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ABSTRACT: Metal halide perovskites (e.g., CsPbBr;) have
emerged as highly promising scintillator materials owing to
their superior optoelectronic characteristics. However, their
practical deployment is constrained by intrinsic structural
instability and nonradiative recombination-induced energy
loss. Herein, we show that Ni?* doping constitutes a potent
regulatory strategy for synergistically improving the
scintillation performance and environmental robustness of
CsPbBr; perovskite. Various characterizations combined
with threotecial calculation indicate that the incorporation of
Ni#* dopants triggers lattice contraction, thereby enhancing
the resistance to environmental perturbations. Ni-doping
also passivates intrinsic defects and traps, leading to
marked suppression of nonradiative recombination
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pathways. This synergy in as-prepared Ni-doped CsPbBr; leads to an 11-fold enhancement in photoluminescence intensity
and a substantial increase in photoluminescence quantum yield from 56.0% to 93.7%. Notably, it delivers an exceptional
light yield of 38,428.5 photons/MeV, a low detection limit of 64.9 nGyair/s, and superior radiation tolerance. Furthermore, a
flexible scintillation screen containing Ni-doped CsPbBr; enables high-resolution X-ray imaging with a spatial resolution of
16.6 Ip/mm, notably surpassing that of the majority of reported perovskite-based scintillators. This study provides profound
insights into the pivotal role of metal doping into halide perovskites for enhancing environmental stability in radiation

detection technologies.

KEYWORDS: scintillator, metal halide perovskite, nickel doping engineering, environmental stability, X-ray imaging

1 Introduction

Scintillators convert high-energy ionizing radiation such as X-rays
into visible light, serving applications in security screening,
industrial inspection, scientific research, and medical diagnostics
[1-5]. Superior stability, high light yield, and low detection limits
are essential for achieving high-resolution X-ray imaging [6].

Received: March 18, 2026; Revised: April 27, 2026
Accepted: May 7, 2026

>dAddress
tzc.edu.cn;

correspondence to Jiacheng Wang, jiacheng.wang@

Guigiang Pu, Yanxian Jin,

shirleyj@tzc.edu.cn

puguiqiang@tzc.edu.cn;

(& 727w | Sci@pen

94908817 (1 of 10)

Currently, most commercial X-ray scintillators are inorganic
compounds like bismuth germanate (BGO) and CsLTIl, which
exhibit outstanding X-ray scintillation properties, but generally
suffer from shortcomings such as harsh fabrication conditions, high
costs, and sensitivity to humidity and oxygen [7-14]. Novel X-ray
scintillators (e.g., plastic and glass scintillators) have emerged as cost-
effective alternatives to inorganic scintillation crystals [15-17].
Nevertheless, their low light yield (LY) and poor thermal stability
impede practical deployment, rendering the development of high-
efficiency and highly X-ray-sensitive scintillators with superior
imaging resolution a critical challenge.

In recent years, metal halide perovskites have attracted
considerable interest as a promising alternative class of scintillator
materjals [18—21]. All inorganic perovskite halides of cesium lead
(CsPbX,, where X = Cl, Br, or I) exhibit numerous advantages,
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including low-cost fabrication, high effective atomic number, and
outstanding optoelectronic performance. However, the insufficient
environmental stability and low LY of CsPbX, stand as major
bottlenecks impeding its practical deployment [22-25]. For
instance, CsPbl, possesses the appropriate bandgap for efficient
luminescence, but its native form exhibits severe phase instability at
room temperature. It readily transforms from the light-active black
phase to a non-perovskite yellow phase, causing a drastic decline in
scintillation capability [26]. CsPbCl, is renowned for its high-energy
luminescence spanning the ultraviolet to violet regions, a property
highly valuable for specific detection applications. It often exhibits
low photoluminescence quantum vyield (PLQY) due to strong
phonon scattering and deep-level defects [27]. Moreover, even
emerging lead-free alternatives such as CsCu,l;, which have
garnered significant attention for their exceptional environmental
stability and low toxicity, typically exhibit limited LY and suffer
from low PLQY. These limitations constrain their performance in
practical imaging applications [28]. In short, the commercialization
of CsPbX,; scintillators still faces considerable challenges.

The existing transition metal dopants (such as Mn** and Zn*) are
usually introduced to optimize a single property. For instance, Cai
et al. were able to adjust the distortion of [Cu,L;]" in the ground
state/excited state by doping Zn into the Cul site, significantly
enhancing the luminescence efficiency of Cs,Cu,l; [29]. Gong et al.
incorporated manganese ions into Cs,ScCl.,. Mn* arranged in
octahedral structures separated by scandium ions could more
effectively suppress photogenerated carriers, which was beneficial
for improving the PLQY [30]. However, Mn** doping introduces
more luminescent centers and generates a luminescence
phenomenon with a longer lifetime, which leads to the appearance

of different post-luminescence blurred images and is not conducive
to X-ray imaging. Herein, we propose that Ni** doping engineering
is an effective strategy to simultaneously improve the stability,
PLQY, and LY of CsPbBr, scintillator (Figs. 1(a) and 1(c)). On the
one hand, Ni** doping can maintain the intrinsic nanosecond-level
rapid flicker attenuation of CsPbBr, This rapid response
characteristic reduces the afterglow effect, avoids image blurring
during continuous imaging, and ensures the clarity of rapid
imaging. Electron paramagnetic resonance (EPR) and in-depth
spectroscopy analysis reveal that the introduction of Ni* can
passivate harmful lead vacancies of CsPbBr;, thereby suppressing
carrier trapping at these defect sites, promoting radiative
recombination, and achieving near-unity PLQY (left in Fig. 1(b)).
On the other hand, density functional theory (DFT) calculations
combined with stability analysis confirm that Ni* doping effectively
induces lattice contraction in CsPbBr;, leading to the formation of
Ni-Br bonds that possess higher stability than the intrinsic Pb-Br
bonds (right in Fig. 1(b)), thereby better resisting the structural
degradation caused by radiation. As a result, the modified crystal
structure maintains outstanding stability against ultraviolet
irradiation and humid ambient conditions. Benefiting from the
aforementioned modifications, Ni-doped CsPbBr; (CsPbBr;:Ni)
exhibits excellent scintillation performance including a high LY of
38,428.5 photons/MeV and a detection limit as low as 64.9 nGy,,/s,
along with excellent radiation and environmental stability
(Fig. 1(c)). Moreover, the high resolution of an optimized flexible
scintillator screen prepared by mixing polydimethylsiloxane
(PDMS) with CsPbBr;:Ni could reach up to 16.6 Ip/mm, holding a
promise for practical X-ray imaging.
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Figure1 (a) Schematic illustration of the introduction of Ni** into the lattice of CsPbBr;, effectively suppressing vacancy formation. (b) The effect of Ni** doping on
defects and lattice in CsPbBr;. The Ni** doping could remove the defects and shrink the lattice. (c) The satellite map of PLQY, LY, stability for both CsPbBr, and

CsPbBr;:Ni.
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2 Experimental

2.1 Chemicals

Cesium carbonate (Cs,CO,, 99.9%), oleic acid (OA, 90%), 1-
octadecene (ODE, 90%), lead(II) bromide (PbBr,, 99.99%), NiBr,,
oleylamine (OAm, Cl8-content 80%-90%), and cyclohexane
(= 99.7%) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. All reagents were used as received without
further purification.

2.2 Synthesis of CsPbBr; nanocrystals

In a typical synthesis procedure, Cs,CO, (0.05 g), OA (0.35 mL),
and ODE (5 mL) were added to a two-neck round-bottom flask
(100 mL). Next, the resulting mixture was heated at 110 °C under
vigorous stirring and vacuum conditions for 1 h. After that, a
nitrogen purge and vacuum were alternately applied to the flask
three times to remove moisture and O,. Subsequently, the reaction
temperature was maintained at 120 °C under N, atmosphere and
stirred until all Cs,CO, reacted with OA to form Cs-oleate. A clear
solution was obtained. Notably, Cs-oleate precipitated in the ODE
at ambient temperature and had to be preheated to 100 °C before it
could be used for the subsequent synthesis of perovskite
nanocrystal.

The CsPbBr, perovskite nanocrystals were synthesized by a
modified hot-injection procedure [31]. In a typical experiment,
PbBr, (0.188 mol) and 5 mL of ODE were added to a two-neck
round-bottom flask (100 mL). Next, the resulting mixture was
heated at 110 °C under vigorous stirring and vacuum conditions for
1 h, at which time the moisture residue was removed by purging
with nitrogen and vacuum suction. Then, OA (0.5 mL) and OAm
(0.5 mL) preheated to 70 °C was injected into the flask under N..
The flask was heated at 120 °C until PbBr, completely reacted with
OA and OAm. Then, the mixture was heated to 180 °C until the
PbBr, precursors dissolved completely. A hot Cs-oleate precursor
solution (0.8 mL) was injected quickly into the above reaction
mixture. After 5 s of reaction, the flask was transferred into an ice.
The as-prepared CsPbBr, crude solutions were precipitated by
centrifuging at 8000 rpm for 10 min. The colored supernatant was
carefully discarded, and the precipitate was mixed with cyclohexane
(6 mL) using an ultrasonic cleaner. The solution was centrifuged at
8000 rpm in 10 min. Then, the perovskite nanocrystals were
dispersed in cyclohexane (6 mL) and centrifuged at 12,000 rpm for
5 min to remove any excess Cs-oleate, larger perovskite
nanocrystals, and agglomerates. Finally, after repeating the previous
step once, the precipitate was then collected and redispersed in
cyclohexane, resulting in a colloidal dispersion of the CsPbBr;.

2.3 Synthesis of Ni-doped CsPbBr; nanocrystals

The synthesis of the Ni-doped CsPbBr, (CsPbBr;:Ni) nanocrystals
was performed in a manner similar to that of the CsPbBr,
nanocrystals, as described above. ODE (5 mL), PbBr,, and NiBr,
were added to a two-necked round-bottom flask (100 mL) and
dried under vacuum at 110 °C for 1 h. All other experimental
operations, including precursor injection, reaction temperature
control, and post-synthesis purification, were maintained consistent
with the standard procedure for pristine CsPbBr, nanocrystals.

2.4 Device fabrication

PDMS and scintillator powder were mixed in a mass ratio of 10:1
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and stirred to form a uniform mixture of gel. The mixture was then
evenly scraped onto a PET film. The mold was heated at 60 °C and
held for 10 h.

2.5 Material characterizations

X-ray powder diffraction (XRD, Bruker D8 Advance) was used to
analyze the phase structure of the powder. Microstructure was
observed using transmission electron microscopy (TEM, Thermo
Fisher Scientific Talos F200i). The valence state of the powder was
determined using X-ray photoelectron spectroscopy (XPS,
Shimadzu AXIS Supra+). The absorption spectra were obtained
using a ultraviolet-visible (UV-vis) spectrophotometer (MAPADA,
UV-670). Photoluminescence (PL) excitation and emission spectra
were measured wusing a fluorescence spectrophotometer
(Techcomp, FL970 Plus) with an excitation wavelength of 375 nm.
Time-resolved PL spectra were measured by wusing a
spectrofluorometer  (Edinburgh Instruments, FLS1000). All
temperature variation measurements were performed with an
additional device. X-ray imaging measurements were carried out
using a home-built system consisting of an X-ray source, a
scintillator film, and a digital camera. The radiation dose of X-rays
was controlled by changing the current and voltage of the X-ray
source. By adjustment of the voltage and current of the X-ray
source, the radiation dose could be regulated. The operational
voltage and current of the X-ray source ranged from 0 to 50 kV and
from 0 to 80 pA, respectively. In the X-ray imaging process, the
sample was placed between the scintillator screen and the X-ray
source. A camera was utilized to capture images from the other side
of the scintillator film. To protect the camera from X-ray damage, a
reflector was also utilized. Specifically, the distance between the X-
ray source and the scintillator screen was 12 cm. The scintillator
screen and the reflector were separated by 15 cm, while the distance
from the reflector to the camera was 30 cm. The object to be
imaged was placed in direct contact with the scintillator to
minimize image blurring. All imaging experiments were performed
under an X-ray source operating at 50 kV and 35 pA, with a dose of
278 uGy,,/s and an exposure time of 8 s.

2.6 Computational and sim

DFT calculations were performed using the Vienna ab initio
simulation package (VASP) [32], employing the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [33, 34]. A plane-
waveenergy cutoff of 450 eV and a 3 x 3 x 3 Monkhorst-Pack grid
for k-point sampling were set to ensure numerical precision.
Convergence criteria were established at 10° eV for energy and
0.02 eV/A for forces. To analyze the bonding properties, the wave
functions obtained by VASP were projected using local orbital
basissuite towards electronic-structure reconstruction (LOBSTER)
toobtain the crystal orbital Hamilton population (COHP) [35].
Andthe integrated projected crystal orbital Hamilton population
(IpCOHP) was obtained by integrating the energy-resolved
COHPcurves from the band bottom up to the Fermi level.

3 Results and discussion
3.1 Structural characterizations of Ni-doped CsPbBr,
CsPbBryxNi (x = 0%, 1.25%, 2.5%, 3.75%, and 5%) nanocrystals

were synthesized via the hot-injection method (Fig. S1 in the
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Electronic Supplementary Material (ESM)). The specific synthesis
steps are available in the ESM. The TEM images show that all
samples exhibit a similar cubic morphology, while the average
particle size of the samples gradually decreases from 18 to 14 nm
with the increase of Ni* doping concentration from 0% to 5%
(Figs. 2(a) and 2(b), and Fig. S2 in the ESM) [36]. XRD analysis
confirms the phase purity of CsPbBr;xNi, with all diffraction
patterns corresponding to the orthorhombic phase of CsPbBr;
(PDF #18-0364, left in Fig. 2(c)). It is noteworthy that the
diffraction peaks slightly shift to higher angles with increasing Ni**
doping concentration, indicating the occurrence of lattice
contraction (right in Fig. 2(c)). This observation is consistent with
the successful substitution of Pb* by Ni*, given the smaller ionic
radius (r = 0.69 A) of Ni** ions compared to that of Pb* ions (r =
1.19 A) [37]. Figure 2(d) demonstrates the high crystallinity of
CsPbBr; before and after Ni* doping, and the fast Fourier
transform pattern confirms their distinct lattice fringes. Notably, the
lattice spacing of CsPbBr, decreased from 0.407 to 0.401 nm
compared to CsPbBr;:2.5Ni, which further confirms the lattice
contraction induced by Ni* doping [38]. Moreover, energy
dispersive X-ray spectroscopy (EDS) mapping images reveal that
the elements Cs, Pb, Br, and Ni are evenly distributed into the
whole nanoparticles, which demonstrates the successful doping of
Ni* into the lattice (Fig. 2(e)).

(@)

XPS of CsPbBr;:2.5Ni was performed to further evaluate the
bonding state of doped Ni* within the lattice. The full scan
spectrum of CsPbBr;:2.5Ni reveals the existence of Ni 2p-related
peak in addition to the intrinsic Cs, Pb, and Br elements (Fig. S3 in
the ESM). Furthermore, a comparison of the high-resolution Pb 4f
spectra between CsPbBr, and CsPbBr,:2.5Ni shows a slight increase
in binding energy for CsPbBr;:2.5Ni (Fig. 2(f)). A similar shift
toward higher binding energy (0.3 eV) is observed for the Br 3d
peaks (Fig. 2(g)). This indicates a modified chemical environment
after the Ni* combination. Furthermore, the actual concentrations
of Ni** and Pb* were determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES). The molar ratio of Ni:Pb
was tested to be 1.8%, as is shown in Table S1 in the ESM, slightly
lower than the feeding molar ratio. Based on the above
experimental results, it can be confirmed that Ni** has been doped
into the CsPbBr, lattice by substituting Pb* sites or vacancies.

3.2 Regulation of the photophysical properties of CsPbBr,
by Ni* doping

Following the successful synthesis, we then proceeded to investigate
the influence of Ni** doping on the photophysical properties of
CsPbBr,. Figure 3(a) presents the absorption spectra of
CsPbBryxNi. The results indicate that the absorption edge lies
within the wavelength range of 512-518 nm (Table S2 in the ESM).
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Figure2 ((a) and (b)) TEM images of (a) CsPbBr; and (b) CsPbBr;:2.5Ni. The insets of (a) and (b) show the histograms of edge lengths of corresponding nanocrystals.
(c) XRD patterns of CsPbBr, doped with Ni at different concentrations. (d) Measured values of the atomic distance and intensity profile of CsPbBr, and CsPbBr,:2.5Ni. (e)
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It is attributed to the introduction of Ni*-induced shallow states
near the valence band maximum, as revealed by our DFT analysis.
It is noteworthy that Ni** doping resulted in a negligible effect on
the absorption of CsPbBr;. Figure 3(b) shows the PL spectra of
CsPbBr,:xNi. With increasing Ni** doping concentration, the PL
emission peak exhibits a systematic blue shift from 531 to 518 nm.
This shift indicates that Ni** doping effectively passivates defects in
the CsPbBr; [39, 40]. Meanwhile, the PL intensity initially increases
with increasing Ni** doping concentration and then reaches a
maximum at 2.5% Ni* doping. However, as the Ni* doping
concentration continues to increase, the PL intensity decreases as a
result of concentration quenching [41]. As shown in Fig. 3(c) and

Fig. S4 in the ESM, the PLQY increases sharply from 56.0% to
93.7% at an Ni** doping concentration of 2.5%, indicating that
nonradiative recombination phenomena in CsPbBr;:2.5Ni are
negligible. The significant increase in PLQY suggests that intrinsic
defect passivation is the underlying mechanism.

To verify the above hypothesis, we then performed the EPR
spectroscopy measurements (Fig. 3(d)). Both CsPbBr; and
CsPbBr;:2.5Ni exhibit a resonance signal at g = 2.005, which is
characteristic of unpaired electrons associated with charge-
compensating defects [42]. Notably, the intensity of this
characteristic EPR  signal is significantly ~diminished in
CsPbBr;:2.5Ni. This suppression also strongly evidences that Ni*
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Figure3 (a) Absorption spectra and (b) PL spectra of CsPbBr, and Ni-doped CsPbBr, (CsPbBr;:xNi). The inset in (b) shows the corresponding normalized PL spectra.
(c) PLQYs of CsPbBryxNi (x = 0, 1.25, 2.5, 3.75, and 5). (d) EPR of CsPbBr; and CsPbBr,:2.5Ni. (e) Time-resolved PL decay of CsPbBr, and CsPbBr,:2.5Ni. (f)
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doping effectively passivates related defects. Consequently, this
effective defect passivation channels more excited carriers through
radiative recombination pathways, enabling the CsPbBr;:2.5Ni to
achieve a PLQY approaching nearly 100%. The time-resolved
kinetic measurements show a marked extension of the decay
lifetime from 19.7 to 28.6 ns upon Ni* doping into CsPbBr;
(Fig. 3(e)). Moreover, the radiative and nonradiative decay rates can
also be calculated using the PLQY and the average lifetimes (Table
S3 in the ESM) [36, 43]. The radiative decay rate increased slightly
from 0.0284 to 0.0328 ns™ after the introduction of Ni** ions. In
stark contrast, the nonradiative decay rate was drastically
suppressed, decreasing from 0.0223 to 0.0022 ns™. Therefore, the
enhanced optical properties of CsPbBr; are primarily attributed to
Ni** jons doping, which effectively suppresses non-radiative
recombination by passivating defects.

Then, we performed DFT calculation to understand the origin of
Ni** doping induced photophysical properties of CsPbBr;. First, the
bandgap was analyzed using the Tauc plot method. Notably, the
bandgap decreased slightly from 2.38 eV for CsPbBr; to 2.36 eV for
CsPbBr;Ni (Fig. S5 in the ESM). As illustrated in Figs. S6 and S7 in
the ESM, both the valence band maximum (VBM) and the
conduction band minimum (CBM) of CsPbBr; and CsPbBr;:Ni are
located at the T point. The calculated bandgap for the CsPbBr; is
approximately 1.67 eV, which is lower than the experimental value,
a common underestimation in standard DFT calculations [44]. For
the CsPbBryNi, the calculated bandgap is reduced to 1.12 eV,
aligning with the Tauc plot analysis trend. The main contributions
to the conduction band (CB) and the valence band (VB) are
provided by Pb atoms and Br atoms, respectively (left in Fig. 3(g)).
The Cs atoms have no significant contribution. As shown in
Fig. 3(g)(right), the band gap of CsPbBr;Ni is almost unchanged
with respect to CsPbBr, and a localized energy state associated with
Ni dopants near the VBM appears. Notably, it should be mentioned
that the band-edge emission of CsPbBr; is of excitonic nature,
which is mainly due to the recombination of the excited electron
with self-trapped hole [45]. Moreover, the Ni*-induced shallow
states provide a favorable pathway for hole capture, which
effectively suppresses nonradiative recombination at defect and
thereby enhances the radiative decay rate and PLQY. These
findings offer direct evidence for the proposed defect passivation
mechanism.

We then measured the temperature-dependent PL spectra to
further investigate the influence of Ni** doping on the photophysical
properties of CsPbBr; (Figs. S8 and S9 in the ESM). Both samples
show a gradual decrease in PL intensity with increasing
temperature, which is attributed to thermally activated nonradiative
recombination. The overall temperature-dependent PL intensity
can be described by Eq. (1) [46, 47]

(1) L

T 11 Ae B/ M

where I(T) and I, represent the PL intensities at temperatures T and
0 K, respectively; A, ks and E, denote the constant, Boltzmann
constant, and exciton binding energy, respectively. As shown in
Fig. 3(f), the exciton binding energy of the CsPbBry:2.5Ni is
79 meV, higher than that of the CsPbBr; (70 meV). The larger E,
enhances the stability of excitons at room temperature (where
thermal energy is 26 meV) and even higher temperatures, thereby
improving the thermal stability of CsPbBr, through Ni* ions
doping. Furthermore, the full width at half-maximum (FWHM)
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broadens with increasing temperature (Figs. S10 and S11 in the
ESM), a phenomenon precisely fited by employing a
Bose-Einstein model accounting for exciton-phonon interactions
during the carrier recombination [46, 47].

Lo

ehwop/kgT _ 1

r(T)=I;+oT+ 2)

The I, oT, and I,/ -1 in the mode correspond to non-
uniform broadening, exciton-phonon, and exciton-phonon
interactions, respectively. The symbol fiw,, represents the optical
phonon energy. The fitting results indicate that the optical phonon
energies of both samples are similar, with values of 18.92 meV for
CsPbBr, and 19.37 meV for CsPbBr;:2.5Ni. These nearly identical
values indicate that Ni** doping does not significantly alter the
lattice vibrational properties of the host material.

3.3 The effects of Ni* doping on the environmental
stabitliy of CsPbBr,

In further experiments, we subsequently investigated the effect of
Ni* doping on the ambient stabistality to CsPbBr, (Fig. S12(a) in
the ESM). The photostability of the samples was rigorously tested
under continuous irradiation using a portable 3 W ultraviolet lamp
as the light source (irradiance: 350 pW/cm?). The PL intensity of the
CsPbBr, abruptly decreased to 45.1% of its initial value after 24 h
(Fig. S13(a) in the ESM), indicating that the inherent susceptibility
of pristine materials to light-induced damage. In contrast, the
CsPbBr,:2.5Ni  demonstrated exceptional robustness, retaining
81.5% of its initial PL intensity under the same conditions (Fig.
S13(b) in the ESM). The PL intensity decay in the CsPbBr;:2.5Ni
was significantly reduced, demonstrating the substantial
enhancement in photodegradation resistance conferred by Ni*
doping.

In addition, the humid stability of metal halide perovskites is a
critical factor for their practical applications. To evaluate this
property, water stability tests were conducted on CsPbBr, and
CsPbBr;:2.5Ni by adding deionized water (5% by volume) to the
colloidal solution. To enable direct and effective comparison, we
simultaneously performed time-dependent PL measurements on
solutions of the same concentration of CsPbBr; and CsPbBr;:2.5Ni.
The PL intensity evolution curves reveal a significant difference in
stability (Fig. S12(b) in the ESM). CsPbBr, undergoes rapid
hydrolysis degradation, exhibiting substantial intensity decay within
the first minute of water exposure. As shown in Fig. S13(c) in the
ESM, it indicates rapid aggregation and structural disintegration of
the nanocrystals upon water intrusion. In stark contrast,
CsPbBr;:2.5Ni exhibited exceptional stability. Its PL spectrum
remains largely unchanged over time, and the fluorescence
quenching kinetics are markedly slowed, with the material retaining
over 78% of its initial PL intensity after prolonged testing (Fig.
S13(d) in the ESM). Consequently, this significantly enhanced
water stability demonstrates that Ni* doping effectively mitigates
the inherent susceptibility of CsPbBr, to hydrolysis, representing a
key breakthrough for its application in ambient or humid
environments.

The impact of Ni** doping on structural stability of CsPbBr; was
further elucidated through bonding analysis. As previously
discussed, Ni** ions replaced Pb* sites in the CsPbBr; lattice. This
substitution replaces partial Pb-Br bonds with Ni-Br bonds,
reducing the bond length from 2.94 to 2.66 A and resulting in
significant lattice contraction. The further calculation of pCOHP
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demonstrates that the Ni-Br bond is more stable than the Pb-Br
bond by approximately 0.77 eV (Fig. 3(h)), as evidenced by their
integrated pCOHP values of —1.93 and -1.16 eV. This enhanced
bonding character contributes to improved lattice stability. These
results confirm that the lattice contraction from Ni* ions doping
yields a more compact and stable crystal structure, thereby
enhancing the stability of CsPbBr.

34 Investigation of the of

CsPbBr;:2.5Ni

The excellent PL stability and high PLQY (~ 94%) make
CsPbBr;:2.5Ni a promising candidate for X-ray scintillators. To
demonstrate its scintillation performance, we compared the X-ray
absorption spectra of CsPbBr; and CsPbBr;:2.5Ni with those of
several commercial scintillators (e.g., Si and LYSO:Ce) in Fig. 4(a).
Notably, the X-ray absorbance of CsPbBry2.5Ni is much
superior to that of silicon and approaches that of LYSO:Ce,
demonstrating excellent X-ray absorption capacity. The LY, a key
performance metric, reflects the efficiency of the scintillator in
converting high-energy radiation into visible light [48]. The LY of
CsPbBr;:2.5Ni was determined as high as 38,428.5 photons/MeV,
using the commercial BGO scintillator with a known LY
(9000 photons/MeV) as a reference (Fig. 4(b)). This value is far
superior to that of pristine CsPbBr; and the commercial BGO.
Besides the high LY, the practical utility of a scintillator also
depends on its response characteristics under varying irradiation
conditions.

Figure 4(c) shows that the radioluminescence (RL) intensity of

scintillation properties

CsPbBr,:2.5Ni demonstrates a significant increase with an increased
dose rate (DL) from 12.5 to 278 pGy,/s, and the RL intensity and
dose rate show a large range linear correlation, suggesting a stable
light output under X-ray radiation. The X-ray detection limit can be
calculated to be 64.9 nGy,/s, which is less than one-sixteenth of the
dose rate used in traditional X-ray medical diagnostics
(5500 nGy,,/s) [49]. In addition, irradiation stability is also a critical
indicator related to safety requirements and lifespan. After
intermittent exposure to a high X-ray dose for 1800 s, the RL
intensity of CsPbBr;:2.5Ni barely changed (Fig. 4(d))). Figure S14 in
the ESM shows the RL intensity measured after exposure to X-ray
irradiation lasting from 30 s to 10 min. CsPbBr, shows a relatively
low irradiation stability, and the RL intensity significantly decreases
to 90% after 10 min of irradiation. The integral RL intensity of
CsPbBr;;2.5Ni retains 97% of its initial value after 10 min of
irradiation. All results indicate that CsPbBry;2.5Ni can offer
excellent scintillation performance for long periods. There is no
doubt that both the enhanced LY and the radiation stability of
CsPbBr, stem from effective Ni** doping engineering.

Based on the above experimental results, we proposed a plausible
radioluminescence and X-ray stability mechanism for Ni** doped
CsPbBr; scintillator. As shown in Fig. 4(e), under X-ray irradiation,
the scintillator absorbs high-energy photons primarily via the
photoelectric effect and Compton scattering, generating numerous
primary electrons and holes. This initiates a cascade of charge
carrier dynamics: These high-energy electrons ionize other atoms
along their trajectories through Coulomb interactions, producing
secondary high-energy electrons. The resulting thermal carriers
subsequently undergo thermalization, cooling down to the band
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Figure4 (a) X-ray absorption coefficients of Si, LYSO:Ce, CsPbBr,, and CsPbBr;:2.5Ni. (b) Comparative RL spectra of CsPbBr;:2.5Ni and commercial BGO scintillator.
(c) The dependence of the RL intensity of CsPbBr; and CsPbBr,:2.5Ni on the dose rate, exhibiting a linear relationship. The Pearson’s correlation coefficients (r) of all of
the fitted results were greater than 0.99. The inset shows the RL spectra of CsPbBr;2.5Ni under X-ray irradiation at different dose rates. (d) Radiation stability of
CsPbBr;:2.5Ni under continuous X-ray irradiation. (e) Schematic diagram of the scintillation mechanism of CsPbBr;:2.5Ni.
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edges. In CsPbBr,, a significant fraction of these thermalized
carriers is trapped by intrinsic lattice defects. At these defect sites,
carriers predominantly recombine through non-radiative pathways,
whereby the recombination energy is dissipated as heat into the
lattice via multi-phonon emission instead of being converted into
light. This process directly diminishes the light output of the
scintillator. The Ni** doping engineering has jointly enhanced the X-
ray stability and radiation luminescence. On the one hand, Ni*
doping effectively induces lattice contraction in CsPbBr;, leading to
the formation of Ni-Br bonds that possess higher stability than the
intrinsic Pb-Br bonds. This makes it more difficult for structural
degradation and ion migration under the thermal effect and
ionization generated by high-energy X-ray irradiation. On the other
hand, Ni** doping engineered effectively passivates these intrinsic
defects, thereby suppressing non-radiative recombination channels.
This optimization of carrier recombination pathway directs more
carriers toward radiative recombination centers, resulting in the
release of their energy as photons and thus producing highly
efficient radioluminescence. Consequently, the synergistic effects of
Ni* doping engineering deliver both highly efficient
radioluminescence and exceptional stability.

3.5 Application of Ni-doped CsPbBr; scintillator in X-ray
imaging
CsPbBr,:2.5Ni has the integrated merits of strong X-ray absorption,

high LY, and long-term operational stability, which are necessary
for achieving high-performance X-ray imaging. Benefiting from the

(a) (b)

flexibility and optical transparency of PDMS, CsPbBr,:2.5Ni can be
homogeneously dispersed in the PDMS matrix to fabricate a
scintillator film. The detailed preparation procedures of these
flexible films are illustrated in Section 2. A custom-built system was
applied to conduct an X-ray imaging experiment (Fig. 5(a)). The
object was placed between the X-ray source and the scintillator
screen, and the resulting image was captured with a digital camera.
Figure 5(b) presents the RL spectra of CsPbBr;:2.5Ni scintillation
film. The inset shows its bright green emission under X-ray
excitation, which is notably more intense than the emission from
the CsPbBr; scintillation film. According to the slanted-edge
method, the imaging spatial resolution of CsPbBr,:2.5Ni scintillator
can be described by the modulation transfer function (MTF). At
MTF = 0.2, the scintillation film based on CsPbBr;:2.5Ni exhibited
an X-ray imaging resolution of 15.5 Ip/mm, significantly surpassing
the 10.9 Ip/mm of CsPbBr; (Fig. 5(c)). The imaging resolution is far
superior to that of commercial CsITl (3 to 5 Ip/mm) [50]. The
enhanced X-ray imaging capability of CsPbBr,:22.5Ni arises from
increase in light yield and radiative recombination rate.
Furthermore, we photographed an X-ray standard line pair card
and the results show that the observable limit of the line pair is
16.6 Ip/mm, which echoes the results by using the slanted-edge
method (Fig. 5(d)). The distribution curves of relative gray value of
these scintillation screens (Fig. 5(e)) are extracted from Fig. 5(d)
and Fig. S15 in the ESM. The corresponding relative gray-scale
distribution curves further validate the exceptional spatial resolution
of the CsPbBr;:2.5Ni scintillator film. As shown in Fig. 5(f), an
encapsulated metallic spring and an electronic chip are clearly
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Figure5 (a) Schematic diagram of X-ray imaging device. (b) Comparative RL spectra of CsPbBr;:2.5Ni and CsPbBr;. The inset shows a luminescence photograph of the
flexible scintillator screen. (c) MTF analysis of CsPbBr, and CsPbBr;:2.5Ni based scintillation films. (d) Bright-field (left) and X-ray excitation (right) images of a standard
X-ray resolution pattern plate (area ranging from 3.5 to 20 lp/mm) using CsPbBr,:2.5Ni film scintillator. (e) Relative gray value distribution curves for CsPbBr; and
CsPbBr;:2.5Ni, ranging from 12.5 to 16.6 Ip/mm. (f) The photographs and corresponding X-ray images of capsule, chip, and fish.
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visualized, demonstrating their potential applications in security
screening and industrial inspection. Additionally, the biological
tissues within the fish body are distinctly resolved, highlighting their
potential for medical imaging. These X-ray imaging demonstrations
indicate that CsPbBr,:2.5Ni scintillator shows great potential for
practical application.

4 Conclusions

In summary, we successfully demonstrated that Ni* doping
engineering is an effective strategy to significantly enhance the
scintillation performance and environmental stability of CsPbBr.
Introducing Ni** into the CsPbBr; lattice induces lattice contraction
and effectively passivates intrinsic defects, thereby significantly
suppressing nonradiative recombination pathways. This passivation
effect leads to an 11-fold increase in PL intensity and an increase in
PLQY from 56.0% to 93.7% while simultaneously prolonging the
PL lifetime. As a scintillator, CsPbBr;:2.5Ni exhibits an impressive
LY of 38,428.5 photons/MeV, a low detection limit of 64.9 nGy,/s,
and excellent irradiation stability. Moreover, a CsPbBr2.5Ni@
PDMS flexible scintillator screen demonstrates great imaging
ability, achieving a spatial resolution of 16.6 Ip/mm. Our work not
only demonstrates a high-performance and low-cost scintillation
material, but also provides deep insights into the crucial role of
metal jon doping in suppressing defects and optimizing perovskite
scintillator performance.

Electronic Supplementary Material: Supplementary material
(photograph of reaction solution, TEM images, XPS spectra,
PLQYs, band structures, temperature-dependent PL spectra, PL
stability testing, RL stability testing, ICP-OES, and radiative and
non-radiative rate) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908817.
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