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a b s t r a c t

The immense potential of one-dimensional (1D) hybrid lead halide perovskites (HLHPs) in single crystal

X-ray detection is hindered by their relatively low charge transport abilities and needle-like morphol-

ogy. Alloying mixed cations in 1D HLHP is expected to realize superior charge mobility and large sin-

gle crystals. Herein, we report a 1D HLHP of (ATZ)(EA)4Pb3I11 (1) with thiazol-2-aminium (ATZ)+ and

ethanaminium (EA)+ as the mixed cations, demonstrating an exceptional 1D HLHP for high-performance

X-ray detector. The H���I hydrogen bonds with a fraction of 69.7 % are stronger than those in 1D HLHPs

containing solely (ATZ)+ or (EA)+ cations. The single crystal of 1 posesses remarkable semiconduct-

ing properties, including a high resistivity (1.94×1011 � cm) and a large mobility-lifetime product

(2.22×10−4 cm2/V), which contribute to the outstanding X-ray detection, manifested by a high sensi-

tivity of 1356 μC Gyair
−1 cm−2 and an ultra-low dark current drift of 5.01×10−8 nA cm−1 s−1 V−1.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The X-ray detection is extensively employed in multiple areas

such as non-destructive product inspection, medical diagnostics,

industrial production, and environmental monitoring [1–9]. In con-

trast to the indirect detection mechanism of entailing dual en-

ergy transformation stages in scintillators, the direct method of de-

tecting X-ray radiation possesses the capability to instantaneously

translate X-ray photons into electrical signals, theoretically mani-

festing superior sensitivity and refined spatial resolution. Over the

years, traditional inorganic semiconductors such as crystalline Si,

α-Se, and Cd(Zn)Te, have been dominating the market within the

field of direct X-ray detection [10,11]. Nevertheless, the issues of

high-energy consumption and small attenuation coefficients signif-

icantly hinder their further development. Consequently, developing

new materials for advanced X-ray detectors is absolutely necessary.

Inorganic-organic hybrid lead halide perovskites (HLHPs) are

highly attractive for radiation detection, because of their heav-

ier average atomic mass, high mobility-lifetime (μτ ) product,

low-cost solution-based fabrication process and high resistivity

[12–16]. At present, three-dimensional (3D) HLHP X-ray detec-

tors based on single crystal CH3NH3PbBr3 and film CH3NH3PbI3
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have been successfully fabricated and show excellent X-ray de-

tection performances [17–19]. However, environmental stability

and dark current drift (Idrift) seriously affect these detection de-

vices, leading to material decomposition and performance degra-

dation. Compared to the prototypical 3D HLHP, one-dimensional

(1D) derivatives with large organic cations can improve mois-

ture tolerance and effectively inhibit ion migration. In addition,

combined with the advantages of low exciton dissociation and

strong quantum confinement, 1D HLHPs possess notable photo-

electric performance and operational stability [20–23]. For ex-

ample, Liu et al. fabricated a UV photodetector based on 1D

(DME)PbBr4 (DME=N,N’-dimethylethylenediamine) single crystals

with remarkable photoresponsivity [24]. Zhang et al. obtained 1D

(DMEDA)PbI4 (DMEDA=N,N’-dimethyl-1,2-ethanediamine) for UV–

visible light detection, demonstrating excellent environmental sta-

bility [25]. However, the significant potential of 1D HLHPs in

achieving high-performance X-ray detection remain largely unex-

plored [26,27]. Moreover, the majority of 1D perovskites tend to

grow into needle-like crystals, which compromises their effective-

ness as X-ray detectors due to issues such as reduced light ab-

sorption, increased scattering, and difficulties in fabricating planar

devices [28]. Therefore, design and synthesis of large-area, high-

performance 1D HLHP single crystal for X-ray detection is urgent

and challenging.

https://doi.org/10.1016/j.cclet.2025.111036

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. The design approach for 1D lead halide X-ray detection.

In this work, we propose the “mixed cation-induced func-

tional synergy” strategy (Scheme 1), which involves incorpo-

rating aromatic thiazol-2-aminium cation (ATZ)+ with aliphatic

ethanaminium cation (EA)+ to assemble a 1D HLHP, namely

(ATZ)(EA)4Pb3I11 (1). Therein, thiazole derivatives possess loose va-

lence π electrons that contribute to their exceptional charge trans-

port ability [29–32]. Meanwhile, the incorporation of aliphatic am-

monium cation forms intense hydrogen bonds that facilitate large

size crystal growth. The H���I type hydrogen bonds in 1 account

for 69.7 % of the total Hirshfeld surface, which is larger than those

of HLHPs containing solely (ATZ)+ or (EA)+ cations. Due to these

structural features, the single crystals of 1 show enhanced environ-

mental stability and remarkable semiconducting properties such as

a high resistivity of 1.94×1011 � cm and a μτ product as large as

2.22×10−4 cm2/V. All these intrinsic attributes enable the single

crystal of 1 to show high-performance X-ray detection with a high

X-ray detection sensitivity of 1356 μC Gyair
−1 cm−2 at 33.3V/mm

and an ultra-low Idrift of 5.01×10−8 nA cm−1 s−1 V−1.

High-quality yellow crystals of 1 with dimensions of

9×3×2mm3 were achieved by gradually cooling the HI so-

lution containing lead acetate, 2-aminothiazole and ethylamine

(Fig. 1a, for details see Supporting information). Single crystal

X-ray diffraction (XRD) indicates that 1 crystallizes in the cen-

trosymmetric space group Cmcm (No. 63) with an orthorhombic

structure (Table S1 in Supporting information). The crystal is

composed of three structural moieties: One (ATZ)+ cation, four

(EA)+ cations and an infinite anionic chain (Fig. 1b and Fig. S1

in Supporting information). Each Pb atom is in a six-coordinated

(PbI6) octahedral environment. Three (PbI6) octahedra share faces

to connect into a linear trinuclear unit, which further enjoys

the terminal I atoms with the neighboring unit to give a zigzag

infinite anionic chain along the c axis (Fig. 1c and Fig. S2 in

Supporting information). The anionic framework represents a

rarely reported chain-like structure, which is different from the

2D layer with the same Pb and I compositions but with different

connections of (PbI6) octahedra (Fig. S3 in Supporting information)

[33]. It also differs from the chains formed by edge-sharing (PbI6)

in the two closely related HLHPs (EA)PbI3 and (ATZ)PbI3 (Figs.

S4-S7 in Supporting information). The Pb–I bond distances span

from 3.1554(9) Å to 3.2794(9) Å, and the I–Pb–I bond angles

span from 84.34(3)° to 180.0°, all within expected values (Table

S2 in Supporting information) [34]. The �R parameter defined

by Brown was employed to assess the distortions of the (PbI6)

octahedra (Table S3 in Supporting information) [35]. The (Pb2I6)

unit located at the terminal of the trinuclear unit with an �R

value of 3.6×10−3 is larger than the value of 2.1×10–4 for (Pb1I6),

Fig. 1. (a) Solution-grown bulk crystal of 1. (b) Molecular structure of 1. (c) 3D

packing diagram seen along the a axis direction. (d) View of the dnorm mapped

on the Hirshfeld surface of trinuclear building unit. (e) Interlayer or interchain dis-

tances and the fractions of H���I contact in 1, (EA)PbI3 and (ATZ)PbI3.

which indicates Pb2 occupies a more severe distorted coordination

geometry.

The (ATZ)+ and the (EA)+ cations are arranged in an orderly

staggered arrangement between anionic chains, with the 3D pack-

ing diagram shown in Fig. S8 (Supporting information). Necessary

restraints on the distances and angles of the mixed cation were

used following the geometry of such molecules [33]. Further anal-

ysis of the structure reveals that the minimum distance between

H and I is 2.758 Å, which is shorter than the van der Waals (vdW)

radii summation (3.08 Å). This suggests the existence of hydrogen

bond interactions between the mixed cations and inorganic chain

(Table S4 in Supporting information).

The Hirshfeld surface analysis was performed to examine the

non-covalent interactions in 1 (Fig. 1d). Different colors on the

dnorm surface correspond to different contact distances separating

the neighboring atoms. The red color indicates the contact dis-

tance shorter than sum of VdW radii, suggesting the presence of

hydrogen bonds. The white color indicates that the distance ap-

proaches the sum of vdW radii. Blue color illustrates the distance is

longer than vdW separation, too far for interaction [36]. Herein, the

large red spots in the dnorm surface of 1 correspond to the strong

2
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Fig. 2. (a) Absorption spectrum of 1. Inset: the deduced band gap. (b) Secondary electron cut off measured with He I (left), valence band for the Fermi level (right). (c) Total

and partial DOSs of 1. Energy gaps corresponding to possible charge transfer are labeled. (d) Spatial plots of VBM and CBM orbitals, respectively. (e) Logarithmic I-V plot

based on the SCLC method.

N/C–H���I hydrogen bonds between flexible (EA)+ spacer and in-

organic anionic chain. The red to white spots are attributed to the

N–H���I hydrogen bonds between aromatic (ATZ)+ spacers and an-

ionic chain. These results are in accord with the crystallographic

hydrogen bond analyses and confirm that the alkyl ammonium

cation is more favorable to form strong hydrogen bonds (Table S4).

The 2D fingerprint plot was analyzed to highlight particular atom

pair contacts (Fig. S9 in Supporting information). The region corre-

sponding to the N/C–H���I hydrogen bond comprises 69.7% of the

total Hirshfeld surface, which is larger than (EA)PbI3 (62.0 %) and

(ATZ)PbI3 (53.1 %) (Figs. S10 and S11 in Supporting information).

The intense hydrogen bonds in 1 bring about the minimum inter-

chain distance of 4.308 Å, which is smaller than the interchain dis-

tances in (ATZ)PbI3 (4.369 Å) and (EA)PbI3 (4.326 Å) (Fig. 1e, Figs.

S12 and S13, Table S5 in Supporting information). All the structural

features facilitate the charge transport in 1.

To assess the semiconducting characteristics of 1, we conducted

UV–vis diffuse reflection spectroscopy measurements. As depicted

in Fig. 2a, the absorption spectrum of 1 shows a clear and distinct

absorption edge positioned at 627nm, devoid of any additional no-

table absorption feature. The Tauc equation yields an optical band

gap (Eg) of 2.20 eV. To determine the electronic structure, the ul-

traviolet photoelectron spectroscopy (UPS) measurement was con-

ducted for 1. The Fermi energy level (EF) is calculated as −3.67 eV

according to the work function (Φ =21.22 – Ecutoff, Fig. 2b). The

valence band level (EVB) was determined as −4.42 eV, which is

0.75 eV below the EF revealed by the valence band plot in Fig. 2b.

Then, the conduction band level (ECB) can be calculated to be

−2.22 eV by combining the optical band gap obtained from UV–

vis absorption spectroscopy. Therefore, the band structure diagram

of 1 can be determined as shown in Fig. S14 (Supporting informa-

tion). The EF level is closer to the valence band, implying a p-type

semiconductor feature for 1 [37].

The computation of electronic band structures and the total and

partial density of states (DOSs) was performed utilizing the density

functional theory (DFT) method. The calculated band structure of 1

is depicted in Fig. S15 (Supporting information), revealing an indi-

rect band gap feature with a theoretical band gap value of 2.13 eV

[38,39]. The total and partial DOS plots analyses reveal that the va-

lence band maximum (VBM) are mainly attributed to the 5p state

of iodine and the conduction band minimum (CBM) are mainly at-

tributed to the p-π ∗ antibonding orbitals of (ATZ)+ cation, indicat-

ing that both the inorganic chain and the aromatic (ATZ)+ cation

are primarily responsible for the photon-induced charge transfer in

1 (Figs. 2c and d). The (ATZ)+ cation has a smaller molecular en-

ergy gap (∼4.29 eV), which brings the p-π and p-π ∗ orbitals closer

to the band edges, both in the VBM and CBM, compared to the σ
and σ ∗ orbitals of (EA)+ cation, reflecting loose valence π electrons

to facilitate charge transport. The significant contribution of (ATZ)+

cation to the band edges can also be deduced both from the par-

tial DOSs analyses of (ATZ)+ in 1 and the comparative study of the

partial DOSs of (EA)PbI3 and (ATZ)PbI3 (Figs. S16-S18 in Supporting

information). All these results manifest the better charge mobility

between the organic and inorganic moieties by incorporating aro-

matic (ATZ)+ alloyed mixed cation [40].

Space-charge-limited current (SCLC) measurement was em-

ployed to determine the carrier mobility (μ) value of 1. The

current-voltage plot of the Ag/1/Ag sandwich device exhibit three

distinct regions: The low-voltage Ohmic region (first power law),

the high-voltage Child region (second power law), and the trap-

filled limited (TFL) region between these two regions (Fig. 2e). Fit-

ting the Child region with the Mott–Gurney law equation [41]:

μ = 8JL3/9εV 2 (1)

where J denotes the current density, L denotes the thickness of the

sample (1.5mm), ε is the dielectric constant (with an average val-

ues of 18.6, Fig. S19 in Supporting information), and V is the bias

voltage [42–44], gives the μ value of 1 as 0.32 cm2 V−1 s−1; this

value is slightly lower than the classic FAPbI3 of 4.4 cm2 V−1 s−1,

FA=HC(NH2)
2+ [45].

The exciton binding energy (Eb), was obtained through a

temperature-dependent photoluminescence technique [46,47]. As

shown in Figs. S20 and S21 (Supporting information), 1 shows pho-

toluminescence under 110K and emits stronger with the tempera-

ture lowered to 77K. The Arrhenius function fitting of the inten-

sity versus 1/T plot afford an Eb value of 40 meV, which is close to

the values for MAPbI3 (45 meV) and FAPbI3 (35 meV), this proves

1 has good electron-hole separation, implying the X-ray detection

potential for 1 [48,49].

To assess charge collecting capacity under X-ray irradiation, a

vertical-type detector utilizing the single crystal of 1 was fabri-

cated with electrode area of 0.2 mm2 and thickness of 1.5mm

(Fig. 3a). To achieve high sensitivity and low detection limits in

3
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Fig. 3. (a) Schematic illustration of the detector structure made from a single crystal. (b) Photoconductivity measurement of the single crystal device. (c) Bulk resistivity and

conductivity measurement. (d) Calculated absorption spectra of 1, crystalline Si, CdTe, CsI, α-Se, MAPbI3 and (MPC)2PbI4. (e) Attenuation efficiency of 50 keV X-ray photons

under different crystal thicknesses for 1, Si, CdTe, CsI, α-Se, (MPC)2PbI4 and MAPbI3. (f) Dose-rate-dependent response current density at various electric fields.

X-ray detection, a high μτ product and large resistivity are indis-

pensable key factors [2].

The μτ product is calculated by fitting the photoconductivity

curve nonlinearly with the adapted version of the Hecht equation

[50]:

I = I0μτV/L2
[
1 − exp

(
−L2/μτV

)]
(2)

The symbols I0, V, and L are used to denote the saturated pho-

tocurrent, the applied bias, and the crystal thickness respectively.

As shown in Fig. 3b, the μτ product of 2.22×10−4 cm2/V was ob-

tained for 1. The high μτ product shows an extended average car-

rier drift distance, leading to enhanced charge collection efficiency

[51]. The ohmic regime allows for the calculation of a large bulk

resistivity (1.94×1011 � cm), which contributes to the suppres-

sion of dark and noise currents, thus facilitating the detection of

weaker light intensities (Fig. 3c) [52]. Furthermore, the conductiv-

ity (σ ) of 1 was determined based on the dark I–V curve (Fig. 3c). 1

exhibits a conductivity of 5.15×10−12 S/cm, which is significantly

lower than that of 3D MAPbX3 (X=Cl, Br, I) (ranging from 10−7

S/cm to 10−8 S/cm), and certain Pb-based 2D hybrid perovskites,

such as (R-PPA)EAPbBr4 (1.89×10−7 S/cm) [53,54].

To gauge the potential of single crystal for X-ray detection, we

calculated the absorption coefficient of the single crystals with

the variation of photon energy. Fig. 3d clearly shows that the ab-

sorption coefficient of 1 is greater than Si, and it aligns closely

with those of CdTe, CsI, α-Se, MAPbI3 and (MPC)2PbI4 (MPC=6-

mercaptopyridine-3-carboxylic acid) in the energy range of 10–

104 keV [55]. As shown in Fig. 3e, upon attaining a thickness of

1.5mm for the single crystal of 1, the attenuation rate for 50 keV

X-ray photons nearly attains 100% effectiveness. The exceptional X-

ray absorption capability of 1 inspires us to quantify its reactivity

towards X-ray photons.

As shown in Fig. S22 (Supporting information), the electrical re-

sponses of the single-crystal detector under variable X-ray radia-

tion were recorded with an electric field of 10V, and intense pho-

tocurrent responses were detected under even a small difference

in dose rates. Sensitivity (S) represents a crucial performance indi-

cator for direct X-ray detectors, reflecting the capacity of an X-ray

detector to respond to a unit dose rate applied over a unit area. It

can be determined using the subsequent formula [50]:

S = Iph/DA (3)

where Iph is the photocurrent, D is the dose rate and A is the ac-

tive area of a device. The X-ray response current density at dif-

ferent dose rates and electric fields was used to calculate the

sensitivity (Fig. 3f). As the bias voltage raised from 10V to 50V

(electric field increasing from 6.7V/mm to 33.3V/mm), the sensi-

tivities determined utilizing the gradient of the linear regression,

showed a marked increase from 307 μC Gyair
−1 cm−2 to 1356 μC

Gyair
−1 cm−2 (Fig. S23 in Supporting information). The value at

50V (33.3V/mm) is second to the highest 1D fully inorganic lead-

based X-ray detector CsPbI3, and even exceeds most 2D single crys-

tal detectors (Table S6 in Supporting information). As a result, 1

exhibits a high sensitivity at relatively low electric field. The per-

formance of single crystal 1 in detecting X-rays supports its poten-

tial application in the medical field, where lower doses of X-rays

contribute to increased safety in medical diagnostics. Furthermore,

the detection limit is a pivotal metric for X-ray detectors, being in-

herently influenced by the signal-to-noise ratio (SNR, see formula

in Supporting information). The SNRs of the response current were

computed across various dose rates, and the dependence of SNR

on the dose rate is graphically illustrated in Fig. S24 (Supporting

information). The device demonstrates a remarkable photoelectric

response, with a detection limit of 4.3 μGyair/s at an SNR of 5.

This value is lower than the 5.5 μGyair/s required for conventional

medical diagnosis, indicating potential applications of 1 in medical

examinations.

In addition, the response time (τ ) of X-ray detector was evalu-

ated by analyzing the “on/off” switching cycle plot depicted in Fig.

S25 (Supporting information). The rise and decay times are deter-

mined as 280 and 570ms, which represent the times for photocur-

rent to rise to 90% from 10% and fall to 10% from 90%. Such a

short response time implies the promising radiographic application

of 1.

The irradiation stability of the X-ray detector was also evalu-

ated. The dark current of the X-ray detector displays only subtle

differences in the duration of ∼600 s under a bias of 10V (Fig. 4a).

In general, a low Idrift could reduce the dark current noise signal

and improves the SNR. Then, the Idrift was calculated using the fol-

lowing formula [56]:

Idrift = (Jt − J0)/Et (4)

where J0 denotes the dark current density at the beginning, Jt rep-

resents the dark current density at test time t, E represents the

applied electric field. The Idrift of the X-ray detector is 5.01×10−8

4
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Fig. 4. (a) Idrift measurement of 1 at 10V (6.7V/mm). (b) Repetitive switching cycles of the photo response of the detector under X-ray illumination (bias voltage at 10V and

X-ray dose rate at 160.4 μGyair/s). (c) The PXRD patterns of 1 under different conditions.

nA cm−1 s−1 V−1 at 6.7V/mm. This value falls below most previ-

ously reported 2D HLHP single crystal X-ray detectors, for exam-

ple, (DGA)PbI4 with a value of 5.97×10−6 nA cm−1 s−1 V−1 at

2000V/mm and (PEA)2PbI4 with a value of 1.90×10−7 nA cm−1

s−1 V−1 at 4545V/mm (for more comparison, see Table S7 in Sup-

porting information). It suggests that the Idrift within the X-ray de-

tector of 1 is insignificant, and the ion migration is effectively sup-

pressed within the single crystal.

The current density versus time plot shown in Fig. S26 (Sup-

porting information) indicates that the photocurrent kept sta-

ble without significant attenuation under an uninterrupted X-ray

bombardment with a dose rate of 160.4 μGyair/s for at least

600 s. Further, the photocurrent shows no obvious changes un-

der repeated cycles of “on/off” X-ray irradiation with a con-

stant bias electric field of 10V, which suggests the outstand-

ing photoelectric stability of the single crystal detector of 1

(Fig. 4b).

The elemental analysis and infrared spectrum analysis corre-

spond well to the structural data (Table S8 and Fig. S27 in Sup-

porting information). The purity of the phase composition within

the collected single crystals of 1 was confirmed through the uti-

lization of powder X-ray diffraction (PXRD) analysis. The observed

diffraction peaks closely match the calculated diffraction peaks de-

rived from the structural data (Fig. 4c). These results prove the

high single-phase purity nature and facilitate the application of

the single crystal of 1 in the field of direct X-ray detection [57].

Thermogravimetric analysis for 1 confirms the excellent thermal

stability, which can remain stable up to 509K (Fig. S28 in Sup-

porting information). Considering the intense hydrogen bonds in

1, the endurance of the single crystals in moisture air was eval-

uated. As shown in Fig. 4c, Figs. S29 and S30 (Supporting infor-

mation), 1 remains structure robust without any visible change in

75% relative humidity (RH) air for at least 50 days, which is sig-

nificantly longer than the values of 7 and 3 days for (ATZ)PbI3
and (EA)PbI3, respectively. These results confirm the (ATZ)+ al-

loyed mixed cationic spacer in enhancing the stability of 1D

HLHPs.

We prepared a new 1D HLHP of 1 with the formula of

(ATZ)(EA)4Pb3I11, which contains an 1D zigzag anionic chain, be-

ing different from chains with either (ATZ)+ or (EA)+ as the sole

cation. The proposed mixed cation strategy induces intense hy-

drogen bonds accounting for 69.7 % of the total Hirshfeld surface,

which promotes growth of large single crystals and significantly

enhances the environmental stability of 1. Moreover, the single

crystal of 1 boasts an ultra-low Idrift of 5.01×10−8 nA cm−1 s−1

V−1 and an impressive sensitivity of 1356 μC Gyair
−1 cm−2 at

33.3V/mm, owing to its high resistivity and substantial μτ prod-

uct, making it ideal for X-ray direct detection. The single crystal

of 1 represents a rare example of 1D HLHP for X-ray detection.

The research presents a new frontier and a broad range of pos-

sibilities for the application of 1D HLHPs in the realm of X-ray

detection.
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