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Two-dimensional (2D) hybrid perovskites possess remarkable X-ray absorption and outstanding carrier
transport properties, showing great application prospects in efficient X-ray detection. However, most 2D
hybrid perovskites require an external voltage to achieve X-ray detection, resulting in excessive device
power dissipation and pronounced ion migration effects. Thus, it is necessary to develop novel self-driven
X-ray detection materials. Here, by alloying iodine-substituted cations |-BA (I-BA = 4-iodobutyl-
ammonium) instead of n-butylamine cations into MAPblz (MA = methylammonium), a 2D triple-layer
polar hybrid perovskite (I-BA)>(MA),Pbszlo (1) is acquired. Due to the introduction of iodine-substituted
amines, additional non-covalent I---H hydrogen bonds between organic cations and I---| halogen bonds
between cations and inorganic halides are formed, endowing 1 with a polar structure. Notably, 1 delivers
a 0.15 V open-circuit photovoltage under X-ray irradiation and features self-driven X-ray detection behav-
ior. Furthermore, 1 shows a high sensitivity of 221.7 pC Gy™* cm™ with a low limit of detection of 16.3
nGy s~*. The distinctive characteristics of 1 render it an excellent candidate for self-driven X-ray detection,
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Introduction

X-ray detectors serve critical functions across multiple essen-
tial domains, particularly in medical diagnostics, non-destruc-
tive product evaluation, security inspections, and scientific
investigations.'® Consequently, developing novel materials for
improved X-ray detection continues to be a major focus of
global research efforts.” Lead halide perovskites have recently
gained prominence in direct X-ray detection applications
owing to their facile synthesis,® strong X-ray attenuation
capabilities,” ™" and superior optoelectronic performance.'*™°
However, the reliance of most detectors on strong electric
fields often causes severe ion migration, resulting in unstable
performance, increased energy consumption, and bulky circuit
configurations.”'”*® Therefore, the development of self-
driven devices capable of operating without an external bias
voltage has attracted growing attention in X-ray detection.®
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simultaneously offering valuable guidance for the precise design of advanced X-ray detection materials.

Traditionally, constructing a p-n heterojunction can gene-
rate a spontaneous potential gradient, which leads to photo-
induced charge separation and drift for self-driven supply.>*
However, the complexity of the manufacturing process and
interface engineering hinders the large-scale application of
this method.>* Alternatively, introducing chiral organic cations
induces the crystallization of the resulting perovskite into a chiral-
polar point group, thus naturally endowing the compound with
polar characteristics to generate self-driven photodetection. For
instance, self-driven circular polarization photodetection with
high sensitivity was achieved in (R-PPA)EAPbBr,.>* Then, Wu et al.
successfully achieved self-driven X-ray detection in chiral-polar
(R-MPA),AgBil,,*® which holds great promise for self-driven X-ray
detectors. Nevertheless, enantiopure chiral organic ammonium
cations obtained through asymmetric synthesis and chiral separ-
ation are often scarce and expensive. Therefore, self-driven detec-
tion materials constructed based on achiral cations are still highly
desired. In lead halide perovskites, non-covalent interactions
(steric hindrance, n—n interactions, hydrogen bonds, and van der
Waals force)*”*® among organic cations and those (electrostatic
interactions, hydrogen bonds, and halogen bonds)***° between
cations and inorganic halides influence the physical properties of
the crystal. For instance, Liu et al. introduced a carboxylic acid
group to construct quasi-Ruddlesden-Popper motifs with reduced
energy gaps via strong O-H---O hydrogen bonds between adjacent
spacer cations.*" In addition, carboxylic acid dimers significantly
enhanced structural rigidity, thereby mitigating non-radiative
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recombination induced by tensile vibrations.*” The bromine-sub-
stituted organic cations were employed to enhance the molecular
dipole moment, hindering oxygen atom diffusion and charged
ion migration, leading to improved chemical and operational
stability.>® Given that directional non-covalent interactions play a
crucial role in guiding the crystal structure,** inducing polarity in
hybrid perovskites through non-covalent interactions is
promising.

Inspired by this, we present a polar trilayered perovskite
hybrid, (I-BA),(MA),Pbs;l;, (1, where I-BA = 4-iodobutyl-
ammonium and MA = methylammonium), via incorporating
iodine-replaced organic spacers. The non-covalent I---H hydro-
gen bonds between organic cations and I---I halogen bonds
between cations and inorganic halides lead to 1 crystallization
in a polar space group, thus enabling it to present self-driven
photodetection. Moreover, the charge transport is enhanced
through increasing the layers of the inorganic framework,
thereby improving the self-driven photodetection performance.
The high-quality single-crystal (SC) device exhibits a large
photocurrent on-off ratio (5.74 x 10%), a high responsivity
(35.3 mA W), and an outstanding detectivity (>10"* Jones) at
520 nm without an external bias voltage. Moreover, due to the
excellent photo-response and the inorganic framework com-
posed of heavy elements Pb and I, 1 demonstrates excellent
self-driven X-ray detection capability, featuring a sensitivity of
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221.7 pC Gy ' em™?, and an impressively low limit of detection
(LoD) of 16.3 nGy s . This work develops a strategy of indu-
cing material polarity through haloamine-incorporated
enhancement of non-covalent interactions, paving the way for
the design of exceptional self-driven X-ray detection materials.

Experimental

Pb(Ac), (2.27 g, 6 mmol) was dissolved in 48% aqueous HI solu-
tion (10 mL) by heating to boiling under constant magnetic stir-
ring to give a yellowish solution. Subsequent addition of amino-
butanol (0.36 g, 4 mmol) and MA (0.45 g, 4 mmol) to the hot
solution formed a yellowish precipitate, which dissolved under
stirring to afford a dark yellow solution. Moreover, it was sub-
sequently dissolved by heating the solution to boiling. Finally,
black-red crystals were obtained after the solution was cooled to
room temperature. Further details regarding the experimental
and computational data are available in the SI.

Results and discussion

In HI solution, Pb(OAc), was mixed with 4-aminobutanol and
methylamine in stoichiometric ratios.>® Through a gradual
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(a) The iodine substitution strategy replaces BA cations with 1-BA cations. (b) The Hirshfeld surface of I-BA cations in 1. (c) I---H and (d) I--
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temperature reduction process, SCs of 1 were successfully
grown, and the phase purity was confirmed by comparing the
experimental PXRD pattern with the simulated pattern gener-
ated from the CIF (Fig. S1, SI). Fig. 1a illustrates the synthesis
of 1 through iodine-mediated substitution of BA cations by
I-BA cations. The introduction of heavy elements with a large
atomic number (Z) increases the density to 3.62 g cm™*, which
is higher than those of two-dimensional hybrid perovskites
without halogen-substituted spacers, such as (BA),(MA),Pb;I;,
(3.39 g ecm™®),%° (iBA),(MA),Pb;l;, (3.44 g cm ™, where iBA is
isobutylamine),>” and (PA),(MA),Pbsl,, (3.50 g cm ™3, where PA
is n-pentylamine).*® Such high density is conducive to more
efficient absorption of high-energy X-rays.

To further gain in-depth insights into the non-covalent
interactions of I-BA cations in perovskites, we analyzed the
Hirshfeld dnorm surface plot, 2D fingerprint plot (Fig. 1b-d),
and the interactions in 1 using Crystal Explorer software
derived from the CIF file. Under the effect of iodine-substi-
tuted cations, additional interactions between layers were
formed in 1 (Fig. S2 and S3, SI). As a result, the rotational
freedom of the bulky cations was reduced to make them orient
in an ordered manner, stabilizing 1 in a polar space group Pc.
Meanwhile, through the point charge model calculation, the
value of the electric polarization (Py) along the c-axis of 1 was
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3.62 uC cm? (Fig. S4 and Table S1, SI), providing additional
verification of its non-centrosymmetric structure (Fig. S5, SI).
Considering the polar structure of 1, it has great potential in
self-driven photodetection.

To evaluate the potential of 1 in optoelectronic appli-
cations, absorption data for 1 were collected using UV-Vis spec-
troscopy (Fig. S6, SI). 1 exhibited an absorption edge at
approximately 720 nm. By fitting the Tauc’s formula, we deter-
mined the optical bandgap of 1 to be 1.72 eV. Also, enabled by
exceptionally well-formed SCs of 1, we constructed two-elec-
trode devices with a symmetric Ag/1 SC/Ag architecture, with
Ag electrodes aligned parallel to the polar c-axis (Fig. 2a). High
resistivity could effectively reduce the current noise and dark
current, which is of great significance for exceptional-
efficiency X-ray detection. Therefore, by fitting the I-V curve, a
superior resistivity value of 1.45 x 10" Q cm for single crystal
1 was obtained (Fig. 2b). Fig. S7 depicts the wavelength depen-
dence of the spectral photoresponse. Under the same light
power density (2 mW e¢m™?), an excellent photoresponse (figne)
was obtained at 520 nm. Thus, this wavelength was chosen as
the characteristic wavelength for further evaluation of the
photodetection performance. Fig. 2c illustrates the current-
voltage (I-V) characteristics measured along the c-axis under
dark conditions and 520 nm illumination. The symmetry and
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(a) Device schematic of the lateral two-electrode detection devices constructed with the SC of 1. (b) The resistivity of 1. (c) The /[-V curves

under 520 nm irradiation. (d) Responsivity and detectivity under 520 nm with different illumination power.
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linear behavior indicate good ohmic contact between the
single crystal and the silver electrodes with a very small contact
resistance. In particular, our SC devices exhibited a rather low
dark current of approximately 20.9 pA. Such a low value of Iy
was highly beneficial for a high detectivity, and the measured
corresponding photocurrent (I,,) increased rapidly with the
increase in light intensity. Under an illumination of 233 mW
cm™>, the open-circuit photovoltage (V,.) was approximately
0.15V, and the I, was as high as 0.12 pA. The on/off ratio was
calculated to be 5.74 x 10® (Fig. 2c). Furthermore, the respon-
sivity (R) and detectivity (D*), which are important indicators
for evaluating the sensitivity of a detector, were calculated to
be 35.3 mAW ™' and 1.47 x 10" Jones (5.38 uW cm™?), respect-
ively (Fig. 2d). These results validate its significant potential in
self-driven and highly efficient photodetection applications.
Considering the excellent self-driven photoelectric detec-
tion performance in the visible light range, combined with the
advantages such as a high Z element content and high resis-
tivity, 1 exhibits very good prospects in superior efficiency
X-ray detection. Consequently, we systematically compared the
X-ray attenuation properties of 1 with those of conventional
detector materials across a broad energy spectrum (10 keV to
10 MeV) through photon cross-section database analysis
(Fig. 3a). 1 exhibited significantly enhanced X-ray absorption
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compared to Si, reaching performance levels comparable to
that of CdTe. Attenuation analysis revealed that a 1 mm thick-
ness of 1 could efficiently attenuate 97.4% of incident X-ray
photons, demonstrating exceptional detection suitability
(Fig. 3b). In addition, charge collection capability is critical for
achieving superior-performance detectors, which can be evalu-
ated using pr. We fitted the current-voltage (I-V) curves of 1 and
(I-BA),Pbl, under X-ray irradiation based on the modified Hecht
equation. As shown in Fig. 3c, the calculated value of pt for 1
was greater than that of (I-BA),Pbl,. This indicates that the two-
dimensional multi-layer structure of 1 has great potential in
achieving higher charge collection efficiency.>® Besides, the
polar structure endows 1 with remarkable spontaneous polariz-
ation characteristics. The polarization-induced built-in electric
field enables 1 to automatically and directionally separate and
transport photogenerated carriers, thus exhibiting the bulk
photovoltaic effect.”” Consequently, the self-driven X-ray
response of the device under zero-bias conditions was deter-
mined. Consistent with predictions, 1 exhibited an obvious radi-
ation-induced photovoltage of 0.15 V under X-ray exposure,
establishing a built-in electric field for autonomous charge sep-
aration and enabling self-driven X-ray detection (Fig. 3d).

Fig. 4a shows a pronounced enhancement in photo-current
density from detector 1 as the X-ray dose rate escalated from
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4.35 to 44.77 pGy s~

its superior radiation responsiveness. By fitting the current

under zero-bias conditions, confirming

density corresponding to different dose rates at 0 V bias, the
measured sensitivity was 221.7 pC Gy ' em™> This value
exceeds those of some reported hybrid perovskites in self-
driven mode, such as (R-PPA)(IEA)PbBr, (48.4 pC Gy " ecm?),*"
(S-BPEA),FAPb,I, (87.8 pC Gy ' em %" and (IEA),FAPb,I,
(157.6 uC Gy~ ' em™>).** Moreover, as depicted in Fig. 4b and c,
owing to enhanced charge extraction with an applied bias, at
the same X-ray dose, the photocurrent density of detector 1
gradually increased with the enhancement of the external elec-
tric field. When the bias voltage grew from 10 V up to 50 V, the
sensitivity rose substantially from 1558.4 pC Gy ' ecm™ to
5537.3 pC Gy ' em™2, highlighting its potential in X-ray detec-
tion research.**

The detection limit is another important parameter for eval-
uating the performance of X-ray detectors.*>*® The detection
limit is formally defined by the International Union of Pure
and Applied Chemistry (IUPAC) as the X-ray dose rate required
to yield a signal exceeding noise levels by a factor of three. We
recorded the current density-time (j-¢) curve of the device
under X-ray irradiation at a lower dose rate (Fig. S8, SI) and cal-
culated the corresponding signal-to-noise ratio. Therefore, the
detection limit of 1 at 0 V bias was calculated as shown in
Fig. 4d. Significantly, even at the ultra-low dose rate of
125.8 nGy s~ ', the system maintained an exceptional SNR of
4.46. Quantitative analysis established a LoD of 16.3 nGy s/,
outperforming standard medical X-ray requirements
(5.5 pGy s™')*” by a factor of 337. This characteristic is extre-

758 | Inorg. Chem. Front,, 2026, 13, 754-761

mely beneficial for practical medical imaging applications and
in line with the pursuit of minimizing radiation hazards in the
modern medical field. Fig. 4e shows the dark current drift
(Zarife) of detector 1. Even with a substantial external bias of 50
V applied, the device exhibited a moderate Iy (2.8 x 107° nA
em™' s7' V'), particularly given its minimal and extremely
stable dark current, which further highlights the merits of the
self-driven detection. The detector based on 1 was also
exposed to continuous X-ray radiation to evaluate its radiation
stability.*®*° The photocurrent and dark current remained
stable under X-ray irradiation with a total accumulated dose of
up to 1.20 Gy (Fig. 4f), highlighting its excellent irradiation
stability.

Conclusions

In summary, we reported a multilayer metal halide perovskite
with halogenated amines as large spacer cations. The combi-
nation of the multilayer structure of the lead iodide inorganic
framework and the halogenated amine cations endowed 1 with
a polar structure, excellent electrical properties, and a narrow
bandgap of 1.72 eV. Specifically, even without a bias voltage,
an outstanding responsivity of 35.3 mA W' and a detectivity
of 1.47 x 10 Jones were achieved under illumination at
520 nm. In addition, 1 demonstrated outstanding self-driven
X-ray detection capabilities with a high sensitivity of 221.7 pC
Gy ' em™? and a low detection limit of 16.3 nGy s™*. All these
merits indicate that 1 is a prominent material for high-per-
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formance self-driven X-ray detection and provide insights into
the design of 2D perovskites for self-driven photodetection.
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