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Abstract: Zero-dimensional (0D) organic metal halide hybrids (OMHHs) are emerging materials with significant potential
for optoelectronic applications, including direct X-ray detectors. While 0D OMHH single crystals exhibit excellent X-
ray detection properties, their scalability remains a significant challenge due to the time-intensive growth process and
difficulty in producing large single crystals exceeding a few centimeters. This limitation hinders their practicality for
large-area detector applications. Here, we report for the first time the development of amorphous 0D OMHH films via
solution processing for efficient direct X-ray detection. By reacting a non-crystalline organic halide, triphenyl(9-phenyl-9H-
carbazol-3-yl)phosphonium bromide (TPPCarzBr), with zinc bromide (ZnBr2), we have successfully produced amorphous
0D (TPPCarz)2ZnBr4 films with controlled thickness via facile solution processing. The organic cations (TPPCarz+) feature
a lower bandgap than the ZnBr42− anions, enabling efficient molecular sensitization, where ZnBr42− anions serve as X-
ray absorbers and TPPCarz+ cations as charge transporters. Direct X-ray detectors based on 0D (TPPCarz)2ZnBr4 films
demonstrate outstanding performance, achieving a stable X-ray detection sensitivity of 2,165 µCGyair−1cm−2 at 20 V mm−1

and a detection limit of 6.01 nGyair s−1. The amorphous nature of these films enhances their processability, allowing for
fabrication in various sizes and shapes, and making them highly adaptable for scalable detector applications.

Introduction

Direct X-ray detectors are devices based on semiconductors
that convert X-ray photons directly into electrical charges.[1]

Upon processing these charges into quantifiable electronic
signals, direct X-ray detectors find various applications in
photon-counting computed tomography (PCCT) for disease
detection, radiography, real-time dosimetry for radiotherapy,
and radiation quality assurance, as well as in industrial
and security screening.[2–5] Si, α-Se, and Cd(Zn)Te are the
most commonly used semiconductors in modern direct X-ray
detectors.[4] While these inorganic semiconductors afford X-
ray detectors with decent performance, numerous issues and
challenges still need to be addressed to make them more
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affordable and improve their performance. Costly production
involving energy-consuming high-temperature processing and
a lack of structural flexibility are two major drawbacks
of conventional inorganic semiconductors.[1,6–10] To address
these issues, researchers have been working on new types
of semiconductors that offer low-cost preparation and high
flexibility.[11] One approach involves blending high-Z X-ray
absorbers, such as inorganic nanoparticles (e.g., Bi2O3) and
metal halide perovskites, with polymers to form large, flexible
films. However, this approach has proved ineffective due to
the non-uniformity of such blended films, evidenced by cracks
and traps, resulting in poor detector performance.[12–16]

To achieve large-size films with excellent uniformity for
high-performance X-ray detectors, it is essential to develop
material systems that combine high X-ray absorbers, such as
metal oxides and halides, with organic materials in singular
orientations, free from phase segregation. Zero-dimensional
(0D) organic metal halide hybrids (OMHHs), which incor-
porate high X-ray-absorbing metal halides and semicon-
ducting organic cations through ionic bonding, emerge as
highly promising candidates for this purpose. In 2024, we
reported efficient direct X-ray detectors based on single
crystalline 0D OMHH (TPA-P)2ZnBr4 (TPA-P+ = 4-(4-
(diphenylamino)phenyl)-1-propylpyridin-1-ium) with molec-
ular sensitization, in which metal halide species (ZnBr42−)
act as X-ray absorbers and organic semiconducting cations
(TPA-P+) as charge transporters.[17] Molecular sensitization
in 0D OMHHs provides unique molecular design and engi-
neering opportunities, creating avenues to rationally select
organic species with desired intrinsic properties like electrical
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conductivity and flexibility. However, the scalability of 0D
OMHH single crystals is highly limited due to the time-
intensive nature of the crystal growth and the challenge of
producing large crystals exceeding a few centimeters. We
have successfully expanded this class of hybrid materials
from solution-grown single crystals to amorphous films by
employing non-crystalline organic cations, thereby addressing
this limitation.[18] By using (triphenyl(9-phenyl-9H-carbazol-
3-yl) phosphonium bromide (TPPCarzBr) to react with
MnBr2, large-size amorphous 0D (TPPCarz)2MnBr4 films
can be easily prepared with remarkable scintillation per-
formance and long-term stability. The amorphous feature
of 0D (TPPCarz)2MnBr4 enables exceptional processability,
allowing it to be shaped into various forms on demand
and re-softened and reshaped multiple times, similar to
thermoplastics.[19] These results indicate that direct X-ray
detectors utilizing large-scale amorphous 0D OMHH films
are feasible with the right combination of organic cations
and metal halides, specifically non-crystalline semiconducting
organic cations paired with wide-bandgap metal halides to
enable molecular sensitization.

Here, we report on the development of solution-processed
amorphous 0D OMHH films with molecular sensitization for
efficient direct X-ray detection. By reacting non-crystalline
organic halide salt, TPPCarzBr, with wide-bandgap metal
halide, ZnBr2, we have successfully fabricated large-area, uni-
form, and amorphous 0DOMHH, (TPPCarz)2ZnBr4 films for
the first time. Similar to single-crystalline 0D (TPA-P)2ZnBr4,
the amorphous 0D (TPPCarz)2ZnBr4 exhibits highly efficient
molecular sensitization, where ZnBr42− anions serve as X-
ray absorbers and TPPCarz+ cations function as charge
transporters.[17] Direct X-ray detectors based on amorphous
0D (TPPCarz)2ZnBr4 films have been successfully fabricated
and tested. At an electric field of 20 V mm−1, these detectors
exhibit a high resistivity of 1.82 × 1010 � cm, an impressive
sensitivity of 2165 µC Gyair−1cm−2, and a very low detection
limit of 6.01 nGyair s−1, achieving performance comparable
to conventional inorganic semiconductor-based devices.[20]

Additionally, a large-area detector (∼3 cm in diameter) was
fabricated using 0D (TPPCarz)2ZnBr4 films, demonstrating a
record high sensitivity of 1802 µC Gyair−1cm−2 for large-area
solution-processed detectors.

Results and Discussion

Figure 1a shows the molecular sensitization scheme in 0D
OMMHs, where metal halides act as X-ray absorbers and
organic cations as charge transporters. In this work, we aimed
to develop amorphous 0D OMHH films, rather than single
crystals, for direct X-ray detectors, as depicted in Figure 1b.
TPPCarzBr was chosen as the non-crystalline organic salt
due to its semiconducting nature, which has been previously
demonstrated to form amorphous 0D OMHH films when
reacted with MnBr2 via simple solution processing.[18] Details
of TPPCarzBr synthesis can be found in Scheme S1 of the
supporting information. By replacing MnBr2 with the wider-
bandgap ZnBr2 in the reaction with TPPCarzBr, we obtained
0D (TPPCarz)2ZnBr4, enabling molecular sensitization of

TPPCarz+ cations by ZnBr42− anions. The preparation
of amorphous 0D (TPPCarz)2ZnBr4 films is illustrated in
Figure 1c. Specifically, a precursor solution was prepared
by dissolving TPPCarzBr and ZnBr2 in a 2:1 mole ratio
at the desired concentrations in dimethylformamide (DMF)
solvent at room temperature. The solution was then cast into
a resin mold and heated at approximately 150 °C inside a
fume hood for 2 days to remove the solvent (see details
in the Experimental Section). The resulting films, exhibiting
excellent uniformity and smoothness, could be easily removed
from the mold, with their size, thickness, and area readily
adjustable by varying the precursor solution concentration,
amount, and mold dimensions.

To confirm that the prepared 0D (TPPCarz)2ZnBr4 films
possessed the desired chemical composition and film mor-
phology, we conducted compositional, structural, morpholog-
ical, and photophysical characterizations. Energy-dispersive
X-ray spectroscopy (EDS) analysis, as shown in Figure 2a,
reveals the presence of all expected elements, namely, C, N,
P, Zn, and Br, with a uniform spatial distribution throughout
the film. The successful formation of 0D (TPPCarz)2ZnBr4
through this simple solution processing, followed by mild
thermal annealing, was further verified by the close agree-
ment between the measured elemental composition and the
theoretical weight percentages, corresponding to the 2:1 mole
ratio of TPPCarzBr and ZnBr2, as presented in both Figure S1
and Table S1. Likewise, to confirm the presence of zinc
bromide bonds in 0D (TPPCarz)2ZnBr4, we recorded the
Raman spectra as shown in Figure S2, where Zn-Br stretching
vibration could be seen at ∼190 cm−1.[21] We used a scanning
electron microscope (SEM) to evaluate the film’s surface
smoothness. As shown in Figure 2b, the SEM image exhibits
a featureless surface, indicating excellent uniformity and
smoothness, which are critical for detector applications.

The amorphous feature of the solution-processed films
was confirmed by using powder X-ray diffraction (PXRD).
As shown in Figure 2c, the PXRD pattern displays distinct
broad diffraction features ranging from 2θ = 5 to 50°, in
contrast to the sharp diffracting peaks observed in crystalline
0D OMHHs, providing clear evidence of the film’s intrin-
sic amorphous nature.[17,22,23] With the compositional and
structural properties of 0D (TPPCarz)2ZnBr4 films charac-
terized, we investigated the basic photophysical properties
using steady-state optical spectroscopy. Figure 2d shows
the photoluminescence (PL) emission spectra of solution-
processed TPPCarzBr and 0D (TPPCarz)2ZnBr4 films, both
measured under 365 nm excitation. The deep blue emission
of 0D (TPPCarz)2ZnBr4 films, peaking at ∼ 405 nm, closely
matches that of TPPCarzBr, indicating that the emission
primarily originates from the lower bandgap TPPCarz+

cations, with minimal contribution from the wider bandgap
ZnBr42− species. Furthermore, time-resolved photolumines-
cence (TRPL) spectra were recorded for both samples, as
shown in Figure S3. The short average decay lifetimes of
1.3 and 2.2 ns, respectively, suggest a common emission
origin from TPPCarz+. These results, in contrast to the
green emission of 0D (TPPCarz)2MnBr4 originating from
MnBr42− species with a lower bandgap than TPPCarz+

cations, validate our material design strategy. Specifically, they
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Figure 1. a) Schematic representation of molecular sensitization in 0D OMHHs, where metal halides (purple squares) act as X-ray absorbers and
organic cations (green L-shaped blocks) with a lower bandgap as charge transporters. b) From single-crystalline 0D OMHHs to amorphous 0D
OMHHs. c) Scheme showing the preparation of amorphous 0D (TPPCarz)2ZnBr4 films via facile solution processing and thermal annealing.

Figure 2. a) Elemental mapping showing the presence of C, N, P, Zn, Br, and their uniform distribution in a solution-processed 0D (TPPCarz)2ZnBr4
film. b) Scanning electron microscopy (SEM) image of a solution-processed 0D (TPPCarz)2ZnBr4 film. c) PXRD pattern of a solution-processed 0D
(TPPCarz)2ZnBr4 film. d) Photoluminescence excitation (PLE) (emission at 405 nm) and photoluminescence (PL) emission (excited at 365 nm)
spectra of solution-processed TPPCarzBr and 0D (TPPCarz)2ZnBr4 films.

demonstrate the successful integration of wide-bandgapmetal
halide anions with smaller-bandgap organic cations, a key
requirement for achieving efficient molecular sensitization of
organic cations by metal halides.[24]

The optical bandgap of amorphous 0D (TPPCarz)2ZnBr4
films was estimated from the ultraviolet-visible absorption
spectrum, as shown in Figure 3a. With an absorption edge

at ∼ 402 nm, 0D (TPPCarz)2ZnBr4 has an optical bandgap
of around 3.0 eV, as determined by Tauc plot analysis (inset
of Figure 3a), placing it within the semiconductor range.
To characterize the electronic properties of amorphous 0D
(TPPCarz)2ZnBr4 films, we fabricated a simple two-terminal
vertical device (inset of Figure 3b) using a 1 mm-thick 0D
(TPPCarz)2ZnBr4 film. The dark bulk resistivity measured as
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Figure 3. a) UV–vis solid-state absorptance spectrum of solution-processed 0D (TPPCarz)2ZnBr4 films, with the inset showing an estimated bandgap
of 3.0 eV. b) Current-voltage (I-V) plot showing the dark resistivity of a 1-mm-thick film in a vertical device structure. The inset shows the schematic of
the device structure. c) Dark I-V of a 0D (TPPCarz)2ZnBr4 film fitted under the space charge-limited current (SCLC) model. d) Bias-dependent
photoconductivity of a 0D (TPPCarz)2ZnBr4-based detector under continuous X-ray irradiation of 221.39 µGyairs−1.

∼1.82 × 1010 � cm is comparable to that of molten-grown
CdZnTe (3 × 1010 � cm)[7,20] and previously reported 0D
lead-free metal halide single crystals (∼1010 � cm),[22,23] but
significantly higher than most of the metal halide perovskite
single crystals (∼107 – 109 � cm).[7,25] Similar to 0D (TPA-
P)2ZnBr4 single crystals, the high dark resistivity recorded
here in 0D (TPPCarz)2ZnBr4 films is attributed to the 0D
structure, which has low intrinsic carrier concentrations that
effectively suppress dark current and eliminate unfavorable
baseline drifting of detectors under real-life operation.[25]

Fitting the dark current-voltage (I-V) curve with the space
charge-limited current (SCLC) model (Figure 3c) revealed
two distinct regimes, corresponding to I ∝Vn: Ohmic (n = 1)
and Trap-Filling Limited (TFL, n> 2) regimes. The density of
trap states, ntrap of 0D (TPPCarz)2ZnBr4 was calculated using
Equation (1) below:

ntrap = 2VTFLεε0

eL2
(1)

Where VTFL = 3.46 V represents the onset trap-filling
voltage (the voltage corresponding to the regime where all
the available trap states are filled with injected carriers from
the metal electrodes), ε is the permittivity estimated from
the Capacitance versus Frequency plot (shown in Figure S4),
ε0 = the vacuum permittivity (8.854 × 10−12 F.m−1), e =
elementary charge (1.602 × 10−19 C), and L = the thickness

of the film sample (1 mm). Using these parameters, we
determined the ntrap value of solution-processed amorphous
0D (TPPCarz)2ZnBr4 films to be 7.04 × 1010 cm−3, a
remarkably low value.

This suggests the film’s defect-free nature, which is highly
advantageous for minimizing charge carrier recombination
and enhancing carrier extraction efficiency.[25,26] Indeed, this
trap density is significantly lower than that of many commer-
cially available inorganic semiconductors, including polycrys-
talline Si (1013–1014 cm−3) and CdTe/CdS (1011–1013 cm−3),
as well as pure crystalline organic semiconductors like
pentacene (1014–1015 cm−3) and rubrene (∼1016 cm−3).[27–31]

To evaluate the charge carrier collection efficiency of 0D
(TPPCarz)2ZnBr4 films for direct X-ray detection, we mea-
sured the charge carrier mobility lifetime product (µτ )under
a continuous X-ray irradiation of 221.39 µGyair s−1. As shown
in Figure 3d, the voltage-dependent photoconductivity µτ was
estimated to be 4.63 × 10−4 cm2V−1 using the Modified Hecht
equation (Equation (2) below):[32]

I = I0μτV
L2

[
1 − exp

( −L2

μτV

)]
(2)

where L is the thickness of the 0D (TPPCarz)2ZnBr4
film sample (1 mm) sandwiched between two vertical
silver electrodes with a 1 × 1 mm2 area, and I0 rep-
resents the saturated photocurrent reached under a 20 V
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Figure 4. a) X-ray detection I-V plot at 20 V mm−1 electric field from dark to an X-ray dose rate of 221.39 µGyairs−1. b) X-ray photocurrent density at
various electric fields. c) Calculated X-ray sensitivity at different voltages/electric fields. d) The signal-to-noise ratio (SNR) of 0D (TPPCarz)2ZnBr4
detectors versus various dose rates. The detection limit (LOD) of 6.01 nGyairs−1, estimated at 20 V mm−1, corresponds to the signal at an SNR of ∼3.

bias voltage. The high-mobility lifetime product of 0D
(TPPCarz)2ZnBr4 films can be attributed to the presence of
the charge-conducting organic cations, TPPCarz+. This value
is comparable to that of commercially available inorganic
CdZnTe (∼10−3–10−5 cm2V−1)[10,20,33] and CsPbBr3 detectors
(∼10−3 cm2V−1),[34,35] and much higher than that of α-Se
detectors (10−7 cm2V−1).[36–39]

The outstanding electrical properties of solution-
processed amorphous 0D (TPPCarz)2ZnBr4 films, including
high bulk resistivity, low density of trap states, and a large µτ ,
make them highly promising semiconductors for direct X-ray
detectors.[6] To further evaluate its capabilities, we fabricated
direct X-ray detectors based on 0D (TPPCarz)2ZnBr4 films
and tested their performance at various electric fields and
X-ray doses inside a homemade dark box. A tungsten
anode X-ray tube with a maximum voltage of 40 kV and a
current of 100 µA was used as the radiation source. Under
an applied electric field of 20 V mm−1 in ambient air, we
investigated the effect of increasing the X-ray dose rate
on the measured photocurrent. As shown in Figure 4a,
the I-V plot reveals a significant photocurrent increase
at 20 V mm−1 when transitioning from dark conditions
to an X-ray dose of 3.1 µGyairs−1. Results for similar I-V
measurements at 5 V mm−1 and 10 V mm−1 are provided
in Figures S5a and S5b, respectively. Moreover, Figure 4a
demonstrates that 0D (TPPCarz)2ZnBr4 detectors exhibited
exceptional operational stability, with a consistent increase
in photocurrent as the X-ray tube current was adjusted
from 20 to 100 µA, reaching a maximum X-ray dose of
221.39 µGyairs−1. Like in X-ray detectors based on 0D

(TPA-P)2ZnBr4 single crystals,[17] a well-suppressed ionic
migration is achieved in devices based on amorphous 0D
(TPPCarz)2ZnBr4 films. This is attributed to their 0D
structure, where the bulky TPPCarz+ cations introduce steric
effects that increase the activation energy barrier for ionic
migration.

The sensitivity and limit of detection are two other
critical performance metrics of X-ray detectors, particularly
in medical applications.[25] We measured the photocurrent
under varying electric fields and increasing X-ray dose rates to
determine the sensitivity of amorphous 0D (TPPCarz)2ZnBr4
film-based detectors. As expected for an ideal X-ray detector,
Figure 4b displays a perfectly linear relationship between
the generated photocurrent densities and the X-ray dose
rates across all tested electric fields. The sensitivity (S) was
extracted from the plots of current density (JX − ray and Jdark
represent photocurrent and dark current densities) versus X-
ray dose rate (D) at different voltages using Equation (3)
below:

S = (JX−ray − Jdark)
D

(3)

As shown in Figure 4c, the sensitivity of amorphous 0D
(TPPCarz)2ZnBr4 film-based detectors was measured at dif-
ferent electric fields, yielding 672 µCGyair−1cm−2 at 5 V mm−1

and increasing to 1238 µC Gyair−1cm−2 at 10 V mm−1.
Notably, a high sensitivity of 2165 µC Gyair−1cm−2 was
recorded at 20 V mm−1, significantly outperforming commer-
cially amorphous α-Se-based detectors (440 µC Gyair−1cm−2),
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Figure 5. a) Images of a 3 cm wide solution processed 0D (TPPCarz)2ZnBr4 film. b) X-ray detection I-V plot of a device based on 3 cm wide 0D
(TPPCarz)2ZnBr4 film at 20 V mm−1 electric field from dark to an X-ray dose rate of 221.39 µGyairs−1 (inset shows the lateral device structure). c)
X-ray photocurrent density versus dose rate with an estimated sensitivity of 1802 µC Gyair−1cm−2.

which require a much higher operating electric field of 15,
000 V mm−1.[40]

Our amorphous 0D (TPPCarz)2ZnBr4 film-based detec-
tors operated at a field of 20 V mm−1 also exhibit bet-
ter performance than several reported lead-free bismuth-
based materials, including 3D Cs2AgBiBr6 single crystals
(1974 µC Gyair−1cm−2 at 50 V mm−1),[41] 0D (R-PPA)2BiI5
single crystals (150 µC Gyair−1cm−2 at 10 Vmm−1),[23]

0D MA3Bi2I9 single crystals (1947 µC Gyair−1cm−2 at
60 V mm−1),[22] and comparable to the recently reported
0D AG3Bi2I9 polycrystalline wafers (2675 µC Gyair−1cm−2

at 20 Vmm−1).[42] The X-ray detection limit (LOD) of
amorphous 0D (TPPCarz)2ZnBr4 film-based detectors at
20 V mm−1 was determined to be 6.01 nGyairs−1, as shown
in Figure 4d, where LOD is the equivalent X-ray dose rate
corresponding to a signal-to-noise ratio (SNR) of 3. This
exceptionally low LOD is the best reported to date for 0D
OMHHs-based X-ray detectors.[22,23,42] Notably, this LOD
value is more than 900 times lower than the X-ray dose rate
of 5.5 µGyairs−1 required for standard medical diagnostics,
highlighting the immense potential of our amorphous 0D
(TPPCarz)2ZnBr4 films for safe and high-performance X-ray
detectors in medical applications.[43,44] Table S2 summarizes
the performance of devices based on our amorphous 0D
(TPPCarz)2ZnBr4 films in comparison with existing amor-
phous materials, including α-Se and other organic–inorganic
hybrid films.

To further demonstrate the feasibility of fabricating large-
area X-ray detectors using solution-processed amorphous
0D (TPPCarz)2ZnBr4 films, we prepared a larger film that
is about 30 times larger than the 1 x 1 mm film, and
approximately 3 cm in diameter (Figure 5a) with a thickness
of ∼1 mm (Figure S6a) using a larger mold. X-ray detectors
were then fabricated using a lateral device architecture
with silver electrodes (Figures S6b and S6c). We evaluated
the performance of large-area detectors under similar test
conditions as before, applying an electric field of 20 V mm−1

and X-ray dose rates up to 221.39 µGyairs−1. As shown in the I-
V plot in Figure 5b, the detector exhibited stable performance
and a steady increase in the measured photocurrent across

the entire range of X-ray dose rates applied. Remarkably,
the 3 cm wide detector achieved an impressive sensitivity of
1802 µCGyair−1cm−2 at 20 Vmm−1 (Figure 5c), which suggests
that the 0D (TPPCarz)2ZnBr4 film is a potential candidate for
larger area detector applications.

Conclusion

In summary, we have successfully developed high-quality,
large-area amorphous 0D (TPPCarz)2ZnBr4 films using a
facile solution-processing technique for the first time. These
films exhibited exceptional electronic properties, including
a large bulk resistivity of 1.82 × 1010 � cm, a high µτ

of 4.63 × 10−4 cm2V−1, an impressive sensitivity of
2165 µC Gyair−1cm−2, and an ultra-low detection limit of
6.01 nGyairs−1, representing the best performance reported to
date for solution-processed amorphous materials-based X-ray
detectors. Moreover, 0D (TPPCarz)2ZnBr4 films can be read-
ily processed into large-area (∼3 cm diameter) flat detector
films and seamlessly integrated with external readout circuitry
for high-performance X-ray detection in ambient air. Our
work highlights the exceptional tunability of 0D OMHHs,
particularly their facile solution processability, versatility,
and unique material properties, making them promising
candidates for next-generation large-area flat panel detectors.
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Solution-Processed Amorphous Zero-
Dimensional Organic Metal Halide Hybrid
Films for Direct X-Ray Detectors

The use of solution-processed amor-
phous zero-dimensional organic metal
halide hybrid (TPPCarz)2ZnBr4 films for
direct X-ray detection is demonstrated.
The amorphous films exhibit efficient
molecular sensitization, with ZnBr42−

species serving as X-ray absorbers
and TPPCarz+ moieties as charge
transporters. The resulting detec-
tors achieve a detection sensitivity of
2165 µC Gyair−1cm−2 at 20 V mm−1 and
a detection limit of 6.01 nGyair s−1.
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