm laser illumination, the photocurrent (Iph) rises sharply
with increased light power density, which can be ascribed to
the increased carrier concentration induced by the photo-
electric effect. Specifically, Iph can reach 7.35 nA at a 10 V bias
under a light power density of 111.43 mW cm−2. Such a quite
low Id coupled with a high Iph thus generates a light on/off
ratio of 1.50 × 103, suggesting the excellent optoelectronic
performance of (BPEA)2PbI4 SCs. The current−time (I−t)
curves upon light on/off switching are presented in Figure S10,
which shows stable and repeatable photoresponse, further
confirming the reliable optoelectronic performance of the
(BPEA)2PbI4 SC device. To further assess the detection
performance of (BPEA)2PbI4 SC device, the responsivity (R)
and detectivity (D*) are introduced, which can be calculated
by,44

R I I PA( )/( )ph d= (2)

D R eI A/(2 / )d
1/2* = (3)

Figure 3. Semiconducting properties. (a) UV-vis absorption spectrum
of (BPEA)2PbI4 powder, showing a cutoff at 546 nm. The inset is
derived optical band gap (2.31 eV). (b) I−V traces of (BPEA)2PbI4
SC device in the dark and under 405 nm illumination. The inset is the
corresponding device structure. (c) R and D* values of (BPEA)2PbI4
device under 405 nm light illumination at 10 V bias. (d) Noise current
spectrum measured from 10 to 1000 Hz at 10 V bias. (e) LDR of
(BPEA)2PbI4 detector with incident light intensity ranging from 1.58
× 10−3 to 400 mW cm−2 at 10 V.
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in which P is the light power density, A is the effective
illumination area, and e is the unit charge. As shown in Figure
3c, R and D* gradually decrease with increasing light power
density, and the maximum values are estimated to be 3.06 mA
W−1 and 1.22 × 1011 Jones under 158 nW cm−2 illumination at
10 V bias, respectively. They are comparable to previously
reported results.35 Due to the noise current being an important
figure of merit of photodetectors, the dark noise current (in) of
(BPEA)2PbI4 SC device under a 10 V bias is also measured
(Figure 3d), in which the in value at 50 Hz is determined to be
1.73 × 10−12 A Hz−1/2. Then, the D* can also be estimated
according to D* = R(Af)1/2/in, where f is the bandwidth.45

Figure S11 shows the comparison of D* calculated from the
dark current and the noise current. The maximum D* value
based on the noise current is determined to be 7.74 × 108
Jones at 158 nW cm−2, which is more than 2 orders of
magnitude lower than that calculated from the dark current.
To figure out the linear dynamic range (LDR) of this device,
the correlation between the photocurrent and the light power

densities from around 1.58 × 10−3 to 400 mW cm−2 is given in
Figure 3e, yielding a large LDR of 108 dB according to LDR =
20 log(Pmax/Pmin), where Pmax (Pmin) is the maximum
(minimum) light power density in the linear range.46

X-ray Detection

Considering the outstanding optoelectronic performance of
(BPEA)2PbI4, we further fabricated it into SC devices for
detecting X-rays. To exploit the better carrier transport along
the in-plane direction of 2D perovskite and effectively collect
carriers induced by X-rays within the crystal, a two-terminal
bulk device structure (Ag/(BPEA)2PbI4 SC/Ag) by depositing
Ag electrodes on two sides of the crystal along the b-axis was
adopted (Figure S12). First, the absorption coefficients over a
broad photon energy (1−1000 keV) for (BPEA)2PbI4 and
some representative X-ray detection materials, such as Si, α-Se,
and MAPbI3, are calculated based on NIST’s photon cross-
section database.47 As plotted in Figure 4a, the linear
absorption coefficient of (BPEA)2PbI4 is significantly higher
than that of Si and approaches that of MAPbI3, revealing its

Figure 4. X-ray detection performance. (a) Absorption coefficients of (BPEA)2PbI4, Si, α-Se, and MAPbI3 as a function of photon energies. (b)
Voltage-dependent photocurrent of (BPEA)2PbI4 SC under X-ray irradiation along the inorganic layer, deriving a μτ value of 1.13 × 10−4 cm2 V−1.
The inset shows the schematic device. (c) I−t curves of the (BPEA)2PbI4 device under X-ray irradiation with increased dose rate at an 80 V bias
voltage. (d) X-ray-induced current density as a function of dose rate at various bias voltages (e.g., 5, 10, 20, 30, 50, and 80 V). Fitting their slopes
gives the sensitivity of the (BPEA)2PbI4 detector. (e) SNR versus X-ray dose rate at 80 V bias for the SC detector, from which derives the detection
limit at 366 nGy s−1. (f) Dark current shift of the (BPEA)2PbI4 detector at 80 V bias. (g) Device operational stability under continuous X-ray
irradiation of a high dose rate of 167.9 μGy s−1 and a large bias voltage of 80 V. (h) X-ray-induced current density versus dose rate of (BPEA)2PbI4
device at fresh and after exposure to ambient air for 90 days, showing exceptional environmental stability.
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good X-ray attenuation across the entire energy range. The
attenuation efficiencies of these materials as a function of
thickness for 50 keV (the maximum energy of our X-ray
source) X-ray photons are given in Figure S13. It is clear that
(BPEA)2PbI4 has a higher attenuation efficiency than that of
conventional Si and α-Se. At a thickness of 1 mm, the
(BPEA)2PbI4 SC can absorb 89% of the incident X-ray
photons, which is comparable to that of the MAPbI3 SC
(98%). Such a strong attenuation can ensure the adequate
absorption of X-rays even at a relatively thin SC thickness. The
charge collection plays another vital role in direct X-ray
detection, which can be assessed by the μτ product. A high μτ
value is preferred for fabricating high-performance X-ray
detectors. Here, the μτ value is derived by fitting the
voltage-dependent photocurrent of (BPEA)2PbI4 SC under
X-ray irradiation according to the Hecht equation,3,17
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where I is the photocurrent, I0 is the saturated photocurrent, V
is the bias voltage, and L represents the electrode spacing. As
given in Figure 4b, the μτ value for (BPEA)2PbI4 SC along the
in-plane direction is 3.26 × 10−4 cm2 V−1, comparable to some
reported 2D monolayered LHP SCs, like (PEA)2PbI4 (1.07 ×
10−4 cm2 V−1),30 (4-F-PEA)2PbI4 (5.1 × 10−4 cm2 V−1),32 and
(4AEPy)PbI4 (3.57 × 10−4 cm2 V−1),34 but is much higher
than that of commercial α-Se film (about 10−7 cm2 V−1).3

Figure S14 shows the value of the out-of-plane direction in 2D
perovskite SC (1.03 × 10−4 cm2 V−1), which is about 3 times
lower than that of the in-plane direction, evidencing its inferior
carrier transport. Owing to such integration of efficient X-ray
absorption, high μτ product along the in-plane direction,
strong interlayer interaction, low dark current, excellent
optoelectronic performance, and good environmental stability
in (BPEA)2PbI4, we believe that it is a highly promising
candidate for high-performance X-ray detectors.
Figure S15 shows the I−V traces of the (BPEA)2PbI4 SC

detector in the dark and under X-ray irradiation with various
dose rates, which first demonstrates its effective X-ray response
performance. A high sensitivity and low LoD are two key
parameters for a practical X-ray detector. The sensitivity of a
photoconductive X-ray detector is defined as the collected
charge density per unit of radiation exposure, which can be
calculated using the following formula,8

S J J D( )/ph d= (5)

in which Jd and Jph are current densities in the dark and under
X-ray irradiation, respectively, and D is the X-ray dose rate. To
evaluate the sensitivity of our detector, J−t curves under
different bias voltages (e.g., 5, 10, 20, 30, 50, and 80 V) and
various X-ray dose rates are measured, as shown in Figures 4c
and S16. Notably, a highly stable baseline is obtained in this
device even at a large working voltage of 80 V, which is
different from the serious baseline drift in 3D LHPs, revealing
excellent working stability. By gradually increasing X-ray dose
rate, Jph shows a remarkable growth under all bias voltages,
indicating the outstanding X-ray photoresponse of
(BPEA)2PbI4. Specifically, a large photocurrent density of
72.67 nA cm−2 under 62.18 μGy s−1 and 80 V bias is obtained,
which is much higher than that at 5 V bias under a same dose
rate (6.46 nA cm−2), due to the more efficient charge
collection under large external electric field.8,13 By linearly

fitting the correlation between the X-ray-generated current
density (Jph − Jd) and dose rate, the sensitivities at different
bias voltages are obtained (Figure 4d). As presented in Figure
S17, the sensitivity gradually increases with the increasing bias
voltage, reaching a maximum of 1003 μC Gy‑1 cm−2 at 80 V
bias. This value is comparable to many reported X-ray
detectors based on 2D LHP SCs, such as (4-F-PEA)2PbI4
(3402 μC Gy−1 cm−2 @ 200 V),32 (PEA)2PbI4 (848 μC Gy−1

cm−2 @ 1250 V mm−1),30 and (2IPA)2(FA)Pb2I7 (438 μC
Gy−1 cm−2 @ 10 V),27 but it is more than 50 times higher than
that of the commercial α-Se film detector operated under an
ultrahigh electric field of 10,000 V mm−1 (20 μC Gy−1

cm−2),14 as listed in Table S2. Such a high sensitivity evidence
of the high X-ray detection performance of (BPEA)2PbI4.
Furthermore, the LoD is determined by calculating the signal-
to-noise ratio (SNR).8,9 According to the definition provided
by the International Union of Pure and Applied Chemistry, the
dose rate with an SNR = 3 is the LoD of an X-ray detector.8

SNRs under various X-ray dose rates at 80 V bias are displayed
in Figure 4e. It shows that a high SNR of about 10 is obtained
at a low dose rate of 4.35 μGy s−1. Further fitting the
relationship between SNR and dose rate, a LoD of 366 nGy s−1
is estimated. Such a low LoD is about 15 folds lower than that
required for regular medical imaging (5.5 μGy s−1).9,14 Hence,
it is beneficial to reduce the radiation risk.
The device stability is another key performance indicator for

X-ray detectors. To quantify this performance, the Idrift is
introduced, which can be computed by the following
formula,6,48

I I I E A t( )/( )tdrift initial= × × (6)

where Iinitial and It are dark currents at initial and time t,
respectively, A is the device area, and E is the electric field. As
presented in Figure 4f, an extremely small Idrift of 3.48 × 10−8

nA cm−1 s−1 V−1 is obtained under 80 V bias voltage, which
not only 5 orders of magnitude lower than that in 3D LHP
detectors (about 10−3 nA cm−1 s−1 V−1) but also outperforms
those stable 2D LHP X-ray detectors reported recently, such as
(PEA)PbBr4 (6.2 × 10−6 nA cm−1 s−1 V−1),10 (PEA)2PbI4 (1.9
× 10−7 nA cm−1 s−1 V−1),10 (DGA)PbI4 (DGA =
dimethybiguanide, 5.97 × 10−7 nA cm−1 s−1 V−1),31 and (4-
F-PEA)2PbI4 (4.9 × 10−8 nA cm−1 s−1 V−1),32 as listed in
Table S2, highlighting its exceptional operating stability. Such a
low Idrift can be ascribed to the effectively suppressed ion
migration resulting from the strong interlayer interactions (e.g.,
Br···π and Br−I bonds) in (BPEA)2PbI4. Furtherly, the
operational stability of this device has also been assessed by
exposing it to continuous, long-time X-ray irradiation of high
dose rate (167.9 μGy s−1) at a large working voltage of 80 V.
Notably, a highly stable and repeatable baseline and photo-
current is observed (Figure 4g), which reveals the great
promise of (BPEA)2PbI4 SC detector for practical application.
Moreover, after exposure to ambient air (RH 45% and 25 °C)
for 90 days, there is no significant degradation in photo-
response to X-rays (Figure 4h), thus highlighting the excellent
environmental stability of the (BPEA)2PbI4 SC device. Such
excellent environmental stability is comparable with other 2D
perovskite with halogenated aromatic ligands, like (4-F-
PEA)2PbI4,

32 which can be ascribed to the stabilization effect
of multiple interlayer interactions on 2D perovskite phases.
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■ CONCLUSIONS
In summary, we report an ultrastable X-ray detector-based 2D
(BPEA)2PbI4 realized by exploiting its strong interlayer
interactions to block ion migration paths. The Br-substituted
aromatic spacers not only form strong molecular interactions
through Br atoms and neighboring benzene rings (Br···π) but
also anchor to inorganic perovskite sheets via strong halogen
bonds (Br−I), therefore allowing the ion migration to be
suppressed and further enabling highly stable X-ray detectors.
Finally, solution-grown high-quality single crystals of
(BPEA)2PbI4 were fabricated into direct X-ray detectors,
possessing a high sensitivity of 1003 μC Gy−1 cm−2 as well as a
low baseline drift of 3.48 × 10−8 nA cm−1 s−1 V−1 at a high 80
V bias. Impressively, this detector also shows exceptional
device stability when working under continuous X-ray
irradiation and large external electric field as well as exposure
to ambient air. This study demonstrates that strengthening
interlayer interactions is an effective strategy for stabilizing 2D
perovskite X-ray detectors, which sheds light on improving the
device stability of perovskite optoelectronics.

■ METHODS

Synthesis and Crystal Growth
To synthesize (BPEA)2PbI4, 1 mmol (379 mg) of lead acetate
trihydrate (Pb(Ac)2·3H2O, 99.5%) was dissolved in the mixture of 15
mL of hydriodic acid solution (HI, 48 wt % in water) and 0.2 mL of
hypophosphorous acid (H3PO2, 50 wt % in water) under continuous
heating and stirring. Then, 1 mmol (200 mg) of (R)-(+)-1-(4-
bromophenyl)ethylamine (BPEA, 98%) was added into the solution
dropwise. After a transparent yellow solution was obtained, we
stopped heating and stirring and let it cool to room temperature, and
finally, yellow microcrystals of (BPEA)2PbI4 were precipitated.
Microcrystals of (MBA)2PbI4 were synthesized by dissolving 1
mmol Pb(Ac)2·3H2O (379 mg), 1 mmol (R)-(+)-α- methylbenzyl-
amine (MBA, 121 mg, 99%) in the mixed solution of HI (10 mL) and
H3PO2 (0.2 mL). Under continuous heating and stirring, a clear
yellow solution was obtained. Then, the heating and stirring were
stopped, and the solution was cooled to room temperature. At last,
orange needle-like microcrystals were obtained. Bulk single crystals of
(BPEA)2PbI4 and (MBA)2PbI4 were grown from their saturated
solutions, respectively, through a slow temperature cooling process (1
°C per day).
Characterizations
X-ray diffraction patterns were measured on a Miniflex 600 X-ray
diffractometer (Rigaku) with Cu Kα radiation. The surface micro-
morphology and corresponding elemental distribution mappings of
single crystals were acquired using a field emission electron
microscope (JSM6700-F, JEOL) attached to an energy-dispersive X-
ray spectroscope (X-MaxN, Oxford Instrument). The absorption
spectrum was recorded on a UV−vis-NIR spectrometer (Lambda 950,
PerkinElmer). Thermogravimetric curves were measured on a STA F4
Jupiter simultaneous thermal analyzer (Netzsch) in a N2 atmosphere
from room temperature to 700 °C with a heating speed of 10 °C
min−1. The temperature-dependent conductivities of single crystals
were derived from their resistance−temperature curves, which were
measured using a high-precision electrometer (6517B, Keithley) by
placing samples on a heating−cooling stage (THMS600, Linkam).
Device Fabrication and X-ray Detection
A two-terminal Ag/(BPEA)2PbI4 SC/Ag device structure with Ag
deposited on two sides of a single crystal was applied (Figure S12). As
one of the typical samples, the size of a single crystal was about 1 × 1
× 0.4 mm3, the electrode geometry was rectangular with an area of
0.004 cm2 and the electrode spacing was about 1 mm. The X-ray
irradiation was applied on the top of the single-crystal device. I−t
curves of the (BPEA)2PbI4 single crystal detector under X-ray

irradiation were also measured using a Keithley 6517B high-precision
electrometer. A commercial X-ray tube (Mini-X2, Amptek) with an
Ag target (maximum power: 4W, maximum X-ray photon energy: 50
keV, characteristic X-ray photon energy: 22 keV) was used as the X-
ray source. The dose rate was measured by the Accu-Gold X-ray
dosimeter (Radcal) with a 10 × 6-180 model ion chamber.
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