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ABSTRACT: Direct X-ray detectors that convert X-rays to electrical charges have
broad applications in medicine and security screening. Common semiconductors like
silicon and selenium for direct X-ray detectors have limitations in performance,
versatility, and cost-effectiveness. Among new materials under investigation, metal
halide perovskites demonstrate great potential for X-ray detectors; however, they are
limited by low stability and toxicity. Here, we report, for the first time, a stable and
eco-friendly zero-dimensional (0D) organic metal halide hybrid (OMHH), (TPA-
P)2ZnBr4, for efficient X-ray detectors. With molecular sensitization, wherein metal
halides (ZnBr4

2−) act as X-ray absorbers and organic semiconducting components
(TPA-P+, 4-(4-(diphenylamino)phenyl)-1-propylpyridin-1-ium) as charge transport-
ers, 0D (TPA-P)2ZnBr4 detectors exhibit an impressive sensitivity of 2,292 μC Gyair

−1

cm−2 at 20 V and a low detection limit of 37.5 nGyair s−1. The exceptional stability of
0D (TPA-P)2ZnBr4 facilitates remarkably stable direct X-ray detection and shows the
tremendous potential of rationally designed 0D OMHHs as new-generation radiation detection materials.

Since the groundbreaking discovery of X-rays by Wilhelm
C. Röntgen in 1895,1 our world has continued to benefit
from it in numerous aspects, from healthcare to security,

scientific research, and industrial processes. Thanks to X-ray
detectors developed over the years, X-ray imaging has been
utilized for medical diagnostics like radiography and CT scans,
homeland security screening, and many other applications.2−6

To date, most commercially available direct X-ray detectors
being used to convert X-rays into electrical signals are
constructed with inorganic semiconductors, such as amor-
phous silicon and selenium.7,8 However, direct X-ray detectors
based on pure inorganic semiconductors have many disadvan-
tages, including cost, bulkiness, temperature sensitivity,
radiation damage, and energy dependency.9 Because of these
limitations, semiconductor detectors are still behind other
sensing technologies for wide adoption in the market. In recent
years, researchers have explored new types of materials for
direct X-ray detectors, for instance, metal halide perovskites
and perovskite-related hybrid materials.3,10−15 Stoumpos et al.
reported direct radiation detectors based on CsPbBr3 in
2013,10 which exhibited a high linear attenuation coefficient of
about 1 μm−1 at a photon energy range of 1−1000 keV and a
large carrier mobility lifetime product of 1.7 × 10−3 cm2 V−1,
significantly higher than that of α-Se (∼10−7 cm2 V−1).16 Pan

et al. also demonstrated X-ray detectors based on lead-free
double-perovskite Cs2AgBiBr6,17 which exhibited high resistiv-
ities ranging from 109−1011 Ω cm, a large carrier mobility
lifetime product of 6.3 × 10−3 cm2·V−1, and a low limit of
detection of around 59.7 nGyair s−1. Despite many high figure-
of-merits of perovskite-based detectors, metal halide perov-
skites with a 3D structure at the molecular level possess high
charge carrier concentrations and exhibit high dark current due
to unintentional self-doping effects.18−24 Moreover, they often
suffer from low stability, especially when exposed to moisture
with water molecules that easily penetrate the crystal structure
to weaken bonding interactions between metal halide
polyhedral and small organic cations. This leads to free ionic
migration and fast degradation.25−27 To address both high dark
current and stability issues, researchers have looked into lower
dimensional materials with suppressed self-doping effects and
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reduced carrier concentrations, including 2-dimensional (2D),
1D, and 0D organic metal halide hybrids (OMHHs), where
the steric effects introduced by bulky organic cations could
minimize ion migration and increase the defect formation
energy.20,23,28−30

0D OMHHs, containing metal halide anions fully isolated
and surrounded by organic cations, have recently emerged as a
new class of functional materials with a wide range of
applications, such as down-conversion emitters and X-ray
scintillators.31−35 The site isolation of metal halides by organic
cations in 0D OMHHs grants them significantly greater
stability when compared to 3D metal halide perovskites. This
characteristic also endows them with substantial potential to
achieve minimal current drift by effectively suppressing ionic
migration.15 Liu et al. reported the use of 0D (MA)3Bi2I9 for
X-ray detectors, which exhibited a low dark current of around 8
pA (electric field ∼10 V mm−1).15 You et al. reported a self-
driven X-ray detector based on chiral 0D (R/S-PPA)2BiI5,
showing a low dark current density (∼80 pA cm−2 at zero
bias).36 Although excellent photocurrent stability with low dark
currents has been achieved in these 0D OMHHs-based X-ray
detectors,15,36 the low conductivity of 0D OMHHs due to the
insulating nature of organic cations used in these materials
leads to low sensitivity. To facilitate the use of 0D OMHHs in
direct X-ray detectors, it is crucial to tackle the low electrical
conductivity characteristic of existing OMHHs containing
insulating organic cations. This could be achieved by
developing 0D OMHHs that contain semiconducting organic
cations.

Here, we report, for the first time, the use of a single
crystalline 0D OMHH containing semiconducting organic
cations, 0D (TPA-P)2ZnBr4, for the fabrication of high-
performance direct X-ray detectors, where TPA-P+ represents
4-(4-(diphenylamino)phenyl)-1-propylpyridin-1-ium with a

bandgap of 2.25 eV. By integrating wide bandgap ZnBr4
2−

anions with bulky semiconducting TPA-P+ cations, we
achieved a 0D (TPA-P)2ZnBr4 with highly efficient molecular
sensitization, where electrons can be ionized in the
ZnBr4

2−anions upon X-ray irradiation and transferred to
semiconducting TPA-P+ organic cations for charge conduction.
Subsequently, 0D (TPA-P)2ZnBr4-based direct X-ray detectors
are fabricated to exhibit an impressive sensitivity of 2,292 μC
Gyair

−1 cm−2 at 20 V bias with a low detection limit of 37.5
nGyair s−1. Electronic characterizations have revealed a low trap
density of 2.86 × 109 cm−3 and a high mobility lifetime
product of 5.67 × 10−4 cm2 V−1 at 20 V for 0D (TPA-
P)2ZnBr4 single crystals. The high resistivity of 5.05 × 1010 Ω
cm of 0D (TPA-P)2ZnBr4 is crucial in realizing a very low and
stable average dark current of around 13.4 pA under 24 h of
operation.

In 2023, our group reported the application of 0D (TPA-
P)2ZnBr4 for high-performance X-ray scintillation, where metal
halides ZnBr4

2− act as sensitizers with high X-ray absorption
and aggregation-induced emission (AIE) organic cations TPA-
P+ act as efficient light emitters with a short decay lifetime of
3.52 ns.33 Considering the semiconducting nature of TPA-P+

with a bandgap of 2.25 eV, we believe that 0D (TPA-P)2ZnBr4
could also be used to fabricate direct X-ray detectors. Figure
1A shows the concept of molecular sensitization of 0D (TPA-
P)2ZnBr4 for direct X-ray detectors, where ZnBr4

2− serves as
the main X-ray absorber and TPA-P+ as the charge transporter.
In other words, instead of reading visible light output from
TPA-P+ in 0D (TPA-P)2ZnBr4-based X-ray scintillators, direct
detection of electrical signals can be achieved in 0D (TPA-
P)2ZnBr4-based direct X-ray detectors. Indeed, the molecular
sensitization approach offers tremendous potential in enhanc-
ing the performance of direct X-ray detectors. First, it enables
high X-ray detection sensitivity by using metal halides with

Figure 1. Material design concept, growth, and characterization of 0D (TPA-P)2ZnBr4 single crystals. (a) Schematic diagram of the
molecular sensitization of 0D (TPA-P)2ZnBr4, where ZnBr4

2− acts as X-ray absorbers and interconnecting TPA-P+ serves as the charge
transporters. (b) Schematic illustration of the slow room temperature evaporation of a precursor solution of 2:1 molar ratio of TPA-PBr and
ZnBr2 to grow large crystals of 0D (TPA-P)2ZnBr4 (Created with BioRender.com). (c) Top and side views of a 0D (TPA-P)2ZnBr4 single
crystal. (d) Powder X-ray diffraction patterns of 0D (TPA-P)2ZnBr4 showing well-matched peaks with simulation results.
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strong X-ray absorption to sensitize lightweight semiconduct-
ing organic molecules. Unlike previous blended systems that
combine high atomic weight metal nanoparticles with organic
polymers, often hampered by issues of film uniformity and
poor air stability,37,38 molecular sensitization in 0D OMHHs
relies on single crystals with highly ordered molecular
structures. These crystalline structures provide improved
uniformity, air stability, and more efficient energy transfer
processes,33 resulting in superior X-ray detection performance.
Additionally, incorporating molecular sensitization into 0D
OMHHs opens up opportunities for molecular design and
engineering. By selecting organic molecules with excellent
charge carrier mobilities, the electrical conductivity and
sensitivity of X-ray detectors can be further enhanced.

To obtain large single crystals of 0D (TPA-P)2ZnBr4 for the
fabrication of direct X-ray detectors, we have slightly changed
the crystal growth method from the previously used antisolvent
diffusion growth to a slower room temperature evaporation
method, as shown in Figure 1B. More specifically, a precursor
solution was prepared by dissolving TPA-PBr and ZnBr2 in
dimethylformamide (DMF) at a 2:1 mol ratio, respectively,
which was filtered and placed in a large vial and gently left
open at room temperature to achieve gradual evaporation of
the solvent (Figure S1). 0D (TPA-P)2ZnBr4 single crystals
started to appear after 48 h and hexagonal-shaped single
crystals with size dimensions of up to 7 mm × 3 mm × 2 mm
(Figure 1C) could be prepared with excellent surface
smoothness after around 1 week. The structure and
composition of large size 0D (TPA-P)2ZnBr4 single crystals
were confirmed to be the same as those of smaller single

crystals previously prepared using the antisolvent diffusion
growth method,33 with SCXRD data shown in Table S1. The
powder X-ray diffraction (PXRD) patterns of powder samples
obtained from large-size single crystals match perfectly with the
simulated ones from single-crystal XRD, suggesting the high
purity of the large single crystals. The thermal stability test,
conducted using thermogravimetric analysis (TGA) (Figure
S2), indicates that the material remains stable and does not
decompose until approximately 300 °C.

The basic optical and electronic properties of large-size 0D
(TPA-P)2ZnBr4 single crystals have been characterized. Figure
2A shows the absorption spectrum of 0D (TPA-P)2ZnBr4
single crystals with an absorption edge cutoff at around 567
nm, from which the optical bandgap is estimated to be around
2.19 eV. TPA-PBr shows a similar bandgap of around 2.25 eV
as determined by cyclic voltammetry (Figure S3 and Table S2)
and UV−vis absorption spectroscopy (Figure S4). The slightly
decreased bandgap of 0D (TPA-P)2ZnBr4 as compared to
TPA-PBr is likely due to the enhanced molecular packing of
TPA-P+ cations in 0D (TPA-P)2ZnBr4 single crystals.33 The
resistivity of 0D (TPA-P)2ZnBr4 single crystals with a thickness
of 1.2 mm in the dark was determined to be around 5.05 ×
1010 Ω cm using a simple vertical two-terminal measurement as
shown in Figure 2B (see the experimental details in the
methods section of the Supporting Information), which is
three orders of magnitude higher than those of typical 3D
MAPbX3 (X = Cl, Br, I) perovskites single crystals,19 and
similar to those of recently reported 0D MA3Bi2I9 (3.75 × 1010

Ω cm) and 0D (R/S-PPA)2BiI5 (2.96 × 1010 Ω cm).15,36

Figure 2. Photophysical and electronic characterizations of 0D (TPA-P)2ZnBr4. (a) Ultraviolet-visible solid-state absorptance spectrum of
0D (TPA-P)2ZnBr4 with an estimated bandgap of 2.19 eV shown in the inset. (b) I−V plot showing the dark resistivity of a 1.2 mm thick 0D
(TPA-P)2ZnBr4 crystal in a vertical device shown in the inset. (c) Dark I−V curve fitting under the space charge-limited current (SCLC)
model. (d) Bias-dependent photoconductivity of a 0D (TPA-P)2ZnBr4-based detector under continuous X-ray irradiation.
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We have further determined the trap density ntrap of 0D
(TPA-P)2ZnBr4 single crystal using the space charge-limited
current (SCLC) method at a bias of 20 V. After fitting the dark
I−V under the SCLC model as shown in Figure2C, two
distinct regimes corresponding to I ∝ Vn were identified, where
n = 1 and n > 2 are ascribed to Ohmic and Trap-Filling
Limited (TFL) regimes, respectively. The trap density ntrap was
then calculated by using eq 1

=n
V

eL
2

trap
TFL 0

2 (1)

where VTFL is the trap-fill voltage marking the transition from
the Ohmic regime to the TFL regime of the I−V plot (1.82 V),
ε0 is the vacuum permittivity (8.854 × 10−12 F m−1), ε is the
permittivity obtained from the Capacitance vs Frequency data
plot in Figure S5, e is the elementary charge of 1.602 × 10−19

C, and L is the thickness of the sample (1.2 mm).39,40 The
obtained ntrap value of 2.86 × 109 cm−3 is much lower than
those of 2D and 3D halide perovskites, and comparable to
those of 0D OMHHs.13,40,41 To evaluate the potential of 0D
(TPA-P)2ZnBr4 single crystals for direct X-ray detection, we
have determined the carrier mobility lifetime product μτ,
which is an important parameter characterizing the carrier
collection efficiency. Under continuous X-ray irradiation of
121.7 μGyair s−1, the voltage-dependent photoconductivity of
0D (TPA-P)2ZnBr4 single crystal, μτ was estimated to be 5.67
× 10−4 cm2·V−1 (Figure 2D) according to the Modified Hecht
eq 242
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2

(2)

where L represents the thickness of the sample between two
electrodes, and I0 represents the saturated photocurrent
reached under voltage bias V. It is found that the μτ of 0D
(TPA-P)2ZnBr4 is three orders of magnitude higher than that
of α-Se (10−7 cm2 V−1) and is comparable to 0D Cs3Bi2I9
(7.97 × 10−4 cm2 V−1).16,40 All the electrical characterization
results of 0D (TPA-P)2ZnBr4 single crystals, i.e. a low trap
density of 2.86 × 109 cm−3 and a high carrier mobility lifetime
product of 5.67 × 10−4 cm2 V−1, confirm the effectiveness of
our molecular design of 0D OMHHs containing bulky
semiconducting organic cations for direct X-ray detectors.

The theoretical X-ray absorption coefficient of 0D (TPA-
P)2ZnBr4 within a range of practical photon energies from 10
to 1000 keV was calculated using a photon cross-section
database, as shown in Figure 3A.43 It is found that 0D (TPA-
P)2ZnBr4 with a density of 1.54 g cm−3 has a slightly lower
absorption coefficient than those of α-Se (4.25 g cm−3) and 0D
bismuth halide hybrids, such as MA3Bi2I9 (4.11 g cm−3) and
(R/S-PPA)2BiI5 (2.51 g cm−3).15,16,36,44 Figure 3B shows the
attenuation efficiency versus thickness plots for 0D (TPA-
P)2ZnBr4 and several known X-ray detection materials. A
thickness of around 1.1 mm is needed for 0D (TPA-P)2ZnBr4
single crystals to achieve near-unity attenuation at 10.3 keV
energy, which is not surprising considering the relatively low Z
compositions of 0D (TPA-P)2ZnBr4 as compared to those of
other materials. On the other hand, our material can be

Figure 3. The X-ray detection performance of 0D (TPA-P)2ZnBr4 device. (a) Calculated X-ray absorption coefficients versus photon energy
for 0D (TPA-P)2ZnBr4 compared to α-Se, Si, and a few reported 0D OMHHs. (b) X-ray attenuation efficiency of the different detectors
under 10.3 keV X-ray energy versus required detector thickness. (c) Dark current versus time plots compared for both 3D CsPbBr3 and 0D
(TPA-P)2ZnBr4 detectors with insets of both devices. (d) I−V plot showing X-ray detection results of 0D (TPA-P)2ZnBr4 at 20 V from dark
to X-ray dose rate of 121.7 μGyair s−1.
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upscaled to the volume needed for the desired attenuation at a
low cost.

Direct X-ray detectors based on 0D (TPA-P)2ZnBr4 were
fabricated using a vertical photoconductor architecture with
single crystals of around 1.1 mm thick sandwiched between a
pair of silver electrodes, as shown in the inset of Figure 3C. We
have compared the performance of devices based on 0D (TPA-
P)2ZnBr4 single crystals to a control device based on a 3D
CsPbBr3 single crystal. As shown in Figure 3C, devices based
on 0D (TPA-P)2ZnBr4 possess an average dark current of
around 13 pA under 5 V bias, which is significantly lower than
that of CsPbBr3-based devices averaged at 14 μA when driven
at the same bias. Moreover, the dark current of devices based
on 0D (TPA-P)2ZnBr4 remains largely unchanged during
continuous operation for over 24 h.45 In contrast, the devices
based on 3D CsPbBr3 single crystals undergo significant
drifting, where the dark current increases by almost 100 times
after 24 h of voltage stress in the dark. This dark baseline
drifting is likely attributed to the voltage-induced ion
migrations in 3D perovskites, where mobile ions can create
conducting channels through the surface with increased dark
currents.25,46 In OMHHs with reduced dimensionalities, the
steric hindrance of large organic cations has been shown to
suppress defect formation with an ultralow self-doping,
resulting in a significantly suppressed ion migration and dark
current, which is highly desired for radiation detectors.19,20,23

We have further characterized the X-ray detection perform-
ance of devices based on 0D (TPA-P)2ZnBr4 with an electrode
area of 0.8 × 0.8 mm2 at various radiation dose rates and

biases. Figure 3D shows the device’s current-voltage character-
istics, which are measured under different X-ray dose rates with
bias sweeping from −20 to 20 V (see Figure S6a and Figure
S6b for smaller voltage ranges). It is clearly shown that the
measured device current rises upon the increase of X-ray dose
rate throughout the whole operation voltages. For instance, at
20 V, the current changes from 0.19 nA in the dark to 0.65 nA
at the X-ray dose rate of 3.1 μGyair s−1, more than 200%
enhancement, which reached 2.47 nA at the X-ray dose rate of
121.7 μGyair s−1. The X-ray detection sensitivity of the device
was evaluated at different operation voltages (5, 10, and 20 V).
As shown in Figure 4A, the sensitivity was extracted from the
plots of current density vs X-ray dose rate at different voltages
by using eq 3

=S
J J

D

( )X ray dark

(3)

where S represents the sensitivity, JX−ray and Jdark represent the
photocurrent and dark current densities, respectively, and D is
the dose rate of X-ray. A sensitivity of 681 μC Gyair

−1 cm−2 is
achieved for the device at 5 V, which increases to 1,352 μC
Gyair

−1 cm−2 at 10 V and 2,292 μC Gyair
−1 cm−2 at 20 V

(Figure 4B). These values of X-ray detection sensitivity are
indeed higher than that of commercially available detectors
based on amorphous selenium (∼22 μC Gyair

−1 cm−2).16 Next,
the limit of detection (LOD), one of the essential character-
istics of radiation detectors for medical diagnostics and
imaging applications,17,28 was determined for the device by

Figure 4. Extended X-ray detection performance and long-term operational stability test of 0D (TPA-P)2ZnBr4 device. (a) X-ray current
density as a function of dose rate under different applied bias voltages. (b) X-ray sensitivity of 0D (TPA-P)2ZnBr4 detector as a function of
varying bias voltages. (c) The signal-to-noise ratio (SNR) of 0D (TPA-P)2ZnBr4 detector was obtained by measuring the X-ray current
signals and the standard deviation of the respective X-ray currents measured at various dose rates. The detection limit of 37.5 nGyair s−1 at 20
V corresponds to the signal at an SNR of 3.36. (d) 580 complete on-off cycles response of our detector performed under an X-ray dose of
178.7 μGyair s−1 at 20 V (on time: 20 s, off time: 20 s).
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taking multiple measurements within the region of low X-ray
dose rates from 16 nGyair s−1 to 60 nGyair s−1 at 20 V (an
electric field of 16.7 V·mm−1). According to the International
Union of Pure and Applied Chemistry (IUPAC), the LOD is
defined as the dose rate at a signal-to-noise ratio (SNR) of
around 3, and for our device, the LOD is estimated to be 37.5
nGyair s−1, with an SNR value of 3.36, as shown in Figure 4C.
This LOD value is about 150 times lower than the X-ray dose
rate of 5.5 μGyair s−1 required for standard medical
diagnostics.11 Note that the detection limit measurement was
conducted with a current meter without additional signal filters
in the circuit. With a more delicate electrical circuit design to
filter out high-frequency noises, one would expect a better
SNR and, thus, even lower LOD.

Finally, we investigated the operational stability of the 0D
OMHH devices. We first stressed our detector under
continuous X-ray irradiation with a dose rate of 178.7 μGyair
s−1 and at 20 V driving voltage for 24 h in ambient air with a
relative humidity of around 35%. The time evolution of the X-
ray-induced current is shown in Figure S7. It can be seen that
the X-ray response of the device remains largely unchanged
even after being exposed to an accumulative total dosage of 15,
440 mGyair of X-ray. Next, we cycled our detector by turning
the X-ray beam on and off periodically with a 20 s interval and
monitored the X-ray-induced current from the detector. The
X-ray dosage was kept at 178.7 μGyair s−1 dose rate. As shown
in Figure 4D, the device exhibits little-to-no drift in X-ray
response after more than 580 continuous cycles. We further
evaluated the long-term stability of the detector. Figure S8a
shows that the device maintained stable and linear X-ray
detection sensitivity at 20 V even 6 months after initial testing.
At the same time, Figure S8b confirms there was almost no
change in sensitivity upon retesting after 6 months. These
findings underscore the superior stability of the device and
highlight the potential of 0D OMHHs for practical radiological
applications, where long-term stability is essential.

In summary, we report a new semiconducting 0D organic
metal halide hybrid (TPA-P)2ZnBr4 for the fabrication of high-
performance direct X-ray detectors, which exhibit a detection
sensitivity of 2,292 μC Gyair

−1 cm−2 at 20 V with a low
detection limit of 37.5 nGyair s−1. The direct X-ray detection
using 0D (TPA-P)2ZnBr4 involves efficient molecular sensiti-
zation, where large bandgap metal halide species ZnBr4

2− act as
X-ray absorber and organic semiconducting cations TPA-P+ as
charge transporter. The direct X-ray detectors have also shown
superior long-term operational stability while being tested
under a high dosage of accumulated X-ray irradiation at 20 V.
The combination of low-cost facile preparation of the material,
high detection sensitivity, low detection limit, and superior
stability make direct X-ray detectors based on 0D organic
metal halide hybrids highly promising for many practical
applications, ranging from medical diagnostics to imaging,
therapy, security, and scientific elucidations. This work again
shows the exceptional structural tunability and rich function-
alities of 0D organic metal halide hybrids with potential
applications across a wide range of areas.
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