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A B S T R A C T

X-ray detectors, as crucial elements in medical imaging and industrial fields, can be categorized into direct and
indirect types. Direct detectors, which directly convert X-ray photons into electrical signals, exhibit high
sensitivity and low detection limits, enabling the capture of high-resolution images and reducing radiation
exposure to patients. Organic copper halides, recognized as potential active materials for X-ray detection, have
been widely explored in the indirect scintillation field but remain under-explored in direct X-ray detector ap-
plications. In this work, (C12H12N)3Cu3I6 is demonstrated as an efficient semiconductor for direct X-ray detection
with excellent stability. A lateral-structured X-ray detector was fabricated with gold electrodes, which exhibits a
maximum sensitivity of 1464.14 μC⋅Gy− 1⋅cm− 2, a lowest detection limit of 19.8 nGy⋅s− 1, a high on-off ratio of
2140, and an excellent operational stability of retaining 96% performance after 600 s continuous X-ray radiation.
Furthermore, the detector successfully imaged a 0.1 mm “F”-shaped lead sheet, validating its capacity for X-ray
imaging. This study highlights the potential of (C12H12N)3Cu3I6 as a promising semiconductor for high-
performance direct X-ray detection, expanding the application scope of organic copper halides in this critical
field.

1. Introduction

Direct X-ray detectors are typically composed of semiconductor
materials, which enable the direct conversion of X-ray photons into
electrical signals [1–6]. These detectors with high sensitivity and low
detection limit play a pivotal role in minimizing the radiation dosage
administered to patients during X-ray imaging procedures. This feature
is of profound significance for mitigating cancer risks while facilitating
the acquisition of high-resolution images, thereby enhancing diagnostic
accuracy [7–11]. Currently, traditional semiconductor materials
commonly used for X-ray detectors, such as α-Se and CdTe, still suffer
from limitations including low absorption efficiency for high-energy
X-rays as well as complex and expensive manufacturing processes
[12–17]. Comparatively, lead halide perovskites have emerged as a
viable alternative, attributed to their facile solution-processable growth
and superior performance [18–20]. Despite their exceptional potential
in this field, the inherent lead toxicity has posed great environmental

risks, thereby driving the urgent search for environmentally sustainable
alternatives [21,22]. In recent years, the emergence of lead-free organic
metal halides (OMHs) has sparked a new research frontier [23–25].
Among the emerging candidates, Cu-based OMHs have garnered sig-
nificant attention due to their cost-effective and widely available raw
materials, low toxicity, and tunable optoelectronic properties [26]. Most
reported copper(I)-based OMHs to date are characterized by
zero-dimensional (0D) structure, featuring isolated Cu–I units without
continuous lattice connections, such as 0D (ETPP)2Cu2I4 [27], 0D
(18-crown-6)2Na2(H2O)3Cu4I6 [28], and 0D (PET)4Cu4I4 [29]. In such
structures, carriers rely on hopping mechanisms or quantum tunneling
for transport, resulting in a substantial reduction in carrier mobility. In
contrast, one-dimensional (1D) OMHs feature infinite chains of metal
halide tetrahedra with shared corners or edges. This structure effectively
mitigates the erosion of water molecules and other environmental fac-
tors, facilitates directional carrier transport [30,31], and enables precise
tuning of optoelectronic properties by adjusting the chain length and
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arrangement [32,33]. Furthermore, the anisotropic nature of 1D struc-
tures also suppresses ion migration, a critical factor for realizing
high-performance radiation detectors [17]. Despite these advantages,
the application of 1D Cu(I)-based OMHs for direct X-ray detection re-
mains largely unexplored. Synthesizing high-quality single crystals with
excellent optoelectronic properties still poses a significant challenge.

In this work, a 1D Cu(I)-based OMH single crystal (C12H12N)3Cu3I6
was grown via a facile solution cooling method. The crystal structure
features [CuI4] tetrahedra interconnected through two shared iodide
ions, forming infinite 1D chains that are separated by 4-benzylpyridine
organic cations. This unique structure not only provides a robust
framework for efficient directional charge transport but also ensures
excellent structural stability. Notably, the centimeter-scale single crystal
demonstrates superior X-ray detection performance, including high
sensitivity, a prominent on-off ratio, and an ultra-low detection limit
under 40 kV X-ray irradiation. Moreover, the device exhibits a signifi-
cantly enhanced sensitivity at higher bias voltages. More importantly, it
presents exceptional operational stability with negligible performance
degradation even after 600 s of continuous X-ray radiation under
ambient conditions, showcasing the great potential of (C12H12N)3Cu3I6
for high-performance X-ray detection applications.

2. Results and discussion

The high-quality centimeter-scale (C12H12N)3Cu3I6 single crystal was
grown from a concentrated HI acid solution containing 4-benzylpyridine
and CuI at a stoichiometric molar ratio of 1:2 via a facile cooling growth
method (Fig. 1(a) and Fig. S1). The crystal structure was determined
using a single-crystal X-ray diffractometer (SCXRD). It crystallizes in the
monoclinic crystal system with P21/n space group with a = 6.6180(3),
b = 25.1998(11), c = 26.4843(14) Å, α = γ = 90◦, and β = 96.387(2)◦.
Detailed crystallographic information is provided in Table S1. As
depicted in Fig. 1(b and c), the inorganic component of the crystal is
composed of adjacent tetrahedral [CuI4] units which exhibit an I–Cu–I
bond angle ranging from 98.768◦ to 118.042◦ and a Cu–I bond length
changing from 2.6294 to 2.7521 Å. They share edges via two I− ions and
extend along the a-axis to form a 1D chain structure, with a Cu–I–Cu
bond angle of 72.099◦ (Fig. S2). This inorganic framework is encapsu-
lated by 4-benzylpyridine organic cations, thereby enhancing the
structural stability against the detrimental effects of moisture and oxy-
gen [31]. To further evaluate its moisture stability, the water contact
angle of (C12H12N)3Cu3I6 single crystal was measured under ambient
conditions. As shown in Fig. 1(d), the crystal exhibits a water contact
angle of 65.829◦, indicating better hydrophobic stability than many
reported MHPs (Table S2) and thus confirming the favorable surface
properties of the crystal [34]. Thermogravimetric analysis (TGA) was

conducted in the temperature range from 25 to 900 ◦C at a heating rate
of 5 ◦C min− 1 to assess its thermal stability. Fig. 2(a) reveals that
(C12H12N)3Cu3I6 undergoes negligible weight loss up to 254.5 ◦C, su-
perior to many previously reported OMHs (Table S3). Notably, it retains
over 60% of its initial weight even at 600 ◦C, showcasing its excellent
thermal stability.

The phase and purity of the single crystal were verified through
powder X-ray diffraction (PXRD)measurements. Fig. 2(b) shows that the
PXRD pattern of (C12H12N)3Cu3I6 is highly consistent with the simulated
data from SCXRD results, confirming the successful synthesis of high-
purity material. To detect organic molecules within the crystal, Four-
ier transform infrared (FTIR) spectroscopy was performed. The spec-
trum exhibited characteristic peaks, such as an unsaturated C–H
stretching vibration peak at 3070 cm− 1 and a C=C vibration peak at
1498.5 cm− 1, which indicate the presence of aromatic compounds.
Additionally, there is a N–H stretching vibration peak at 3226.9 cm− 1

and a corresponding bending vibration peak at 1633.2 cm− 1, along with
a stretching vibration peak at 1190.2 cm− 1 and a C–H out-of-plane
bending vibration peak at 738.6 cm− 1 (Fig. 2(c)), thus proving the
presence of 4-benzylpyridine in the crystal. Moreover, X-ray photo-
electron spectroscopy (XPS) provided further evidence for the presence
of carbon (C), nitrogen (N), copper (Cu), and iodine (I) elements in the
crystal. As illustrated in Fig. 2(d), peaks at 618.75 and 630.27 eV
correspond to I 3d5/2 and I 3d3/2, while those at 932.6 and 952.4 eV are
assigned to Cu 2p3/2 and Cu 2p1/2, the characteristic peaks of Cu 2p,
respectively. Furthermore, the high-resolution Cu 2p XPS spectrum
revealed no presence of Cu2+ impurities (Fig. S3), proving that the Cu
element exists solely as Cu+ [35,36]. UV-vis absorption spectroscopy of
(C12H12N)3Cu3I6 was performed (Fig. 2(e)), and its indirect bandgap was
calculated using the Tauc method (Fig. S4). The derived bandgap of
2.42 eV is consistent with the previously reported Cu-based OMHs, such
as (C6H9N2)2CuCl4 (2.45 eV) and (C6H18N2)2Cu2Cl8 (2.47 eV) [37]. The
steady-state photoluminescence (PL) and excitation (PLE) spectra of
(C12H12N)3Cu3I6 reveal a yellow emission peak at 586 nm under optimal
excitation with 450 nm blue light, with a Stokes shift of 136 nm
(Fig. S5). To further validate the bandgap type, we performed systematic
DFT calculations. The PBE functional predicts an indirect bandgap with
a value of 0.528 eV, and this underestimation is a well-documented
limitation of GGA-PBE. Specifically, it fails to fully capture the strong
electron correlation in Cu–I clusters, leading to systematic bandgap
underprediction, which is typically a 1–2 eV discrepancy for
organic-inorganic hybrid halides [38–40]. Thus, the calculated bandgap
value is not representative of the experimental value, but the indirect
bandgap type is reliable, as confirmed by the distinct k-point positions of
the valence band maximum (VBM at the H point) and the conduction
band minimum (CBM at the E point), as shown in Fig. S6.

To evaluate its potential for X-ray detection, the absorption coeffi-
cient of (C12H12N)3Cu3I6 was compared with that of several typical X-
ray detector semiconductors using the XCOM database. Fig. 2(f) presents
the X-ray absorption spectra across the photon energy range of
1–1000 keV. Notably, (C12H12N)3Cu3I6 exhibits a similar linear ab-
sorption coefficient to some conventional X-ray detection semi-
conductors. Fig. 2(g) compares the corresponding attenuation efficiency
as a function of thickness at 40 keV. A 1 mm-thick (C12H12N)3Cu3I6 can
achieve an X-ray absorption rate of up to 93.4%, which significantly
outperforms Si (15.1%) and diamond (7%). To further demonstrate its
direct X-ray detection performance, we fabricated a lateral-structured X-
ray detector with the configuration Au (80 nm)/(C12H12N)3Cu3I6 single
crystal/Au (80 nm) (Fig. 2(h)). For direct X-ray detectors, shorter
response time can reduce patient examination duration and conse-
quently lower the absorbed radiation dose. Response time is defined as
the duration from 10% to 90% of the saturated photocurrent (rise time)
and from 90% to 10% (fall time) [22,41–44]. As shown in Fig. 2(i), the
detector exhibits rapid response time of 20.08 ms (rise time) and
40.01 ms (fall time) under 200 V bias. Beyond response time, sensitivity
(S) is another key metric for evaluating X-ray detector performance.

Fig. 1. (a) Photograph of (C12H12N)3Cu3I6 single crystal. (b) Schematic illus-
tration of the crystal structure viewed along the a-axis and (c) inorganic moiety
for (C12H12N)3Cu3I6. (d) Water contact angle test under ambient conditions.
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Detectors with high sensitivity can improve the image quality while
reducing patient radiation dose, thereby minimizing the risks of
irradiation-induced cancer [10,45]. The sensitivity of the detector can
be calculated via Eq. (1) [46]:

S =
Ip–Id

D × A
(1)

where Ip is the photocurrent, Id is the dark current, D is the X-ray dose
rate, and A is the effective detection area. To calculate the sensitivity of
the detector, its photocurrent responses were measured under different
dose rates from 66.1 to 4123 μGy⋅s− 1 at varying bias voltages.

Fig. 3(a) and Fig. S7 demonstrate the variation in X-ray current
response with dose rate for 40, 50, 70, 120 kV radiation at bias voltages
ranging from 1 to 200 V, and with a constant bias voltage of 200 V,
respectively. The corresponding dose rates for these measurements are
given in Table S4. By comparison, the current responses of the detector
are positively correlated with the applied bias voltage, X-ray tube
voltage and the dose rate, consistent with the expected pattern [50].
More strikingly, under a bias voltage of 200 V, an active area of
0.0005 cm2 and an X-ray tube voltage of 120 kV, the detector exhibits a
dark current of 1.35 pA and a photocurrent of 2889.87 pA at a maximum
dose rate of 4123 μGy⋅s− 1 (Fig. S8), with the highest on-off ratio of 2140
compared with that obtained under 40, 50, and 70 kV X-ray irradiation.
This performance indicates enhanced charge collection efficiency,
which can be attributed to the fact that high-energy X-rays possess
stronger penetrating power and higher energy. The secondary electrons,
such as photoelectrons and Compton electrons, generated through their
interaction with the detector material carry higher energy, enabling
them to excite more electron-hole pairs within the detector material [51,
52]. Consequently, this leads to an increased number of charge carriers
being produced. Additionally, as shown in Fig. 3(b) and Fig. S9, the
current density exhibits a perfect linear relationship with dose rate

under different bias voltages and for 40, 50, 70, and 120 kV X-ray
irradiation. The sensitivity of the detector was calculated under different
bias voltages and dose rates. As illustrated in Fig. 3(c), the detector
achieves a sensitivity of 265.72 μC⋅Gy− 1⋅cm− 2 under 40 kV radiation at
10 V bias. This performance surpasses the sensitivity of detectors
exposed to 50, 70, and 120 kV radiation at the same bias voltage,
exceeding the sensitivity of commercial α-Se detectors
(20 μC⋅Gy− 1⋅cm− 2) by more than tenfold [22,53,54]. Furthermore, the
sensitivity exhibits a linear growth trend with increasing bias voltage,
achieving 1464.14 μC⋅Gy− 1⋅cm− 2 at 200 V bias. The limit of detection
(LoD) is another crucial metric for assessing the performance of X-ray
detectors. A low detection limit is capable of delivering high-quality
imaging at significantly reduced radiation doses [22]. 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 3. The SNR
can be described by Eq. (2) [55]:

SNR =
Ip–Id

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
∑n

i

(
Ii–Ip

)2
√

(2)

where Id is the average of measured dark currents, Ip is the average of
measured photocurrents, and Ii is the measured photocurrent, respec-
tively. By calculation, the LoD value of (C12H12N)3Cu3I6-based device is
19.8 nGy⋅s− 1 at 10 V bias, which is much lower than the clinical diag-
nostic requirements of 5.5 μGy⋅s− 1 (Fig. 3(d) and Fig. S10) [22]. It is
worth noting that (C12H12N)3Cu3I6 exhibits superior performance in
sensitivity and detection limit compared to many recently reported
MHPs, such as the sensitivity values of 148, 114.9, 242,
1106.44 μC⋅Gy− 1⋅cm− 2 and the LoD values of 241, 3483, 430,
130.1 nGy⋅s− 1 for (BA)2PbI4 [47], (3PA)PbI4 [48], (BDA)PbI4 [49] and
(2FEA)2CuCl4 [45] at 10 V bias, respectively (Fig. 3(e)) [45,47–49].

Fig. 2. (a) TG curve, (b) experimental and simulated PXRD patterns of (C12H12N)3Cu3I6. (c) FTIR spectra and (d) XPS spectra of (C12H12N)3Cu3I6. (e) UV-vis ab-
sorption spectrum of (C12H12N)3Cu3I6. (f) X-ray absorption spectra of Si, α-Se, CdTe, (C12H12N)3Cu3I6, and diamond. (g) Their X-ray attenuation efficiencies under
40 keV X-ray irradiation. (h) Schematic diagram of lateral-structured X-ray detector. (i) Transient X-ray response of the (C12H12N)3Cu3I6-based detector.
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Moreover, (C12H12N)3Cu3I6 exhibits a low dark current drift (Idrift),
which effectively reduces device noise, optimizes SNR, and thereby
lowers detection limit. The dark current was recorded for 1200 s under
10 V bias (Fig. 3(f)), after which Idrift was calculated according to the
following Eq. (3) [45]:

Idrift =
It − I0

EAt
(3)

where I0 is the initial current, It is the current at time t, E is the electric
field, A is the device active area, and t is the time. The Idrift value is
calculated to be 2.27 × 10− 7 nA cm− 1 s− 1 V− 1, which is lower than that
of many reported MHPs (Table S5), demonstrating low ion migration of
the detector. Additionally, when the device is continuously irradiated
with 70 kV X-rays at a dose rate of 115.44 μGy⋅s− 1 under 10 V bias, it can
be observed from Fig. 3(g) that the current response decreases by only
approximately 4% relative to its initial value after about 600 s of irra-
diation. Cycling irradiation tests under varying bias voltages further
verified the operational stability of the device. Specifically, the detector
was subjected to 80 times repeated cycles of 40 kV X-ray irradiation at a
dose rate of 30.14 μGy⋅s− 1 under 20 V and 200 V bias to test its response
stability under on-off X-rays (Fig. 3(h) and Fig. S11). There were no
significant fluctuations in neither photocurrent nor dark current,
demonstrating the detector with excellent cycling stability. Notably,
defect density is a crucial parameter closely related to charge carrier
transport and device stability, as high defect density tends to enhance
carrier scattering and ion migration, which in turn leads to performance
fluctuations over time. To evaluate this key parameter, we fabricated a
device with the vertical structure Ag/(C12H12N)3Cu3I6/Ag. Its electrode
area and thickness were measured to be 0.126 cm2 and 0.22 cm,
respectively. This configuration corresponds to a parallel-plate capacitor
with (C12H12N)3Cu3I6 as the dielectric. Subsequently, its capacitance
was measured using an LCR digital bridge (TH2838H), and the relative
permittivity of (C12H12N)3Cu3I6 was calculated via the following Eq. (4):

C =
εε0S

D
(4)

where C represents capacitance, S denotes electrode area, ε0 is the
vacuum permittivity, ε is the relative permittivity, and D indicates the
thickness of the material. Calculations yield a relative permittivity value
of 9.06. The defect density can be calculated via Eq. (5):

VTFL =
entrapL2

ε0ε
(5)

Here, e represents the elementary charge, ntrap denotes the defect
density, L is the sample thickness, and VTFL is the turn-on voltage under
defect state filling, which can be estimated from the space-charge-limited
current curve. The space-charge-limited current (SCLC) method refers to
the specific relationship between current and voltage when a device
operates within the space-charge-limited current region. By measuring
the current at different voltages and fitting the corresponding theoretical
curve, VTFL can be determined. We employed a high-precision semi-
conductor parameter tester to measure the current-voltage (I–V) char-
acteristics of the device under various bias conditions. By fitting the
measured I–V curves to the SCLC theoretical model, we determined the
VTFL of thematerial to be 17.4V (Fig. S12). Substituting this value into Eq.
(5) yieldsntrap as1.8×1011 cm− 3. In addition todefect density, the carrier
mobility-lifetime product (μτ) is another critical parameter governing
charge collection efficiency, which is a key metric for direct X-ray de-
tectors. Its magnitude is typically obtained by fitting the modified Hecht
equation, with the specific Eq. (6) as follows:

I =
I0μτV

d2

[

1 − exp
(
− d2

μτV

)]

(6)

In the equation, I0 represents the saturation photocurrent, d denotes
the period thickness, and V represents the applied bias voltage. By
measuring the photoconductivity under 1 sun illumination (AM 1.5 G,

Fig. 3. (a) X-ray response current under varying
dose rates and different bias voltages. (b) Dose rate-
dependent current density under 40 kV X-ray irra-
diation at varying bias voltages. (c) Detector sensi-
tivity under 1–200 V bias and 40, 50, 70, 120 kV X-
ray irradiation. (d) Signal-to-noise ratio at 10 V bias
under 40 kV X-ray exposure of the detector. (e)
Comparison of properties of several MHPs at 10 V
bias [45,47–49]. (f) Dark current drift measurement
and (g) X-ray current stability at 10 V bias. (h) X-ray
response current stability to on-off 40 kV X-ray at
20 V bias.
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100 mW/cm2) with different bias voltages applied to the device, and
fitting the resulting curves, we obtained a μτ value of 1.26× 10− 4 cm2/V
for the material (Fig. S13). These data even outperform some previously
reported lead-based OMHs materials, such as 1.73 × 10− 5 cm2/V of
(BDA)(MA)2Pb3Br10 [13] and 1.2 × 10− 5 cm2/V (PEA)2PbI4 [56].

The above properties demonstrate the potential of (C12H12N)3Cu3I6
in X-ray detection applications, thus prompting corresponding imaging
tests. Fig. 4(a) illustrates our home-built X-ray imaging system. A
0.1 mm-thick lead sheet was cut into an “F” shape as an imaging target.
The detector was positioned beneath the target, and raw data were ac-
quired by moving the lead sheet using an (x, y) translation stage. After
data processing, a 3D projection image of the “F”-shaped target can be
reconstructed, as shown in Fig. 4(b), clearly validating the direct im-
aging capability of the (C12H12N)3Cu3I6 detector.

3. Conclusion

In summary, a non-toxic 1D Cu(I)-based OMH (C12H12N)3Cu3I6 was
grown and characterized, demonstrating excellent X-ray detection
properties. The lateral-structured detector with configuration Au/
(C12H12N)3Cu3I6 single crystal/Au exhibits a maximum sensitivity of
1464.14 μC⋅Gy− 1⋅cm− 2 at 200 V bias, a low dark current drift of
2.27 × 10− 7 nA⋅cm− 1 s− 1⋅V− 1, and a low detection limit of 19.8 nGy⋅s− 1

under 40 kV irradiation. A preliminary prototype device successfully
reconstructed a clear projection image of a 0.1 mm-thick lead sheet
using a home-built X-ray imaging system, demonstrating the feasibility
of this material for practical imaging applications. This work not only
enriches the application domain of Cu(I)-based OMHs as X-ray detection
semiconductors, but also paves the way for the rational design of non-
toxic, high-performance radiation detection materials in the field of
optoelectronic devices.
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