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2-Bromonaphthalene-Induced Defect Passivation to
Suppress lon Migration in CsPbBr; Wafer for X-Ray Detector

with Bias-Resistant Stability

Xiao Zhao, Ziging Li, Shimao Wang,* Yanan Song, Enliu Hong, Tingting Yan,

Gang Meng,* and Xiaosheng Fang*

Featuring exceptional photoelectronic properties and scalability, hot-pressing
processed all-inorganic (i. e., CsPbBr;) perovskite wafers have emerged as
promising candidates for direct X-ray imaging. Nonetheless, severe ion migra-
tion in CsPbBr; wafers results in a large and drifting dark current, thereby com-
promising the bias-resistant stability of the X-ray detector. Herein, a solvent-free
interfacial defect passivation strategy is proposed by introducing a passivator
molecule, 2-bromonaphthalene, to passivate interfacial defects and suppress
ion migration in CsPbBr; wafers. Implementing this strategy effectively inhibits
ion migration in CsPbBr; wafers, as evidenced by an enhanced ion migration
activation energy of 0.56 eV and a negligible dark-current drift of 4.01 x 10-8 pA
cm~' s71 V-1 representing a 100 fold reduction in dark current drift compared
to untreated CsPbBr; wafers under a high electric field of 100 V. mm~1,
indicating a high bias-resistant stability. Consequently, the CsPbBr; wafer X-ray
detector achieves an impressively high sensitivity of 11090 uC Gy,;, =" cm~2,
a low detection limit of 9.41 nGy,;, s~ under a 100 V mm~" electric field,

industrial production, and scientific
research.'*l To reduce the potential risks
associated with X-ray exposure, it is essen-
tial to develop X-ray detectors with a high
signal-to-noise ratio (SNR), high sensitivity,
and an ultralow detection limit to minimize
the required X-ray dosage. Recently, metal
halide perovskite single crystals (SCs) have
garnered significant attention as promising
materials for high-performance direct X-ray
detection by virtue of high X-ray attenuation
capability,[*3] large carrier mobility-lifetime
products (u7),!%”] low-temperature solution
processability,®] and cost-effectiveness.!]
Despite these advances, the size scalabil-
ity of perovskite SCs remains a critical
bottleneck for large-area device applica-
tions, primarily due to the time-consuming

and complicated crystal growth processes
required.*"]

Considering the X-ray refractive index be-
ing ~1.0 and the associated challenges in fo-
cusing, it is imperative for X-ray flat-panel
detectors to achieve scalability in alignment
with the dimensions of the objects being examined, espe-
cially in commercial applications, such as medical diagnos-
tics and industrial inspections.''"13] Solution-processed per-
ovskite polycrystalline thick films with scalable areas can be
readily fabricated using various techniques, including blade
coating,['* spray-coating,!'>] screen printing,['®! and roll-to-roll
processing.['”] However, solution-processing methods encounter
significant challenges in fabricating high-quality, uniform films
with millimeter-scale thickness. A major difficulty is the solvent
evaporation during film preparation, which inevitably leads to the
formation of pinholes and cracks.'®! These defects substantially
impede charge carrier transport and degrade the photoelectronic
properties of the thick films. Previous studies have shown that
CsPbBr; films produced by the mist deposition method also meet
the requirements of large-area, thick-film, and low-cost fabrica-
tion while enabling oriented film formation."®! From a practical
application perspective, solvent-free powder-pressed perovskite
polycrystalline wafers present a more facile, cost-effective, time-
efficient, and scalable alternative to SCs, while being more uni-
form and compact compared to solution-processed perovskite
polycrystalline thick films.[?%! By tuning the dimensions and ge-
ometry of the mold, as well as optimizing the powder loading,

and high-contrast X-ray imaging capabilities, with performance comparable to
that of CsPbBr; single-crystal-based X-ray detector, highlighting the potential
of interfacial defect passivation strategy for high-performance X-ray detectors.

1. Introduction

X-ray detection has been extensively applied in medical di-
agnostics, security inspections, nondestructive examination of

X. Zhao, S. Wang, Y. Song, G. Meng

Anhui Provincial Key Laboratory of Photonic Devices and Materials
Anhui Institute of Optics and Fine Mechanics

and Key Laboratory of Photovoltaic and Energy Conservation Materials
Hefei Institutes of Physical Science

Chinese Academy of Sciences

Hefei 230031, P. R. China

E-mail: shmwang@aiofm.ac.cn; menggang@aiofm.ac.cn

X.Zhao, Z.Li, E. Hong, T. Yan, X. Fang

Department of Materials Science

State Key Laboratory of Molecular Engineering of Polymers

and Institute of Optoelectronics

Fudan University

Shanghai 200433, P. R. China

E-mail: xshfang@fudan.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202500039
DOI: 10.1002/adfm.202500039

Adv. Funct. Mater. 2025, 35, 2500039 2500039 (1 of 10) © 2025 Wiley-VCH GmbH


http://www.afm-journal.de
mailto:shmwang@aiofm.ac.cn
mailto:menggang@aiofm.ac.cn
mailto:xshfang@fudan.edu.cn
https://doi.org/10.1002/adfm.202500039
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202500039&domain=pdf&date_stamp=2025-03-17

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

dense and phase-pure perovskite wafers with customizable sizes,
shapes, and thicknesses can be fabricated.[?1:22]

Nevertheless, due to its ionic nature and relatively low ac-
tivation energy, ion migration is an inevitable issue in per-
ovskite wafers.[?] Even worse, grain boundaries in perovskite
wafers can provide pathways for mobile ionic defects, which leads
to increased ionic conductivity, elevated dark current, higher
noise, and substantial current baseline drift, all of which dete-
riorate device performance and compromise long-term opera-
tional stability. It has been reported that lowering the electronic
dimensionality of halide perovskite structures can effectively
mitigate or suppress ion migration.**] Low-dimensional halide
perovskite materials, such as 0D MA;Bi,l,,2#%] Cs,Bi,I,,12°]
2D (C,H,C,H,NH,),PbX, ((PEA),PbX,, X=Cl, Br, I),12728] and
(NH,);Bi,1,,[?! have demonstrated suppressed ion migration
and stable dark current baseline, resulting in impressively low
detection limits below 100 nGy,;, s™1.3% Despite these advance-
ments, the intrinsic anisotropy and inferior carrier transport
properties of low-dimensional perovskite lead to significantly
lower X-ray sensitivities compared to their 3D counterparts.[3%31]
Among the various 3D halide perovskites, all-inorganic per-
ovskite CsPbBr; has emerged as a highly competitive material
for X/y-ray detection, owing to its superior photoelectric prop-
erties, excellent humidity resistance, high thermal stability, and
significantly enhanced chemical stability compared to organic—
inorganic halide perovskites.>32] However, the presence of grain
boundaries and abundant defects can induce severe ion mi-
gration under biased operational conditions, resulting in large
and fluctuating dark currents, which deteriorate both the detec-
tion limits and the long-term operational stability of devices.33]
Moreover, the enhancement of charge collection efficiency in
semiconductor X-ray detectors often necessitates the applica-
tion of high electric fields, which, however, exacerbate ion mi-
gration and compromise device stability. Several strategies, in-
cluding mixed halogen,**! CsPbBr,-based heterostructures, -]
and atmosphere-controlled growth techniques!®***°] have been ex-
plored to mitigate ion migration or passivate defects. Despite
these advances, addressing interfacial defects (the primary path-
ways for ion migration) in area-scalable CsPbBr, wafers remains
a significant challenge. Tackling this issue is crucial for overcom-
ing the limitations posed by ion migration and is essential for
achieving high-performance CsPbBr; wafer-based X-ray detec-
tors with enhanced photoelectronic properties and long-term op-
erational stability.

In this work, a solvent-free interfacial defect passivation strat-
egy is proposed to tackle the critical challenges of interfacial
defects and ion migration in CsPbBr; wafers by incorporat-
ing 2- bromonaphthalene. This additive, characterized by its
nonvolatile nature and low melting point,*’l facilitates elec-
tron transfer from its electron-rich bromine atoms to defec-
tive Pb%* sites, thereby reducing defect densities. The impact
of 2-bromonaphthalene introduction on passivating interfacial
defects and suppressing ion migration is comprehensively in-
vestigated. Subsequently, X-ray detectors based on the treated
CsPDbBr,; wafers are fabricated, and their X-ray detection perfor-
mance and imaging capabilities devices are systematically evalu-
ated.
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2. Results and Discussion

The preparation process for the CsPbBr; polycrystalline wafer
is schematically illustrated in Figure la. Initially, bar-shaped
CsPbBr; SCs, grown via the anti-solvent diffusion-assisted crys-
tallization method (Figure S1, Supporting Information),?!} are
ground together with 2-bromonaphthalene powders to form a
homogenous mixture. This mixture is then loaded into a steel
mold and subjected to compression at 10 MPa and 80 °C for 1 h.
Owing to its low melting point, 2-bromonaphthalene infiltrates
vertically throughout the wafer during the hot-pressed process,
effectively filling the grain boundaries of the CsPbBr, wafer. As
expected, the combined effects of heat and pressure result in the
formation of dense and uniform CsPbBr, wafers, as shown in
Figure 1b. The resulting CsPbBr, wafers are circular with a di-
ameter of 1 cm, and their thickness can be adjusted by varying
the amount of powder loaded. Additionally, using CsPbBr; SCs
as the raw material for hot pressing helps reduce defects within
the grains and enhances the crystallization quality of the wafers.
As shown in Figure S3 (Supporting Information), the diffraction
peaks of the obtained CsPbBr; wafer match the standard diffrac-
tion patterns of CsPbBr; with an orthorhombic structure (ICSD,
#97851). Notably, additional diffraction peaks at 11.60° are ob-
served in the XRD patterns for CsPbBr; wafers with varying mo-
lar ratios of 2-bromonaphthalene, which are attributed to the in-
corporation of this additive. These results indicate that the infil-
tration of 2-bromonaphthalene molecules into neighboring inter-
grain regions during the 1 h hot-pressed process does not alter
the crystal phase, cause decomposition of CsPbBr;, or generate
new crystalline phases.

Nevertheless, excessive passivation agents typically result in
reduced conductivity and impaired charge transport within
devices.*!l To determine the optimal amount, Au/CsPbBr,
wafer/Au symmetric electrode devices have been fabricated, as il-
lustrated in Figures S4, S5 (Supporting Information), to evaluate
their electrical properties. In general, high resistivity is advanta-
geous for reducing dark current and suppressing noise current,
thereby improving the SNR, while a high uz product facilitates ef-
ficient charge carrier collection. The resistivity and ur products
of CsPbBr; wafers with varying 2-bromonaphthalene molar ra-
tios have been fitted (Figures S6, S7, Supporting Information).
The detailed results have been summarized in Table 1. Upon
analysis, a 2-bromonaphthalene molar ratio of 3% is identified
as optimal, yielding excellent charge carrier transport with a uz
product of 3.97 X 10~ cm? V! and a high resistivity of 4.89 x 10°
Q cm, closely approaching those of CsPbBr; SCs.[**3842] Accord-
ingly, the subsequent discussion presents a comparative analysis
between the control CsPbBr; wafer, which was prepared with-
out the addition of 2-bromonaphthalene, and the target CsPbBr,
wafer containing a 3% molar ratio of 2-bromonaphthalene.

Grain boundaries in polycrystalline wafers can significantly
degrade electronic properties, including carrier mobility, life-
time, and collection efficiency, due to interfacial defects that act
as carrier traps.'"*3] These defects introduce localized energy
states, leading to potential fluctuations that elevate the interfa-
cial transport barrier, increase recombination rates, and reduce
carrier drift, ultimately impairing device performance.[*#*] To
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Figure 1. a) Schematic of the preparation process for CsPbBr; wafers.

bromonaphthalene. The scale bar is 5 mm.

evaluate the effect of 2-bromonaphthalene incorporation on the
microstructural morphology of CsPbBr; wafers, cross-sectional
scanning electron microscopy (SEM) measurements have been
performed on both control and target CsPbBr; wafers. The SEM
images of the control CsPbBr; wafer reveal a compact structure
with distinct grain boundaries and minimal porosity between the
grains (Figure 2a,b). In contrast, as depicted in Figure 2¢,d, the
introduction of 2-bromonaphthalene results in increased grain
size, less distinct grain boundaries, and the dispersion of 2-
bromonaphthalene along the grain edges. The observed grain en-
largement following 2-bromonaphthalene incorporation can be
attributed to modified grain growth kinetics, including reduced
grain boundary migration resistance and the potential influence
of 2-bromonaphthalene in stress release, thereby creating a more
stable environment for grain expansion.[*! The increased grain
size in the target CsPbBr; wafer is beneficial for enhancing car-
rier transport and charge collection efficiency, ultimately improv-
ing the overall electronic performance of the devices.

To evaluate the impact of interfacial defect passivation on
charge recombination in control and target CsPbBr, wafers,
steady-state photoluminescence (PL) spectroscopy measure-
ments have been performed. As shown in Figure 2e, the target
wafer exhibits higher PL intensity and a blueshifted PL peak com-
pared to the control. The increased PL intensity indicates reduced
nonradiative recombination due to the passivation of defect states
like surface traps and grain boundary defects. Fewer defects limit
nonradiative pathways, thereby enhancing radiative recombina-
tion. Additionally, the blueshift suggests that defect passivation
diminishes band tailing from localized states within the bandgap.

Table 1. Resistivity and uz products of CsPbBr; wafers.
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b) Photographs of CsPbBr; wafers with different molar ratios of 2-

This reduction in defect-related states ensures that PL emission
is dominated by band-to-band transitions closer to the intrinsic
bandgap of CsPbBr;, resulting in higher emission energies.[*/48]
Additionally, time-resolved photoluminescence (TRPL) measure-
ments have been conducted (Figure 2f). The target CsPbBr, wafer
demonstrates an extended carrier radiative recombination life-
time of 50.43 ns, significantly longer than that of the control
CsPbBr; wafer (23.13 ns), indicating better charge carrier dy-
namic properties, further confirming the effective passivation
capability of 2-bromonaphthalene. Figure 2g presents the trap
density (N,,,) determined by the space-charges-limited-current
(SCLC) method. The trap-filled limit voltage (Vi ), identified at
the transition between the ohmic and trap-filled region, deter-
mines the trap density (N,,,), and it can be calculated by the fol-
lowing equationl®!:

2e€) Vg
trap — ez (1)

where ¢ is the relative dielectric constant of CsPbBr; (22),1*1 ¢, is
the vacuum dielectric constant (8.85 x 1072 F m™), ¢ is the ele-
mentary charge, and L is the thickness of the wafer (1 mm). The

N, of the target CsPbBr; wafer has been reduced to 2.82 x 10"
cm~?, which is lower than that of the control CsPbBr; wafer (5.46
X 1010 cm™3). To investigate the interaction between CsPbBr; and
2-bromonaphthalene, X-ray photoelectron spectroscopy (XPS)
has been performed. As shown in Figure 2h, a downshift in
the binding energies of the Pb 4f core levels indicates an in-
creased electron cloud density within the lattice, which may be

Sample Molar Ratio of 2-bromonaphthalene

0% 1% 3% 5% 10%
resistivity (Q cm) 1.23 x 10° 2.36 x 10° 4.89 x 10° 5.21x 10° 7.65 x 10°
ur product (cm? V1) 7.95 x 107 2.38x 1073 3.97x 1073 2.60 x 1073 1.95 x 1073
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Figure 2. Cross-sectional morphology images of a,b) control and c,d) target CsPbBr; wafers. e) Photoluminescence spectra of control and target CsPbBr;
wafers. f) Time-resolved photoluminescence spectra of the control and target CsPbBr; wafers. g) Space-charged-limited current curves of the control and
target CsPbBr; wafers. h) X-ray photoelectron spectroscopy Pb 4f spectra of the control and target CsPbBr; wafers. i) Schematic energy band diagrams

of the control and target CsPbBr; wafers.

attributed to the formation of coordination bonds between unco-
ordinated Pb** and 2-bromonaphthalene molecules, thus affirm-
ing the successful anchoring of 2-bromonaphthalene. To investi-
gate the energy levels of the control and target CsPbBr; wafers,
UV photoelectron spectroscopy (UPS) measurements have been
carried out (Figures S8, Supporting Information). The valence
band maxima of the control and target CsPbBr; wafers are lo-
cated at —4.23 and —4.44 eV, respectively. The work functions
of the control and target CsPbBr; wafers are 3.66 and 3.59 eV,
respectively. The energy level diagram, shown in Figure 2i, has
been constructed based on the UPS spectra and absorbance spec-
tra (Figure S9, Supporting Information). The Fermi level of the
control CsPbBr, wafer is —3.66 eV, which is 0.54 eV below the
mid-gap position (E). In contrast, the Fermi level of the target
CsPDbBr; wafer is —3.59 eV, only 0.24 eV below the correspond-
ing E;, indicating either intrinsic or weak p-type electronic prop-
erties for the target CsPbBr,; wafer. This shift is likely due to the
incorporation of 2-bromonaphthalene, which reduces interfacial
defects and results in a more balanced electronic structure. In-
trinsic semiconductors typically exhibit low free charge carrier
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concentration, resulting in low dark current and reduced detec-
tor noise.>>

As illustrated in Figure 3a, the coordination ability of 2-
bromonaphthalene enables it to anchor to the surface and grain
boundaries of the CsPbBr; wafer through coordination bonds,
facilitated by electron transfer from the electron-rich bromine
atoms to uncoordinated Pb**, which is the primary deep-level
defects at the surface and grain boundaries of the perovskite.>!]
The defects (Vg,*) located at the grain boundaries provide mi-
gration pathways for Br~ ions (Figure 3b), leading to enhanced
ionic conductivity, increased dark current, and substantial cur-
rent baseline drift, all of which deteriorate device performance
and compromise long-term operational stability. In contrast, the
interaction between 2-bromonaphthalene and under-coordinated
Pb?* reduces the concentration of Vi, * (Figure 3c), thereby de-
creasing the available ion migration pathways. The -V sweep
loops of the Au/CsPbBr;/Au devices, based on both the control
and target CsPbBr; wafers, are measured within a bias range
of =50-50 V, as shown in Figure 3d. The device based on the
control CsPbBr; wafer exhibits -V hysteresis across the entire
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Figure 3. a) lllustration of the interaction between 2-bromonaphthalene and the CsPbBr; crystal. Schematic illustrations of b) ion migration in the
control CsPbBr; wafer and c) suppressed ion migration in the target CsPbBr; wafer. d) -V sweep loops of the control and target CsPbBr; wafer-based
devices. e) Comparison of dark current drifts for devices based on the control and target CsPbBr; wafers under various electric fields ranging from
20 to 100 V. mm™". lon activation energies for the f) control and g) target CsPbBr; wafers. h) Schematic of the moisture resistance mechanism.

voltage range, whereas the device based on the target CsPbBr,
wafer shows negligible hysteresis. Additionally, the stability of
the dark current under various electric fields, ranging from 20
to 100 V. mm™!, has been characterized (Figure S10, Support-
ing Information). The dark current of the target device remains
more stable compared to that of the control device. The dark cur-
rent drift (D) of the device can be calculated using the following
equation:(*]

I finish — Ibegin

D= @
where I, and Iy, are the currents at the end and beginning
of the measurement period, respectively, E is the applied elec-
tric field, A is the device area, and t is the test duration. The
dark current drift of the control CsPbBr; wafer is 3.73 x 1073
nA cm ! s7! V71 at 100 V mm™L. In contrast, for the target
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CsPbBr, wafer under the same condition, the dark current drift
is significantly reduced by two orders of magnitude, as shown in
Figure 3e. The negligible hysteresis in the [-V sweep loop and the
low dark current drift both indicate the suppression of ion migra-
tion in the target CsPbBr; wafer. Furthermore, ion migration in
the wafers has been quantitatively evaluated by determining the
ion activation energy (E,), calculated using the Nernst-Einstein
equation:[>2!

Ea
o(T)= ?exp (‘ﬁ) 3)

where k is the Boltzmann constant, ¢, is a constant, and T
is the temperature. Generally, at low temperatures, electronic
conduction is the primary cause of conductivity as the ion mi-
gration is suppressed. For the control CsPbBr; wafer, the ion
conductivity begins to dominate above 222 K, with an E, of
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Figure 4. a) Attenuation coefficients of CsPbBr; as a function of X-ray photon energy. b) Attenuation efficiency of CsPbBr; for 40 keV X-ray photons
versus thickness. c) Time-dependent X-ray responses of the detector based on the control CsPbBr; wafer with a thickness of 1 mm under electric fields
of 20 and 40 V mm~'. d) Time-dependent X-ray responses and e) current density as a function of X-ray dose rates for the X-ray detector based on the
target CsPbBr; wafer with a thickness of 0.6 mm. f) Sensitivity statistic for the X-ray detectors based on target CsPbBr; wafers with different thicknesses.
g) X-ray response curve under different X-ray dose rates and h) dose rate-dependent single-to-noise (SNR) ranging from 0.06 to 1.32 uGy,, s~ ' at
100 V mm~" for the X-ray detector based on the target CsPbBr; wafer with a thickness of 0.6 mm.

0.42 eV (Figure 3f). In contrast, the conductivity of the device
based on the target CsPbBr; wafer reveals a conductivity tran-
sition at 282 K, with a higher E, of 0.56 eV (Figure 3g), con-
firming the suppressed ion migration upon the incorporation of
2-bromonaphthalene. The abovementioned results demonstrate
that the reduced interfacial defects, resulting from the interaction
between 2-bromonaphthalene and uncoordinated Pb** (halide
vacancy), effectively inhibit ionic migration in the target CsPbBr;
wafer. Moreover, the introduction of 2-bromonaphthalene also
enhances the moisture resistance of the target CsPbBr, wafer.
As shown in Figure S11 (Supporting Information), the control
CsPbBr; wafer exhibits a relatively small contact angle of 50°,
whereas the target CsPbBr; wafer presents a larger contact an-
gle of 98°. A possible mechanism for the enhanced moisture re-
sistance is illustrated in Figure 3h. The coordination ability of
2-bromonaphthalene enables it to anchor onto the surface of the
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CsPDbBr, wafer, thereby reducing the number of moisture absorp-
tion sites. Consequently, the interaction between ambient water
molecules and the perovskite wafer is effectively inhibited. This
improved moisture resistance is crucial for maintaining wafer
stability under ambient conditions, thereby supporting its per-
formance and longevity in X-ray detection applications.

Devices with an Au/CsPbBr;/Au symmetric electrode struc-
ture have been fabricated to evaluate the X-ray detection perfor-
mance (Figure S4, Supporting Information). The attenuation co-
efficient of CsPbBr;, obtained from the NIST database, is shown
in Figure 4a.’%1 Figure 4b illustrates the attenuation efficiency
of CsPbBr; at different thicknesses for 40 keV X-ray photons.
Figure 4c displays the time-dependent X-ray responses of the de-
tector based on the control CsPbBr; wafer with a thickness of
1 mm under electric fields of 20 and 40 V mm™!. The detector
exhibits significant baseline drift over time due to ion migration,
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with the dark current increasing from 11.76 to 14.95 nA at 20 V
mm~! and from 23.02 to 46.47 nA at 40 V mm™!. This persistent
signal drift compromises the stability of the detector and reduces
its accuracy in measuring X-ray intensity. In contrast, as shown
in Figure 4d and Figure S13 (Supporting Information), the detec-
tors based on the target CsPbBr; wafer (with thickness ranging
from 0.25 to 1 mm) maintain stable dark current baselines across
a wide range of electric fields from 20 to 100 V mm™". This stabil-
ity further demonstrates the effective suppression of ionic migra-
tion within the CsPbBr, wafers, thereby reducing the ionic con-
ductivity and stabilizing the dark current baseline. Additionally,
the photocurrent response of the target CsPbBr; wafer devices
gradually increases with rising external electric field (from 20 to
100 V mm™') and X-ray dose rates (from 2.17 to0 9.99 uGy,;, s7).
The variations in net photocurrent density with dose rate under
electric fields from 20 to 100 V mm~"' are shown in Figure 4e and
Figure S14 (Supporting Information), all of which exhibit a linear
relationship with the X-ray dose rates.

The sensitivity of the X-ray detector under different electric
fields can be determined from the slope of the linear fitting ac-
cording to the equation:[3?!

I
S= R “)
DA

where S is the sensitivity, I is the signal current, D is the X-ray
dose rate, and A is the active area of the device. Figure 4f illus-
trates the sensitivity statistic for the devices based on the target
CsPbBr; wafers with different thicknesses. As the wafer thick-
ness increases from 0.25 to 1 mm, the device sensitivity initially
increases and then decreases, reflecting the combined effects of
wafer thickness, X-ray attenuation efficiency, and electric field on
device performance. In thinner wafers, limited X-ray attenuation
efficiency reduces sensitivity. Conversely, in thicker wafers, in-
creased thickness under a constant electric field decreases car-
rier collection efficiency, thereby lowering sensitivity. The statis-
tic demonstrates that devices with thicknesses of 0.5 and 0.6 mm
exhibit higher sensitivity than others. When the electric field is
low, the 0.6 mm device, despite its higher X-ray attenuation ef-
ficiency relative to the 0.5 mm device, exhibits slightly reduced
sensitivity due to limited carrier transport distance. However, as
the electric field intensity increases, the sensitivity of the 0.6 mm
device surpasses that of the 0.5 mm device when the electric field
reaches 60 Vmm™!, leveraging the advantage of the higher X-ray
attenuation efficiency. Based on the comprehensive analysis, the
X-ray detector based on the target CsPbBr; wafer with a thick-
ness of 0.6 mm achieves an optimal balance, ensuring adequate
absorption of 40 keV X-ray photons while maintaining efficient
carrier collection. The sensitivity of the device based on the tar-
get CsPbBr, wafer with a thickness of 0.6 mm is measured to
be 11090 uC Gy,;,~! cm~2 under an electric field of 100 V mm™.
This high sensitivity is even comparable to that of previously re-
ported CsPbBr; SC counterparts (Table S1, Supporting Informa-
tion), indicating the excellent photoelectric performance of the
target CsPbBr; polycrystalline wafer device.

The detection limit is a crucial parameter for X-ray detectors,
representing the minimum X-ray dose rate that can be reliably
distinguished from background noise. As shown in Figure S15
(Supporting Information), a practical procedure of the calculated
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method (I, & S method) for the detection limit is provided.>*!
Under an electric field of 100 V mm™, the sensitivity of the target
CsPbBr; wafer (0.6 mm) X-ray detector has been measured to be
11090 uC Gy,;,~! cm~2. The standard deviation of the dark current
(01,,,), is ~1.68 pA, calculated using the dark current after a long
time of biasing (Figure S15c, Supporting Information), which
yields the detection limit of net current (Ij;,;,) to be 5.53 pA. Con-
sequently, the detection limitis calculated to be 7.05 nGy,;, s™ un-
der an electric field of 100 V mm™!. Additionally, the commonly
used method based on the linear extrapolation of the dose-rate-
dependent SNR was also employed for comparison.3*) The SNR
is calculated using the following formula:[*!

I signal

SNR =—— (5)

noise

where I, is the difference between the average photocurrent
and the average dark currentand I, ;. presents the standard devi-
ation of the photocurrent. Figure 4g illustrates the response of the
CsPbBr; wafer X-ray detector (thickness: 0.6 mm) under on/off
X-ray radiation at various dose rates (0.06-1.32 uGy,;, s71), under
an applied electric field of 100 V mm™!. Figure 4h shows the cor-
responding dose rate-dependent SNR, from which the detection
limit is determined to be as low as 9.41 nGy,, s~!, highlighting
the potential of the target CsPbBr; wafer for high-performance X-
ray detection. Notably, the detection limits calculated using both
the traditional SNR-based approach and the I, & S method are
very similar. This consistency suggests that, although the under-
lying principles differ, the practical outcomes of the two meth-
ods align closely in our specific case. Importantly, the I, & S
method provides a more rigorous statistical basis consistent with
the International Union of Pure and Applied Chemistry (IUPAC)
definition, as it accounts for the standard deviation of the back-
ground signal without relying on the time variable inherent in
the dose rate.[>3]

Maintaining a stable output detection signal over prolonged
periods is a crucial performance metric for X-ray detectors in
practical applications. The target CsPbBr; wafer X-ray detector
maintains a stable current signal, with no baseline drift or pho-
tocurrent attenuation observed (Figure 5a,b). The outstanding
operational and irradiation stability further confirm the effective
suppression of ion migration within the target CsPbBr,; wafer
and underscore the potential of the target CsPbBr; wafer X-
ray detectors for high-quality X-ray imaging. To assess the X-ray
imaging capabilities of the CsPbBr, wafer X-ray detectors, the de-
vices are employed in scanning imaging experiments. Figure 5c
schematically illustrates the X-ray imaging process for a plastic
box containing a steel nut (Figure S16, Supporting Information).
In this setup, the object is positioned between the X-ray source
and the detector and is maneuvered using an x—y scanning stage.
By collecting the response current generated by transmitted X-
ray photons at various (x, y) coordinates, an X-ray image can be
obtained. To compare the performance of the control and tar-
get CsPbBr, wafer X-ray detectors, X-ray images of a plastic box
containing a concealed steel nut are taken under electric fields
of 10 and 50 V mm~™ at an X-ray dose rate of 4.30 pGy,;, s
Under a lower electric field of 10 V. mm~™, the control CsPbBr,
wafer X-ray detector shows an indistinct X-ray image with a low
SNR (Figure 5d). In contrast, the target CsPbBr; wafer X-ray
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Figure 5. a) Time-dependent photocurrent response stability and b) long-term operational stability under continuous X-ray irradiation of the target
CsPbBr; wafer-based X-ray detector (thickness: 1 mm) at a dose rate of 17.64 uGy,;, s~' and an electric field of 500 V. cm™. ¢) Schematic illustration of
the X-ray imaging system employing the CsPbBr; wafer-based X-ray detector. d—g) X-ray images of a closed plastic box containing a steel nut.

detector generates a clear, high-SNR X-ray image (Figure 5e),
demonstrating superior sensitivity and stability. Notably, the edge
of the box is also clearly discernible, providing a distinct con-
trast with the imaging of the nut. This demonstrates that the
target X-ray detector can sensitively differentiate between strong
and weak X-ray signals, highlighting its high sensitivity. To fur-
ther evaluate the imaging capability under high electric field in-
tensity, the applied electric field is increased to 50 V. mm™'. As
shown in Figure 5f, the control X-ray detector fails to produce a
discernible image, with the X-ray signal completely submerged.
This failure is attributed to ion migration within the control de-
vice at high electric fields, which results in an elevated dark cur-
rent that overwhelms the X-ray response signal. Conversely, the
target X-ray detector exhibits a clear image with well-defined con-
tours of the object under 50 V mm~! (Figure 5g), further validat-
ing the excellent sensitivity, stability, and operational robustness
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of the target CsPbBr; wafer X-ray detector under high electric
field.

3. Conclusion

In summary, CsPbBr; wafers with suppressed ion migration
have been successfully prepared using a hot-pressing method.
The incorporation of 2-bromonaphthalene enables effective pas-
sivation of interface defects, thereby suppressing ion migration
and enhancing charge transport properties. As a result, the target
CsPbBr, wafer exhibits a high resistivity of 4.89 x 10° Q cm, an
ion migration activation energy of 0.56 eV, negligible dark cur-
rent drift of 4.01 x 107° nA cm™' s7! V- under 100 Vmm™, and
exceptional charge carrier transport with a high ur product of
3.97 x 107 cm? V71 The resulting Au/CsPbBr;/Au X-ray de-
tector achieves a high sensitivity of 11090 pC Gy,, ! cm™?, a
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low detection limit of 9.41 nGy,,, s™! under an electric field of
100 Vmm™!, along with long-term operational stability and high-
contrast X-ray imaging capabilities. This work presents an effec-
tive interface passivation strategy for the scalable fabrication of
perovskite wafers with suppressed ion migration and stable X-ray
detection, highlighting their potential for advanced X-ray imag-
ing applications.

4. Experimental Section

Details of the experiments and methods are provided in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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