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HIGHLIGHTS

® An amine-salt-assisted solution crystallization strategy is developed to grow high-quality CsPbCl; single crystals (SCs) with a size as large

as 15 mm, the SCs exhibit a high carrier mobility-lifetime product, low trap density, and large resistivity.

e The CsPbCl, SC X-ray detector achieved a high detection sensitivity of 76,624 pC Gy’! cm and a low detection limit of 47.9 nGy s, a

short response time of 700 ps, therefore realized high contrast X-ray imaging.

ABSTRACT Inorganic perovskite CsPbCl; single crystals

(SCs) are promising for stable and high-performance X-ray
detection due to their high X-ray absorption, superior optoelec-

tronic properties, and superior chemical and thermal stability.

However, the size of CsPbCl; SCs grown via low-energy-con- m e € ! EIZc!rii ﬁerd (Vg m,;i)zo
sumption solution methods remains limited to below 1 mm, CsPoC,

primarily because of the limited solubility of raw materials iy

in solvents and the lack of effective growth techniques. In this - '} % § % §

work, an amine-salt-assisted solution crystallization strategy o = ‘ ::\sc

is developed to grow high-quality CsPbCl; SCs with size up N g \ wm J

to 15 mm. This significant size improvement is enabled by
a 13-fold increase in precursor solubility, achieved by con-
structing hydrogen bond interactions between the amine salt and insoluble raw materials. Consequently, the SCs exhibit high uz product
(6.3% 1072 cm® V7Y, low trap density (2.9x 10'? cm™), and large resistivity (1.7 x 10° Q cm). Therefore, the SC detectors achieve a
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record-high sensitivity of 76,624 pC Gy~! cm~2 and a low detection limit of 47.9 nGy s~! even under low bias voltages, enabling high

contrast X-ray imaging. This ingenious and executable low-temperature solution crystallization strategy combined with superior X-ray

detection performance makes CsPbCl; SCs promising to advance the low-cost development of safe radiation detection systems.

KEYWORDS Perovskite; CsPbCl; single crystal; Solution growth; X-ray detection

1 Introduction

Metal halide perovskites have emerged as promising candi-
dates for photovoltaic and photoelectronic applications due
to their exceptional optoelectronic properties. Perovskite
solar cells and detectors have made great strides in efficiency
thanks to the inherent advantages of perovskites, including
high charge carrier mobility, long carrier lifetime, adjust-
able crystal structure and composition, low defect density,
and compatibility with low-cost solution processing [1-10].
These advantages also make them a prioritized choice for
researchers in photovoltaic and optoelectronic applications.
As a promising candidate, all-inorganic perovskites better
suited to detect X-rays with high energy and strong penetra-
tion because the atomic numbers of Cs and Pb are 55 and
82, respectively. Among the CsPbX; (X=Cl, Br, I) group,
CsPbl; is unsuitable for X-ray detection due to its destructive
phase transition to yellow perovskitoid phase [11]. In con-
trast, the bromide perovskite CsPbBr; SCs with high crys-
talline purity and large size have been successfully grown,
and the corresponding detectors achieved both high resis-
tivity and high mobility-lifetime (u7) products, and demon-
strated excellent detection performance under hard X-rays
[12, 13] and y-rays [14, 15]. In a previous report, CsPbCl,
crystals have been implemented in y-ray detector by using
high energy-consuming Bridgman melt growth technique
at high temperature exceeding 600 °C [16]. However, large-
size inorganic chloride perovskite CsPbCl; SCs have not
yet been achieved using low-temperature solution method
and have not been investigated as X-ray detection materials
due to the lack of effective growth methods. CsPbCl;-based
devices exhibit three main advantages for X-ray detection.
Firstly, its heavy elements effectively absorb X-ray photons.
Secondly, the low intrinsic carrier concentration and high
bulk resistivity resulting from the wide bandgap effectively
suppress dark current and noise levels in the device. Finally,
its all-inorganic composition gives it superior thermal stabil-
ity compared to organic—inorganic halide perovskites, which
helps extend the thermal degradation lifetime of device.

© The authors

As a prototypical perovskite material, CsPbCl; has histor-
ically been investigated in the forms of quantum dots, poly-
crystalline thin films and microcrystals obtained by using
solution-based processing [17-19]. However, the explora-
tion of large-size CsPbCl; SC growth by low-temperature
(<120 °C) solution method remained limited until recent
years owing to the formidable challenges associated with
the low solubility of cesium chloride salt. In 2019, Gui et al.
demonstrated a spatially confined solution-phase synthesis
of micron-sized (about 60 pm) CsPbCl; SC [20]. Pan et al.
further advanced by introducing a thermodynamic crystal
reconstruction protocol to convert the microcrystalline film
into a larger CsPbCl; SC film with size smaller than 1 mm.
Despite these methodological innovations, the inherently
low solubility of CsPbCl; in conventional solvents and the
prohibitive costs of Bridgman growth have prevented large-
scale photoelectronic applications of large-size SCs. In addi-
tion, the existing synthesis strategies produce SCs (such as
platelets or thin films) that are still insufficient to meet the
requirements of large-size SCs for X-ray detector fabrica-
tion. These limitations collectively prevent the comprehen-
sive understanding of the intrinsic properties of CsPbCl,
SC and its exploratory research in emerging optoelectronic
applications. Therefore, it is extremely urgent to further
develop effective strategies to grow large-size CsPbCl; SC
by low-temperature solution for photoelectric devices, espe-
cially X-ray detectors.

In this work, we achieved the growth of high-quality
centimeter-sized CsPbCl; SCs in low-temperature solution
for the first time by significantly increasing the solubility
of raw materials by 13-fold for SC growth through solution
composition engineering combined with organic amine-salt-
assisted strategy. The organic amine salt in solution can form
hydrogen bonds with the insoluble chloride inorganic salts
and weaken their lattice energy, thus greatly increasing the
solubility. Based on the above strategies, the grown CsPbCl,
SCs not only show excellent thermal stability, but also have
superior photoelectric properties, such as low trap density,
high resistivity, and large ur product. The above high fig-
ure-of-merits enable us realized high detection sensitivity,
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fast response speed, and low detection limit based on the
CsPbCl; SC detector, thus achieving high contrast X-ray
imaging. These results further demonstrate the great poten-
tial of all-inorganic semiconductor perovskite CsPbCl; SCs
with wide bandgap obtained by a low-temperature solution
method for low-cost and high-yield X-ray detection systems.

2 Experimental Section
2.1 Chemicals and Regents

Dimethyl sulfoxide (DMSO, 99.9%) was purchased from
Aladdin Reagent Ltd. Caesium chloride (CsCl, 99.9%)
and lead chloride (PbCl,, 99.99%) were purchased from
Macklin Reagent. Methylammonium iodide (MALI,
99.99%), methylammonium bromide (MABr, >99.99%),
formamidinium bromide (FABr, 99.9%), and formamidinium
iodide (FAIL, >99.99%) were purchased from Xi’an Nengcai
Photoelectronic Technology Co., Ltd. All chemicals and
reagents were used as received without further purification.

2.2 Growth of the CsPbCl; SCs

The precursor solutions for SC growth were prepared by
dissolving stoichiometric amounts of CsCl, PbCl,, and
the respective organic amine salts (MAI, MABr, FABr, or
FAI) in DMSO, maintaining a molar proportion of 2:3:2.
Specially, for the growth of CsPbCl; single crystals with-
out additives, CsCl and PbCl, were dissolved in 500 mL
of DMSO with a molar ratio of 1:1, resulting in a solution
with a molar concentration of 0.005 M. For the growth of
single crystal with MAI, MABr, FABr, and FAI, the molar
concentration of CsPbCl; was controlled at 0.05 M and dis-
solved in 120 mL of DMSO. All mixtures were subjected to
continuous stirring on a hotplate maintained at 50 °C until
complete dissolution was achieved, yielding optically clear
and homogeneous solutions. Each precursor solution was
subsequently filtered through a 2-pm PTFE membrane fil-
ter prior to crystallization. All the SCs were grown using
the inverse temperature crystallization method. The crys-
tallization vessels were placed in a static air-heating oven
preheated to 50 °C. The system was maintained under stable
conditions to promote the growth of high-quality perovskite
single crystals. The oven temperature was then subsequently
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increased from 50 to 120 °C at a controlled rate of 1 °C per
day until the completion of crystal growth.

2.3 Device Fabrication

The as-grown CsPbCl; SCs were mechanically polished to
a thickness of 1 mm to meet the requirements for detector
fabrication. Semi-transparent gold (Au) electrodes with
a thickness of 100 nm were subsequently deposited on
both the top and bottom surfaces of the crystal by thermal
evaporation. During electrode deposition, the SCs were fixed
on the mask with the active detection area of 1x 1 mm?.
Following this process, the electrode-coated SCs were
mounted onto a custom-designed circuit board, and the two
opposite electrodes of the detectors were stably connected
to the corresponding terminals on the board.

3 Results and Discussion
3.1 Crystallization Processes Analysis of the SCs

As previously reported, limited by the low solubility of SC
growth raw materials (CsCl and PbCl,) in solvents, there
has been no substantial progress in the growth of large-
size CsPbCl; SCs in recent years. To address this limita-
tion, we systematically explored the dissolution charac-
teristics of different organic solvents for the SC growing
raw materials at room temperature, the solvents includ-
ing 1,3-dimethyl-3,4,5,6-tetrahydro-2 (1H)-pyrimidinone
(DMPU), y-butyrolactone (GBL), y-valerolactone (GVL),
o-valerolactone (DVL), N, N-dimethylacetamide (DMAC),
N, N-dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO). As shown in Fig. 1a, even in the popular highly
soluble solvent DMSO, the solubility of the raw materials
is only 2.93 x 10~ ¢ mL~". In addition, the inserted pho-
tographs also indicates that when the same amount of raw
materials (2.93x 1073 g mL~") was added to a certain volume
of solvent, it can be completely dissolved only in the solvent
DMSO. However, this low solubility is still not sufficient for
growing large-size SCs because the limited raw materials in
solution does not continuously provide the necessary com-
ponents for crystal growth. In fact, according to our experi-
mental measurements, the low solubility of the raw materi-
als used to grow CsPbCl; SCs in DMSO is mainly caused
by the insolubility of CsCl, while the solubility of PbCl, is

@ Springer
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Fig.1 Growth mechanism of CsPbCl; SC. a Solubility of the raw material CsCl and PbCl, in various solvents at 25 °C. The inserted photo-
graphs show the dissolution situation of the raw materials dissolved in the solvents, with an amount of 2.93x 107> ¢ mL™!. b Solubility of the
raw material CsCl and PbCl, in DMSO at 25 °C with different additives added. The inserted photographs show the dissolution situation of the
raw material at its corresponding solubility after using different additives. ¢ Calculated binding Gibbs free energy change (AG) of the solution
systems with different additives. Insert: illustration of the increase for the solubility when MAI is added to the solution. d Photographs of the
CsPbCl; SCs grown from the pristine solution and the solution with additives. e Growth mechanism of CsPbCl; SCs in the pristine solution and

the solution with MAI

high enough (Fig. S1). Therefore, the key to increasing the
concentration of the solution used to grow CsPbCl; SCs is
to enhance the solubility of CsCl in solvent.

Therefore, in this work, in order to increase the concen-
tration of SC growth solution, we innovatively introduced
organic amine salt R-NH,X (X =Cl, Br, I) into the solution
to weaken the lattice energy of CsClI by forming hydro-
gen bonds (N-H---Cl) between R-NH;* ions and CsCl,
thus improving its solubility. The available amine salts
tested include formamidine hydrochloride (CH(NH,),Cl,
FACI), methylamine hydrochloride (CH;NH;CI,
MACI), formamidinium bromide (CH(NH,),Br, FABr),

© The authors

methylammonium bromide (CH;NH;Br, MABr), forma-
midinium iodide (CH(NH,),I, FAI), and methylammonium
iodide (CH3NH;I, MAI), etc. As shown in Fig. 1b, the
common organic amine salts R-NH;X can significantly
increase the concentration of the solution. We note that
because the 1™ ions and Cs* ions can form more solu-
ble Cs*—I~ ion pairs, the introduction of R-NH;I yields
a higher concentration solution than the introduction of
R-NH;Br and R-NH;Cl. In addition, since the better solu-
bility of PbCl, in DMSO, we appropriately increased the
proportion of PbCl, in the solution (PbCl,:CsCl =3:2),

which will be conducive to the raw materials can be

https://doi.org/10.1007/s40820-026-02272-y
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crystallized according to the stoichiometric ratio of per-
ovskite CsPbCl; during the growth process. Combined
with the introduction of MAI, we obtained the perovs-
kite CsPbCl; SC growth solution with an unprecedented
concentration of (0.038 g mL™1), which is about 13-fold
higher than the pristine concentration of 2.93 x 1073
g mL~!. This is mainly because the introduced organic
amine salt R-NH;X forms hydrogen bonds (N-H---CI)
with CsCl, which weakens the lattice energy of CsCl and
thereby increases its solubility. During this process, the
organic amine salt R-NH;I undergoes anion exchange (CI
substitution), resulting in the formation of Cs*1™:

CsCI'R— NH{I™ — Cs*I” + R— NH; CI”

Furthermore, due to the combined effect of the reduced
lattice energy of iodide salts (Csl, which is more soluble
in DMSO than CsCl) and the solvation effect, the highest
solution concentration was achieved after adding MAI to
the SC growth solution.

We further studied the dissolution process of the growth
solution using molecular dynamics simulations, and calcu-
lated the total electronic energy at the optimized geometry
and Gibbs free energy (G) of the solvent molecule, the
raw materials (Table S1), and the SC growth solutions
(Table S2) with different compositions constructed by the
solvent molecule and the raw materials. In the solution
system, the oxygen atoms of DMSO molecules coordinate
with Pb?* in solution through their polar ligands to form
a relatively stable coordination structure, while Cs* ions
mainly coordinate with halogen anions and few DMSO
molecules (Fig. S2). When the R-NH;I is introduced in
the solution, the -NH,;* group will form hydrogen bonds
with CsCl, thus changing the coordination structure and
improving its solubility. In addition, the electrostatic
interactions between Pb-halide and Cs-halide would be
reduced due to the weak electronegativity of 1™, thus
increasing the total energy of the solution system. By
subtracting the respective Gibbs free energy of each sol-
vent molecule and the raw material from the total energy
of the solution system, we obtain the binding Gibbs free
energy change (AG) of the solution system, which can
also be considered as the binding energy between the sol-
ute and the solvent in the solution (Table S3). Figure 1c
shows the comparison of the binding energy between sol-
ute and solvent molecules in different solution systems,

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

where (CsCl-PbCl,-DMSO-MAI) < (CsCl-PbCl,-DMSO-
MABT) < (CsCl1-PbCl,-DMSO-MACI) < (CsC1-PbCl,-
DMSO), which is consistent with the experimental results
of solubility. In general, the more negative the change of
Gibbs free energy in the dissolution process (AG < 0), the
easier the binding (stronger interaction) between solute
and solvent molecules is, and the more conducive it is to
form a solution system with high solubility.

Under the guidance of the above design, we grew
CsPbCl; SCs by introducing MAI into the SC growth solu-
tion and combining the inverse temperature crystallization
(ITC) method developed by our group, the detailed growth
method is described in the experimental section. As shown
in Fig. 1d, after the same growth time, we only obtained
CsPbCl; SCs with regular shape in pristine solution and the
solutions with FABr, MABr, FAI and MALI, but no satisfac-
tory crystals were obtained in the solutions with MACI and
FACI (Fig. S3). We note that the higher the solution concen-
tration, the larger the crystal size, in which the SC grown in
the solution with MAI reached 15X 15 x 6 mm?, and the SC
shows smooth surface, high transparency and no cracks. In
addition, the SCs grown in the pristine solution are not only
small in size, but also contain obvious cracks inside (Fig.
S4). To the best of our knowledge, this is the first case in
which centimeter-sized CsPbCl; SCs have been successfully
grown by solution method at low temperature (< 120 °C).

The growth mechanism of CsPbCl; SCs in the pristine
solution and the solution with additives is illustrated in
Fig. le. Compared to the direct growth of CsPbCl; SCs by
Bridgman method at high temperature (Eq. 1 in Fig. le),
the energy barrier that needs to be overcome to grow in
solution is significantly reduced. The energy barrier of
solid-state reaction crystallization between CsCl and
PbCl, (state I) is generally higher than that of solution
reaction crystallization, which is mainly limited by the
difficulty of solid-state diffusion and the high consumption
of lattice energy. Because the solution environment
significantly reduces the activation energy required for
the reaction through the solvent medium and the kinetic
advantage. This difference also explains why solid-state
reaction crystallization (Bridgman method) requires
high temperature conditions, while solution reaction
crystallization can be carried out under mild conditions.

For the solution method, the formation of supersaturated
solution is a prerequisite for driving crystallization, and
obtaining a sufficiently high solution concentration is an

@ Springer
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important basis for realizing the growth of large-size SCs.
Therefore, it is necessary to ensure that the raw materi-
als are fully dissolved in the solvent. Our previous study
showed that only a small fraction of CsCl dissociates into
free Cs™ and C1~ ions or forms complexes with DMSO
to dissolve (state II) due to the very limited solubility of
CsCl in DMSO solvent (Eq. 2 in Fig. le). Due to the insuf-
ficient availability of solute ions, growing CsPbCl; SCs
in the DMSO solution is extremely challenging (Eq. 3 in
Fig. 1e). We attempted to grow CsPbCl; SCs in the pris-
tine solution with extremely low concentrations, but the
results showed that these SCs contain obvious defects from
the surface to the interior (Fig. S4), which hindered them
from exhibiting superior photoelectric performance char-
acteristics that high-quality SCs should possess.

Upon introducing MAI to the SC growth solution, the
hydrogen bond interaction between MA* ions and CsCl
in the solution significantly enhanced the solubility of the
SC growth raw materials in DMSO (State III), thereby
obtaining a high-concentration SC growth solution with
sufficient ions of Cs™, Pb>*, and CI~. As the temperature
increases, the solution gradually becomes supersaturated,
thereby driving the crystallization of CsPbCl; (State IV).
The calculated energy values corresponding to states I, II,
and III are given in Table S2, and the energy relationship
among these three states iS E(ge 1> E(spate 11> E(state 11)-
It is worth noting that the externally introduced MA™ and
I” ions did not enter the final CsPbCl; SC lattice. This is
confirmed in subsequent studies and is consistent with the
results reported by Ji et al. [21].

3.2 Structure and Properties Analysis of the SCs

X-ray diffraction (XRD) is an effective method for analyz-
ing the crystal structure and crystalline quality of semicon-
ductor materials. As shown in Fig. 2a, the XRD patterns
of SCs grown from the pristine solution and the solution
with added MAI, MABr, FAI, and FABr were measured,
and all of them exhibit similar diffraction peaks. Notably,
the SC grown from the solution with MAI (w/MAI) dem-
onstrated the highest diffraction peak intensity, indicating
the best crystallinity. Furthermore, when the XRD patterns
were magnified (Fig. 2b), it is observed that the XRD dif-
fraction peaks of the SCs grown in the solutions with MAI
and FAI remained consistent with those of the pristine SC,

© The authors

indicating that the lattice had not changed. This proved that
the I ions and MA* ions did not enter the CsPbCl, SC lat-
tice. However, the XRD diffraction peak positions of the SCs
grown in the solutions with MABr and FABr shifted sig-
nificantly toward lower angles, suggesting that the Br™ ions
have been incorporated into the SC lattice, thereby causing
lattice expansion.

To further verify the specific components of the SCs grown
in the solution containing additives, X-ray photoelectron
spectroscopy (XPS) measurements were performed on the
internal cross section of the fresh SCs. As shown in Fig. 2c,
no XPS signal from I ion was detected in the CsPbCl; SC
grown from the solution with MAI, which is consistent
with the result that the XRD diffraction peak position
remained unchanged. Furthermore, we conducted XPS
measurements on the SCs grown in multiple batches, which
further confirmed this result. Subsequently, we performed
XPS measurements on the SCs grown in multiple batches,
thereby verifying the reliability of this result (Fig. S5). The
specific composition of the CsPbCl; SC was analyzed by
both XPS and energy-dispersive X-ray spectroscopy (EDX)
attached to the scanning electron microscopy (Fig. S6). No
cracks or grain boundaries are observed in the SEM image,
which proved the structural integrity and continuity of the
SC. EDX mapping indicated that the Cs, Pb, and Cl in the
SC is uniformly distributed, which further confirmed the
high quality of the SC. As shown in Fig. 2d, the Cs:Pb:Cl
ratio determined by the experiments was close to the
stoichiometric ratio of 1:1:3 in the perovskite CsPbCl;. We
also conducted detailed XPS and EDX analyses on the SCs
grown from solutions with different additives. The results
showed that no I ions were detected in the SCs grown from
the solution containing FAI (Fig. S7), while Br™ ions could
be clearly identified in the SCs grown from the solutions
with MABr (Fig. S8) and FABr (Fig. S9). These results
further demonstrated that the I” ions in the solution did not
enter the CsPbCl; SC, but the Br™ ions did. The Br™ ions
can enter the CsPbCl; lattice mainly due to its moderate
ionic radius (~ 196 pm), similar bonding characteristics to
CI™ (~ 181 pm), and the thermodynamically stable solubility
formation ability. However, I~ ions (~220 pm) are difficult
to stably replace the C1™ lattice position in the CsPbCl; due
to their large ionic radius, weak bonding, and tendency
to cause lattice distortion, These results are in agreement
with the conclusions of the XRD analysis, and this similar
phenomenon has also been observed in previous reported

https://doi.org/10.1007/s40820-026-02272-y
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Fig. 2 Characterization of the CsPbCl; SCs. a Powder XRD patterns of the SCs grown from the pristine solution and the solution with different
additives. b Enlarged views of the diffraction peaks of the (100) and (101) plane in Fig. 2a. ¢ XPS spectrum of the CsPbCl; SC grown from the
solution with MAI. d Comparison of calculated Cs:Pb:Cl ratio in the CsPbCl; SC with experimental results measured by XPS and EDS, respec-
tively. e "TH-NMR spectra of the CsPbCl; SC powder, a mixture of CsCl, PbCl, and MAI, and pure MAI dissolved in DMSO-d,. f Transmittance
spectra of the SCs. g High-resolution XRD rocking curve of the CsPbCl; SC. h Pole figure of the CsPbCl; SC measured at the (101) plane. i
Thermogravimetric and differential scanning calorimetry analysis of the CsPbCl; SC

works [22-24]. Furthermore, the 1H NMR spectroscopy
measurements indicate that there is no MAY ion present in
the CsPbCl; SC (Fig. 2e), confirming that MAI had not been
incorporated into the SC lattice.

For wide-bandgap semiconductor crystals, the optical
transmittance is a direct indicator for measuring crystal
quality and defect density, because a high defect concen-
tration will enhance photon scattering and the capture of
electromagnetic waves, thereby reducing the transmit-
tance. Generally, crystals with high defect concentration
usually have lower transmittance. The main reason is that
defects (such as vacancies, dislocations, impurities, etc.)

SHANGHAI JIAO TONG UNIVERSITY PRESS

will disrupt the periodicity of the lattice, causing the inci-
dent light to be scattered or absorbed. Moreover, the stress
field around the defects will cause non-uniform refractive
index, further intensifying the scattering or distortion of the
light. Therefore, a high defect concentration significantly
reduces the optical transmittance of the SC, especially in
the ultraviolet, visible, and near-infrared wavelength ranges,
where the effect is more pronounced. As shown in Fig. 2f,
among the SCs grown in solutions with different additives,
the CsPbCl; SC grown from the solution with MAI shows
the highest optical transmittance, indicating its best crystal
quality. To evaluate the crystallization quality of CsPbCl,

@ Springer
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SC, we analyzed the SC using high-resolution XRD rock-
ing curve. As shown in Fig. 2g, the FWHM of the rocking
curve for the SC was measured to be 0.052°, further con-
firming its superior crystallization quality. Furthermore, by
azimuthally rotating the SC from 0° to 360° at tilt angles
ranging from 0° to 90° at a fixed 20, the pole figure was
determined. As shown in Fig. 2h, the discrete diffraction
points are arranged in a symmetrical square pattern, further
confirming the high symmetry of the crystal structure [25].
Furthermore, the photoluminescence (PL) spectrum of the
CsPbCl; SC at 421 nm with an extremely small FWHM of
6.72 nm (Fig. S10) also indicates the high quality. These
results collectively demonstrated the high quality of the
CsPbCl; SC. Subsequently, the SC was ground into pow-
der for UV absorption spectrum analysis. As shown in Fig.
S11, the UV absorption edge of the CsPbCl; SC powder
was measured to be 423 nm, which is consistent with the PL
result. The thermal stability of this inorganic perovskite SC
was further evaluated through thermogravimetric analysis
and differential thermal analysis. As shown in Fig. 2i, the
CsPbCl; SC did not decompose until at a high temperature
of 880 K, which is much superior to other organic—inorganic
halide perovskites such as MAPbX; and FAPbX; [26, 27].

3.3 Carrier Transport Properties Analysis of the SCs

The carrier mobility (#) of the material is one of the key
parameters affecting the performance of X-ray detectors, as
it directly determines the transport and collection efficiency
of carriers within the material. Figure 3a shows the rise
time distribution of preamplifier pulses generated by **!Am
a particles across varying applied voltages of the CsPbCl,
SC device. As the voltage increased from -50 to -300 V, the
pulse rise time decreased significantly from 52.2 to 8.09 ps.
The revealed rise time distributions become narrower with
smaller average rise time at higher applied voltage. There-
fore, hole mobility of the CsPbCl; SC was extracted from
the voltage-dependent rise time of pulse signals using the
drift velocity relation y=d/ (txX E) [28, 29], yielding a value
of 9.7 cm? V~! 57!, as shown in Fig. 3b. A high mobility-
lifetime (u7) product enables carriers to move a longer dis-
tance under the electric field, thereby improving the charge
collection efficiency, enhancing the sensitivity and signal-to-
noise ratio (SNR) of the CsPbCl; SC detectors. In this work,
we determined the p7 product of the CsPbCl; SCs through

© The authors

photoconductivity characteristic measurements [30]. It can
be seen that under X-ray irradiation, the yur product of the
SCs fitted from the photoconductivity curves is determined
to be 6.3x 10~ cm? V~! (Fig. 3c), which is comparable to
the previously optimized inorganic perovskite CsPbBr, ol
SC with a pz product of 2.65x 10 cm? V= [31]. The high
uz product of the CsPbCl; SCs will enable its X-ray detec-
tors to achieve sufficient charge collection under a lower
electric field and reducing the working voltage of the detec-
tor, thereby lowering power consumption and the risk of
breakdown.

We also measured the bulk resistivity of the CsPbCl; SC.
As shown in Fig. 3d, the resistivity of CsPbCl; SC grown
using this solution strategy is 1.7 x 10° Q cm, which enables
the SC devices to show a lower noise current (Fig. 3e). The
traps in the SC will cause carrier recombination and serve
as the main channels for ion migration. Therefore, they
will significantly reduce the response and stability of the
SC device. In this work, the SCLC measurements were
performed to quantify the trap states density of the CsPbCl,
SCs. Combined with the experimentally measured dielectric
constant (Fig. 3f), the trap density of the SC was determined
to be 2.9 10'° cm™ (Fig. 3g) from the dark current—voltage
(I-V) curve with a 19.7 V trap-filled limit voltage (Vipp).
Additionally, we conducted a statistical analysis of the trap
density for 20 SCs (Fig. S12), revealing that the average
trap density of the SCs is 3.5x 10'° cm™, which is nearly
22 times lower than that of previously reported CsPbCl; SCs
(7.6x 10" cm™) [32]. This result indicates that the additive-
assisted crystallization growth strategy in this work can
effectively improve the quality of inorganic halide perovskite
CsPbCl; SCs. The low trap density is expected to help
reduce the loss caused by the trap-induced recombination of
photogenerated carriers and can suppress the leakage current
in photoelectronic devices.

Ton migration will alter the local electrical properties of
the X-ray detection material, such as creating space charge
regions or introducing additional defect states, thereby
interfering with the transport and collection efficiency
of carriers [33]. This effect is particularly pronounced
under high electric fields or high-dose X-ray irradiation,
potentially causing baseline drift and signal attenuation
in X-ray detectors, which can affect long-term stability
and measurement accuracy. Moreover, ion migration may
also trigger the polarization effect in X-ray detectors,
forming an internal reverse electric field, weakening the

https://doi.org/10.1007/s40820-026-02272-y
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effective detection electric field and reducing the charge
collection efficiency. To assess the extent of ion migration
in the CsPbCl; SC, we conducted temperature-dependent
conductivity measurements under dark conditions. Typi-
cally, at low temperatures, electron conduction plays a
dominant role as ion migration is inhibited. In this study,
the ion mobility in the CsPbCl; SC was characterized by
the activation energy (Ea) of the ionic conductivity, which
could be calculated by the Nernst—Einstein equation based

on the temperature-dependent conductivity measurements
[34]:

SHANGHAI JIAO TONG UNIVERSITY PRESS

where ky the Boltzmann constant, o, is a pre-exponential
factor, and T is the absolute temperature. By fitting the tem-
perature-dependent conductivity curve in the high tempera-
ture region, we determined the activation energy during ion
migration in CsPbCl; SC to be 0.42 eV (Fig. 3h). A higher
FEa indicates the lower ion migration in the CsPbCl; SC,
which will facilitate its SC detector to achieve stable X-ray
response output and superior long-term operational stability.
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3.4 X-Ray Detection Performance of the SC Detectors

Given its high uz product, low trap, large resistivity, sup-
pressed ion migration and strong X-ray absorption, the inor-
ganic halide perovskite CsPbCl; SCs are expected to exhibit
superior X-ray response. Therefore, the CsPbCl; SCs were
fabricated into detectors with a structure of Au/CsPbCl; SC/
Au as illustrated in Fig. 4a. During the detector preparation,
we firstly evaluated the X-ray absorption properties of the
CsPbCl; SC, and found that its X-ray absorbance coefficient
is higher than that of traditional X-ray detection materials
(such as Si and a-Se), as shown in Fig. 4b. Considering

© The authors

the correlation between the absorption coefficient, X-ray
penetration depth and X-ray energy conversion efficiency
[35], we further calculated the thickness-dependence X-ray
attenuation of the CsPbCl; SC to X-rays with specific
energy. As shown in Fig. 4c, it can be seen that a 1-mm-
thick CsPbCl; SC can almost completely (99.8%) absorb the
X-rays (70 kVp) used in the work. Therefore, we prepared
the CsPbCl; SC detectors with a thickness of 1.0 mm, and
measured their X-ray detection performance.

As shown in Figs. 4d and S13a, the response signal of the
CsPbCl; SC detector gradually enhanced with the increase
in X-ray dose rate under different electric fields, indicating

https://doi.org/10.1007/s40820-026-02272-y
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sensitive response to X-rays. Moreover, the detector shows
a stable dark current baseline, further confirming the weak
ion migration of the CsPbCl; SC. By fitting the response
current density of the SC detector under different dose
rates of X-ray irradiation (Figs. 4e and S13b), the X-ray
detection sensitivity was determined. As shown in Fig. 4f,
the SC detector achieved a sensitivity as high as 76,624 pC
Gy~! cm™ only at a low electric field of 20 V mm™!,
which is mainly attributed to the high uz product of the
CsPbCl, SC. This value represents record-high sensitivity
for inorganic perovskite SC detectors, underscoring their
significant application potential (Table S4). Detection limit
is usually regarded as the X-ray dose rate that the detector
can effectively detect and generate a response with SNR =3
[36]. Therefore, we measured the response of CsPbCl; SC
detector at low dose rates, and 47.9 nGy s~! was determined
as the detection limit at 1 V mm™" (Fig. 4g).

Response time is a crucial parameter for X-ray detectors.
Achieving a short X-ray response time, combined with
high detection sensitivity, provides an effective pathway to
significantly reduce the X-ray dose required for imaging. In
this work, the response rise time (¢,) of the X-ray detector
is defined as the time required for the response value to
increase from 10 to 90% of its peak value, while the fall
time (#) is defined as the time for the response to decrease
from 90 to 10% of the peak value [37]. As shown in Fig. 4h,
the rise time of the CsPbCl; SC detector response to X-rays
was measured to be 700 ps, and the fall time was 1100 ps.
Additionally, we further analyzed the response speed of the
SC detector by measuring the —3 dB cutoff frequency (f;45)
of the X-ray response. The response cutoff frequency of
the detector is defined as the modulation frequency of the
input signal when its amplitude remains constant and the
output response signal drops to 0.707 times its maximum
value. In this study, the —3 dB cutoff frequency of the SC
detector was determined to be 508 Hz (Fig. 4i) according
to the relationship between the response amplitude and the
modulation frequency [38]:

0.35
t

Jaag =

r

where ¢, is the response time, and it is determined to be
689 ps, which is consistent with the response time of 700 ps
obtained from the transient response measurement.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

3.5 Stability and X-Ray Imaging Performance
of the SC Detectors

The stability of halide perovskite photoelectric devices has
long been a key research focus in this field. To assess the
stability of the CsPbCl; SC detector under X-ray irradiation,
we carefully recorded the response signal of the detector
during continuous operation under a specific dose rate of
48.51 uGy s~! and an applied electric field of 3 V. mm™'. As
shown in Fig. 5a, both the dark current and photocurrent of
the detector exhibit negligible changes throughout the whole
evaluation period, which demonstrates the low ionic migra-
tion of the CsPbCl; SC. Furthermore, we evaluated the envi-
ronmental stability of the CsPbCl; SC detector. As shown in
Fig. S14, the detector still maintained 85% of its response to
X-rays after being placed in the air for 35 days. The superior
X-ray response sensitivity, low dark current noise and stable
response output make the CsPbCl; SC detector promising
for achieving high-resolution X-ray imaging. In this work,
we constructed an X-ray imaging measurement system as
illustrated in Fig. 5b to verify the imaging performance
of the SC detector. We firstly conducted an X-ray scan on
a standard line pair card, and the X-ray image shows that
even very narrow metal (Pb) lines could be clearly identi-
fied (Fig. 5c). Specifically, the line pair card was installed
on the scanning stage between X-ray source and the CsPbCl,
SC detector. During the movement of the stage, the X-ray
response signal of the detector and the coordinate position of
the object were simultaneously collected, thereby forming a
two-dimensional X-ray image. Furthermore, the modulation
transfer function (MTF) was measured by an edge device
scanning method [39], and the corresponding resolution
of the CsPbCl; SC detector was determined to be 5.78 Ip
mm~! (Fig. 5d—f). Therefore, we performed X-ray imaging
on a “dinosaur” pattern, the number “7”, and the letter metal
cards of "JYJ", as shown in Fig. 5g. The X-ray images of
these objects are consistent with the physical photographs.
More importantly, the CsPbCl; SC detector can clearly iden-
tify the metal inside the black plastic of the key (Fig. 5h).
The high-resolution X-ray images further confirm that the
CsPbCl; SC detectors possess sensitive X-ray response and
high spatial resolution.
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4 Conclusion

In this work, by constructing hydrogen bond interactions
between organic amine salts and insoluble growth raw mate-
rials and combining solution component engineering, the
solubility of CsPbCl; was increased by 13-fold, thereby solv-
ing the solubility limitation of inorganic halide perovskite
CsPbCl; in organic solvents. Thus, an organic amine-salt-
assisted solution crystallization strategy was successfully
developed to achieve the first growth of large-sized and high-
quality CsPbCl; SCs. The obtained CsPbCl; SCs exhibit
superior photoelectric properties, such as low defect density,
large resistivity, high carrier-lifetime product, and low ion
migration. Therefore, X-ray detectors based on CsPbCl; SCs
realized record-high detection sensitivity among inorganic
perovskite X-ray detectors even under low electric fields, as
well as low detection limit, short response time, and stable
response output. The rare combination of these exceptional
X-ray detection properties enables the CsPbCl; SC detectors
achieved high-definition X-ray imaging. It can be expected
that through further optimization of SC quality and integra-
tion of advanced high-pixel optoelectronic device technolo-
gies, the imaging performance of CsPbCl; SC detectors will
be further improved. In conclusion, this work lays an impor-
tant foundation for developing a new generation of X-ray
detection equipment with stable and high-resolution imaging
capability and provides a new solution for achieving safe and
high-frequency medical imaging applications in the future.

Acknowledgements This study was supported by the National
Natural Science Foundation of China (52473309, 52303379), the
National University Research Fund of China (GK202602015),
the Fundamental Innovation Project in the School of Materials
Science and Engineering (SNNU), the New Star Project of Sci-
ence and Technology of Shaanxi Province (2025ZC-KJXX-101),
the Key project of National Natural Science Foundation of China
(U21A20102), the 111 Project (B21005).

Author Contributions Y.C.L. and S.Z.L conceived and supervised
the project. Y.J.J. prepared the single crystals and fabricated the
detectors. Y.J.J., NM.L., X.N.S, Y.X.Z., Z.Y.F, YQW,, WJ.C,
XXW,JYT,LZ.,B.XJ., and R.X.S. characterized the material
properties. Y.J.J., D.P.C., and J.C.P. analyzed the crystallization
process of the single crystal. Y.J.J., D.P.C., NM.L., and J.Y.T.
measured the optoelectronic properties. Y.J.J., D.P.C.,, and Z.Y.F.
measured the X-ray detection performance. Y.J.J. and D.P.C. wrote
the manuscript. Y.H.H, Y.C.L., and S.Z.L. revised the manuscript,
and all the authors reviewed the final manuscript.

| SHANGHAI JIAO TONG UNIVERSITY PRESS

Declarations

Conlflict of Interest The authors declare no interest conflict. They
have no known conflict of interest or personal relationships that could
have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s)
and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/
by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-026-02272-y.

References

1. W. Wu, H. Gao, L. Jia, Y. Li, D. Zhang et al., Stable and uni-
form self-assembled organic diradical molecules for perovskite
photovoltaics. Science 389(6756), 195-199 (2025). https://doi.
org/10.1126/science.adv4551

2. Y.Lin,Z. Lin, S. Lv, Y. Shui, W. Zhu et al., A Nd@C82—poly-
mer interface for efficient and stable perovskite solar cells.
Nature 642(8066), 78-84 (2025). https://doi.org/10.1038/
$41586-025-08961-9

3. D. Chu, N. Liu, S. Xie, Y. Li, J. Chen et al., Stable and ultra-
sensitive X-ray detectors based on oriented single-crystal per-
ovskite rods. Adv. Mater. 37(27), 2500101 (2025). https://doi.
org/10.1002/adma.202500101

4. D.Chu, B. Jia, N. Liu, Y. Zhang, X. Li et al., Lattice engineer-
ing for stabilized black FAPbI; perovskite single crystals for
high-resolution X-ray imaging at the lowest dose. Sci. Adv.
9(35), eadh2255 (2023). https://doi.org/10.1126/sciadv.adh22
55

5. J.Yu, Y. Luo, N. Tian, Y. Liu, Z. Yang et al., Large scale lead-
free perovskite polycrystalline wafer achieved by hot-pressed
strategy for high-performance X-ray detection. Adv. Mater.
37(4), 2413709 (2025). https://doi.org/10.1002/adma.20241
3709

6. J. Yan, F. Gao, Y. Tian, Y. Li, W. Gong et al., Controllable
perovskite single crystal heterojunction for stable self-powered
photo-imaging and X-ray detection. Adv. Opt. Mater. 10(17),
2200449 (2022). https://doi.org/10.1002/adom.202200449

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-026-02272-y
https://doi.org/10.1007/s40820-026-02272-y
https://doi.org/10.1126/science.adv4551
https://doi.org/10.1126/science.adv4551
https://doi.org/10.1038/s41586-025-08961-9
https://doi.org/10.1038/s41586-025-08961-9
https://doi.org/10.1002/adma.202500101
https://doi.org/10.1002/adma.202500101
https://doi.org/10.1126/sciadv.adh2255
https://doi.org/10.1126/sciadv.adh2255
https://doi.org/10.1002/adma.202413709
https://doi.org/10.1002/adma.202413709
https://doi.org/10.1002/adom.202200449

421

Page 14 of 15

Nano-Micro Lett. (2026) 18:421

7.

10.

12.

14.

15.

17.

18.

19.

J. Yan, Q. Zheng, S.-P. Wang, Y.-Z. Tian, W.-Q. Gong et al.,
Multifunctional organic—inorganic hybrid perovskite micro-
crystalline engineering and electromagnetic response switch-
ing multi-band devices. Adv. Mater. 35(25), 2300015 (2023).
https://doi.org/10.1002/adma.202300015

. Y.-H. Huang, S.-Y. Zou, C.-Y. Sheng, Y.-C. Fang, X.-D. Wang

et al., Lattice anchoring stabilizes a- FAPbI; perovskite for
high-performance X-ray detectors. Nano-Micro Lett. 18(1),
14 (2025). https://doi.org/10.1007/s40820-025-01856-4

Z.Zhang, X. Wang, H. Li, D. Li, Y. Zhang et al., Face-/ edge-
shared 3D perovskitoid single crystals with suppressed ion
migration for stable X-ray detector. Nano-Micro Lett. 17(1),
310 (2025). https://doi.org/10.1007/s40820-025-01788-z

M. Girolami, F. Matteocci, S. Pettinato, V. Serpente, E.
Bolli et al., Metal-halide perovskite submicrometer-thick
films for ultra-stable self-powered direct X-ray detectors.
Nano-Micro Lett. 16(1), 182 (2024). https://doi.org/10.1007/
s40820-024-01393-6

. D.B. Straus, S. Guo, R.J. Cava, Kinetically stable single crys-

tals of perovskite-phase CsPbl;. J. Am. Chem. Soc. 141(29),
11435-11439 (2019). https://doi.org/10.1021/jacs.9b06055

Y. Hua, G. Zhang, X. Sun, P. Zhang, Y. Hao et al., Suppressed
ion migration for high-performance X-ray detectors based on
atmosphere-controlled EFG-grown perovskite CsPbBr; single
crystals. Nat. Photonics 18(8), 870-877 (2024). https://doi.
org/10.1038/541566-024-01480-5

. L. Pan, Z. Liu, C. Welton, V.V. Klepov, J.A. Peters et al.,

Ultrahigh-flux X-ray detection by a solution-grown perovskite
CsPbBrj; single-crystal semiconductor detector. Adv. Mater.
35(25), 2211840 (2023). https://doi.org/10.1002/adma.20221
1840

N. Shen, X. He, T. Gao, B. Xiao, Y. Wang et al., Single photon
y-ray imaging with high energy and spatial resolution perovs-
kite semiconductor for nuclear medicine. Nat. Commun. 16,
8113 (2025). https://doi.org/10.1038/s41467-025-63400-7
H. Qin, B. Xiao, X. He, X. Ouyang, T. Gao et al., Virtual
Frisch grid perovskite CsPbBr; semiconductor with 2.2-cen-
timeter thickness for high energy resolution gamma-ray spec-
trometer. Nat. Commun. 16, 158 (2025). https://doi.org/10.
1038/s41467-024-55561-8

Y. He, C.C. Stoumpos, I. Hadar, Z. Luo, K.M. McCall et al.,
Demonstration of energy-resolved y-Ra, detection at room
temperature by the CsPbCl; perovskite semiconductor. J.
Am. Chem. Soc. 143(4), 2068-2077 (2021). https://doi.org/
10.1021/jacs.0c12254

W. Xu, J. Liu, B. Dong, J. Huang, H. Shi et al., Atomic-scale
imaging of ytterbium ions in lead halide perovskites. Sci. Adv.
9(35), eadi7931 (2023). https://doi.org/10.1126/sciadv.adi79
31

X. Li, C. Liu, F. Ding, Z. Lu, P. Gao et al., Ultra-stable and
sensitive ultraviolet photodetectors based on monocrystalline
perovskite thin films. Adv. Funct. Mater. 33(15), 2213360
(2023). https://doi.org/10.1002/adfm.202213360

M. Gong, M. Alamri, D. Ewing, S.M. Sadeghi, J.Z. Wu,
Localized surface plasmon resonance enhanced light absorp-
tion in AuCu/CsPbCl; core/shell nanocrystals. Adv. Mater.

© The authors

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32(26), 2002163 (2020). https://doi.org/10.1002/adma.20200
2163

P. Gui, H. Zhou, F. Yao, Z. Song, B. Li et al., High-perfor-
mance X-ray detection based on perovskite materials with
enhanced stability. Small 15(39), 1902618 (2019). https://doi.
org/10.1002/sml1.201902618

S.G. Ji, IJ. Park, H. Chang, J.H. Park, G.P. Hong et al., Stable
pure-iodide wide-band-gap perovskites for efficient Si tandem
cells via kinetically controlled phase evolution. Joule 6(10),
2390-2405 (2022). https://doi.org/10.1016/j.joule.2022.08.
006

N. Pellet, J. Teuscher, J. Maier, M. Gritzel, Transforming
hybrid organic inorganic perovskites by rapid halide exchange.
Chem. Mater. 27(6), 2181-2188 (2015). https://doi.org/10.
1021/acs.chemmater.5b00281

Q.A. Akkerman, V. D’Innocenzo, S. Accornero, A. Scar-
pellini, A. Petrozza et al., Tuning the optical properties of
cesium lead halide perovskite nanocrystals by anion exchange
reactions. J. Am. Chem. Soc. 137(32), 10276-10281 (2015).
https://doi.org/10.1021/jacs.5b05602

N. Livakas, S. Toso, Y.P. Ivanov, T. Das, S. Chakraborty et al.,
CsPbCl; — CsPbl; exchange in perovskite nanocrystals pro-
ceeds through a jump-the-gap reaction mechanism. J. Am.
Chem. Soc. 145(37), 20442-20450 (2023). https://doi.org/
10.1021/jacs.3c06214

Y. Zhang, J. Hao, Z. Zhao, J. Pi, R. Shi et al., Lead-free per-
ovskite single crystal linear array detector for high-resolution
X-ray imaging. Adv. Mater. 36(24), €2310831 (2024). https://
doi.org/10.1002/adma.202310831

Y. Liu, Y. Zhang, X. Zhu, Z. Yang, W. Ke et al., Inch-sized
high-quality perovskite single crystals by suppressing phase
segregation for light-powered integrated circuits. Sci. Adyv.
7(7), eabc8844 (2021). https://doi.org/10.1126/sciadv.abc8844
Y. Liu, Y. Zhang, X. Zhu, J. Feng, 1. Spanopoulos et al., Tri-
ple-cation and mixed-halide perovskite single crystal for high-
performance X-ray imaging. Adv. Mater. 33(8), €2006010
(2021). https://doi.org/10.1002/adma.202006010

L. Zhao, Y. Zhou, Z. Shi, Z. Ni, M. Wang et al., High-yield
growth of FACsPbBrj; single crystals with low defect den-
sity from mixed solvents for gamma-ray spectroscopy.
Nat. Photon. 17, 315-323 (2023). https://doi.org/10.1038/
s41566-023-01154-8

M. Li, S. Wang, A. Wood, J.D. Yeager, S.P. Stepanoff et al.,
Defect repairing in lead bromide perovskite single crystals
with biasing and bromine for X-ray photon-counting detec-
tors. Nat. Mater. 24(12), 1993-2000 (2025). https://doi.org/
10.1038/s41563-025-02310-x

J. Pang, H. Wu, H. Li, T. Jin, J. Tang et al., Reconfigur-
able perovskite X-ray detector for intelligent imaging. Nat.
Commun. 15(1), 1769 (2024). https://doi.org/10.1038/
s41467-024-46184-0

R. Shi, J. Pi, D. Chu, B. Jia, Z. Zhao et al., Promoting band
splitting through symmetry breaking in inorganic halide per-
ovskite single crystals for high-sensitivity X-ray detection.
ACS Energy Lett. 8(11), 48364847 (2023). https://doi.org/
10.1021/acsenergylett.3c01661

https://doi.org/10.1007/s40820-026-02272-y


https://doi.org/10.1002/adma.202300015
https://doi.org/10.1007/s40820-025-01856-4
https://doi.org/10.1007/s40820-025-01788-z
https://doi.org/10.1007/s40820-024-01393-6
https://doi.org/10.1007/s40820-024-01393-6
https://doi.org/10.1021/jacs.9b06055
https://doi.org/10.1038/s41566-024-01480-5
https://doi.org/10.1038/s41566-024-01480-5
https://doi.org/10.1002/adma.202211840
https://doi.org/10.1002/adma.202211840
https://doi.org/10.1038/s41467-025-63400-7
https://doi.org/10.1038/s41467-024-55561-8
https://doi.org/10.1038/s41467-024-55561-8
https://doi.org/10.1021/jacs.0c12254
https://doi.org/10.1021/jacs.0c12254
https://doi.org/10.1126/sciadv.adi7931
https://doi.org/10.1126/sciadv.adi7931
https://doi.org/10.1002/adfm.202213360
https://doi.org/10.1002/adma.202002163
https://doi.org/10.1002/adma.202002163
https://doi.org/10.1002/smll.201902618
https://doi.org/10.1002/smll.201902618
https://doi.org/10.1016/j.joule.2022.08.006
https://doi.org/10.1016/j.joule.2022.08.006
https://doi.org/10.1021/acs.chemmater.5b00281
https://doi.org/10.1021/acs.chemmater.5b00281
https://doi.org/10.1021/jacs.5b05602
https://doi.org/10.1021/jacs.3c06214
https://doi.org/10.1021/jacs.3c06214
https://doi.org/10.1002/adma.202310831
https://doi.org/10.1002/adma.202310831
https://doi.org/10.1126/sciadv.abc8844
https://doi.org/10.1002/adma.202006010
https://doi.org/10.1038/s41566-023-01154-8
https://doi.org/10.1038/s41566-023-01154-8
https://doi.org/10.1038/s41563-025-02310-x
https://doi.org/10.1038/s41563-025-02310-x
https://doi.org/10.1038/s41467-024-46184-0
https://doi.org/10.1038/s41467-024-46184-0
https://doi.org/10.1021/acsenergylett.3c01661
https://doi.org/10.1021/acsenergylett.3c01661

Nano-Micro Lett.

(2026) 18:421

Page 150f 15 421

32.

33.

34.

35.

36.

X. Pan, T. An, J. Sun, H. Dong, Z. Ma et al., Thermodynami-
cally induced crystal restructuring to make CsPbCl; single
crystal films for weak light detection. Nano Res. 17(11), 9775—
9783 (2024). https://doi.org/10.1007/s12274-024-6967-9

X. Zhang, D. Chu, B. Jia, Z. Zhao, J. Pi et al., Heterointer-
face design of perovskite single crystals for high-performance
X-ray imaging. Adv. Mater. 36(3), €2305513 (2024). https://
doi.org/10.1002/adma.202305513

S. Yang, S. Chen, E. Mosconi, Y. Fang, X. Xiao et al., Stabi-
lizing halide perovskite surfaces for solar cell operation with
wide-bandgap lead oxysalts. Science 365(6452), 473-478
(2019). https://doi.org/10.1126/science.aax3294

M. Chen, X. Dong, D. Chu, B. Jia, X. Zhang et al., Interlayer-
spacing engineering of lead-free perovskite single crystal
for high-performance X-ray imaging. Adv. Mater. 35(18),
2211977 (2023). https://doi.org/10.1002/adma.202211977

D. Liu, Y. Zheng, X.Y. Sui, X.F. Wu, C. Zou et al., Universal
growth of perovskite thin monocrystals from high solute flux
for sensitive self-driven X-ray detection. Nat. Commun. 15(1),
2390 (2024). https://doi.org/10.1038/541467-024-46712-y

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

37.

38.

39.

N. Liu, D. Chu, X. Xin, J. Tian, Y. Jiang et al., Unveiling the
role of cesium in halide perovskite single crystal for stable
and ultrasensitive X-ray detection. Adv. Funct. Mater. 36(21),
2504203 (2026). https://doi.org/10.1002/adfm.202504203

Y. Fang, J. Huang, Resolving weak light of sub-picowatt per
square centimeter by hybrid perovskite photodetectors enabled
by noise reduction. Adv. Mater. 27(17), 2804-2810 (2015).
https://doi.org/10.1002/adma.201500099

Y. Liang, Z. Zhao, J. Hao, Y. Zhang, D. Chu et al., Interla-
mellar-spacing engineering of stable and toxicity-reduced 2D
perovskite single crystal for high-resolution X-ray imaging.
Nano Lett. 24(27), 8436-8444 (2024). https://doi.org/10.1021/
acs.nanolett.4c02507

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s12274-024-6967-9
https://doi.org/10.1002/adma.202305513
https://doi.org/10.1002/adma.202305513
https://doi.org/10.1126/science.aax3294
https://doi.org/10.1002/adma.202211977
https://doi.org/10.1038/s41467-024-46712-y
https://doi.org/10.1002/adfm.202504203
https://doi.org/10.1002/adma.201500099
https://doi.org/10.1021/acs.nanolett.4c02507
https://doi.org/10.1021/acs.nanolett.4c02507

	Amine-Salt-Assisted Solution Crystallization of Inorganic Perovskite Single Crystals for High-Performance X-Ray Detection
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Chemicals and Regents
	2.2 Growth of the CsPbCl3 SCs
	2.3 Device Fabrication

	3 Results and Discussion
	3.1 Crystallization Processes Analysis of the SCs
	3.2 Structure and Properties Analysis of the SCs
	3.3 Carrier Transport Properties Analysis of the SCs
	3.4 X-Ray Detection Performance of the SC Detectors
	3.5 Stability and X-Ray Imaging Performance of the SC Detectors

	4 Conclusion
	Acknowledgements 
	References


