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Engineering dimensionality and band-edges with
lone-pair cations to achieve superior X-ray
detection in metal-free perovskites

a

Jiasheng Gong,?® Chensheng Lin, '@ Chunlei Yu,® Pengxiang Dong,© Tao Yan,

Huixin Fan*® and Min Luo (2 *@

Metal-free perovskites (MFPs) have emerged as a promising class of environmentally friendly materials
with exceptional optoelectronic properties, making them ideal candidates for X-ray detection and other
applications. However, their development is often hindered by the trade-off between structural stability
and electrical performance. In this work, we introduce a novel strategy that leverages the size effect and
lone-pair electrons of the N,Hs* cation to drive dimensionality reduction and band-edge optimization in
MFPs. Using DABCO-NH4(BF,4)3 as a template, we successfully designed and synthesized a one-dimen-
sional (1D) MFP, DABCO-N,Hs(BF4)s, by introducing NxHs*, which induced significant octahedral distor-
tion and facilitated the transformation from a three-dimensional (3D) structure to a 1D perovskite frame-
work. This 1D structure enhances anisotropic charge transport and optimizes the band-edge alignment,
significantly improving electrical performance, while the organic cations in the 1D structure act as physical
barriers, thereby improving stability. As a result, the DABCO-N,H5(BF4)s SC device exhibits an ultrahigh
sensitivity of 2570 uC Gyair * cm™2 at 50 V, and an ultralow detection limit of 20.9 NGyair s along the par-
allel direction. This work presents a new design strategy for high-performance, environmentally friendly
X-ray detectors, with enhanced sensitivity, lower detection limits, and high stability under various oper-
ational conditions.

electronic materials.*'*'**® As a result, they have attracted

substantial research interest as next-generation X-ray detection

Metal-free halide perovskites (MFHPs) represent a class of
novel perovskite structures where toxic heavy metal ions in tra-
ditional metal halide perovskites (MHPs) are replaced by nitro-
gen-containing organic cations.'™ This approach has been
heralded as a significant advancement in materials science,
and it yields materials with outstanding optoelectronic pro-
perties  while maintaining environmentally friendly
processes.”” Due to these outstanding characteristics, metal-
free perovskites (MFPs) have found widespread applications in
various fields, including ferroelectrics, dielectrics, X-ray detec-
tion and other fields.** Moreover, the fabrication of MFPs
does not require toxic solvents, which enhances their biocom-
patibility and makes them an ideal candidate for green opto-
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materials. However, despite the exceptional properties of
MFPs, their development is hindered by a significant chal-
lenge, which is the trade-off between structural stability and
electrical performance.'* Similar to MHPs, halogen anions in
MFHP crystal structures are prone to migration under external
influence, which compromises the material’s structural stabi-
lity and subsequently affects the operational stability of the
devices." Furthermore, the electrical performance of MFPs is
intrinsically related to charge collection efficiency, which is
often constrained by the material’s band structure and defect
states.'® Consequently, the materials struggle to simul-
taneously maintain structural stability while achieving high
electrical performance."” Breaking the trade-off between stabi-
lity and electrical performance of the MFPs and developing
strategies which can synergistically achieve low detection
limits and high sensitivity have become significant challenges
in advancing high-performance and high stability MFP X-ray
detection materials.

The use of pseudo-halogen anions to replace halide anions
has been demonstrated as an effective strategy for enhancing
structural stability and increasing the ion migration

This journal is © the Partner Organisations 2026


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0003-1895-4980
http://orcid.org/0000-0003-4246-0964
http://orcid.org/0000-0001-9062-8931
http://crossmark.crossref.org/dialog/?doi=10.1039/d6qi00393a&domain=pdf&date_stamp=2026-05-13
https://doi.org/10.1039/d6qi00393a
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI013010

Published on 31 Méarz 2026. Downloaded on 29.05.2026 17:53:20.

Inorganic Chemistry Frontiers

barriers."®'® This approach has been shown to improve the
structural stability of MFPs by enhancing hydrogen bonding
interactions and creating a more rigid local coordination
environment.”® These interactions effectively suppress ion
migrations and reduce the noise current in devices, which
enhances the long-term operational stability of the MFPs.*!
However, this approach often leads to an increase in the band
gap, which can adversely affect electrical performance and
limit the enhancement of device sensitivity.?> Therefore, it is
crucial to develop a new strategy that enables precise modu-
lation of the band gap and enhances electrical performance
without compromising structural stability."*

In this regard, the concept of “lone-pair cations” offers a
novel design strategy.”*>*> In molecular frontier orbitals, non-
bonding lone-pair electrons typically occupy the top of the
highest occupied molecular orbital (HOMO) gap, which can
significantly influence electronic states near the valence band
maximum (VBM).'* By introducing lone-pair electrons near
the band edges, it is possible to achieve band gap contraction
and optimize the band-edge, thereby enhancing the intrinsic
electrical conductivity and carrier mobility of the material, and
improving the electrical properties of the material.>* More
importantly, lone-pair electrons are stereochemically active
and repel surrounding anions, which lead to the distortion of
the coordination octahedra.®® Significant distortion might
further induce the structural reconstruction toward lower-
dimensional structures, such as one-dimensional (1D)
perovskites.>”

Low-dimensional perovskites, especially 1D perovskites,
demonstrate notable advantages due to their unique crystal
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structures, including carrier transport in directional selectivity,
suppressed non-radiative recombination, and enhanced struc-
tural stability.>®>" In 1D MEFPs, co-planar octahedra form
chain-like frameworks separated by large organic cations. This
1D structure provides two key advantages. Firstly, the organic
cations create physical barriers that suppress ion migrations,
improving both the environmental and operational stability of
the perovskites.>® Secondly, the 1D structure provides aniso-
tropic charge transport channels, allowing efficient electron
transport along specific directions, which is essential for
improving the performance of X-ray detectors.*
Simultaneously, the organic components act as natural passi-
vators, substantially reducing defect state density and thereby
suppressing non-radiative recombination, ultimately leading
to excellent electrical performance in specific directions.*?
Building upon these advantages, we propose a strategy that uti-
lizes lone-pair cations to regulate dimensionality and optimize
band-edge, with the goal of designing MFPs that combine
high structural stability and efficient charge transport perform-
ance in specific directions (Fig. 1).

In this work, we focus on the synthesis and characterization
of a new 1D MFP, DABCO-N,H;(BF,);, in which the N,H;"
cation with a lone pair of electrons and a relatively large ionic
radius is introduced into the DABCO-NH,(BF,); *>** (DABCO =
1,4-diazabicyclo[2.2.2]octane) template, which is proposed as a
stable structural template for MFPs with high structural stabi-
lity and low noise current. Initially, DABCO-NH,4(BF,); adopts a
three-dimensional (3D) crystal structure, but through the intro-
duction of N,H;*, the structure distorts in the coordination
octahedra due to steric repulsion from the lone-pair electrons
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Fig. 1 Schematic illustration of a lone-pair cation driving dimensionality regulation and optimizing the band-edge strategy for improving the X-ray

detection properties of MFPs.

This journal is © the Partner Organisations 2026

Inorg. Chem. Front,, 2026, 13, 4298-4308 | 4299


https://doi.org/10.1039/d6qi00393a

Published on 31 Méarz 2026. Downloaded on 29.05.2026 17:53:20.

Research Article

and undergoes a transformation to a 1D structure, which effec-
tively reduces the material’s dimensionality. This transform-
ation enhances anisotropic charge transport and optimizes the
band-edge, improving electrical conductivity and carrier mobi-
lity. The 1D structure also improves structural stability, sup-
pressing ion migrations. These results from our experiments
demonstrate that the DABCO-N,H;(BF,); not only enhances
structural stability but also significantly improves carrier trans-
port and X-ray detection performance. The 1D MFP structure,
combined with N,Hs", optimizes charge transport along the
parallel direction, achieving an ultrahigh sensitivity of 2570 pC
Gyair ' em™ at 50 V, and a low detection limit of 20.9 nGya;,
s, These results indicate that DABCO-N,Hj;(BF,); is a promis-
ing material for high-performance X-ray detection, offering
enhanced sensitivity, low detection limits, and high stability
under various operating conditions.

Results and discussion

The template compound DABCO-NH,(BF,); crystallizes in the
cubic space group Pa3 (Fig. 2a), exhibiting a 3D structure. In
this structure, six BF,” anions coordinate with one NH," cation
to form an octahedron, with the NH," cation located at the
centre (Fig. 2b). Upon introducing the N,H;" cation, character-
ized by its lone-pair electrons and a relatively large ionic radius,
into the B-site, significant distortion of the octahedron occurs
(Fig. 2c). The N,H;" cation occupies the centre of the distorted
octahedron. These distorted [(N,H;)(BF,)s] octahedra are linked
co-planarly along the b-axis, creating a 1D chain structure. The
A-site DABCO®" cations are anchored to these chains through
N-H---F hydrogen bonding interactions, resulting in the for-
mation of a new 1D MFP crystal, DABCO-N,H;(BF,); (Fig. 2d).
The degrees of distortion of both [NH,4(BF,)s] and [N,Hs(BF,)s]
octahedra are calculated (Fig. S1), revealing that the distortion
in the [N,H5(BF,)s] octahedron is significantly greater than that
in the [NH,4(BF,)s] octahedron. This indicates that the introduc-
tion of the N,H;" cation, with one lone-pair of electrons and a
larger ionic radius, plays a critical role in altering the crystal
structure and facilitating the transition to a 1D crystal arrange-
ment. Furthermore, the Goldschmidt tolerance factors (¢) for
DABCO-NH,(BF,); and DABCO-N,H5(BF,); are calculated to be
0.88 and 0.75, respectively (Tables S1 and S2), which might be
responsible for the structural change from a co-vertex octa-
hedral linkage in DABCO-NH,(BF,); to a co-planar octahedral
linkage in DABCO-N,Hj;(BF,)s.

DABCO-N,H;(BF,); crystallizes in the monoclinic space group
P2,/m. The detailed crystallographic data and structure refine-
ment information of DABCO-NH,(BF,); and DABCO-N,Hj;(BF,);
are summarized in Tables S3-S9. High-quality single crystals of
DABCO-NH,(BF,); and DABCO-N,H;(BF,); were obtained via the
solution evaporation method, with approximate dimensions of 5
x 5 x 1.5 mm?® and 6 x 4 x 2 mm?, respectively (Fig. 2g and h).
The natural growth surfaces of single crystal DABCO-NH,4(BF,);
and single DABCO-N,H;(BF,); are (002) and (—405), respectively
(Fig. 2e, f and Fig. S2, S3). Rocking curve measurements were
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carried out and the results are shown in Fig. S4 and S5. The full
width at half maximum (FWHM) values of DABCO-NH,(BF,);
and DABCO-N,H5(BF,); are 0.0231° and 0.0111°, respectively,
indicating high crystallinity and quality of DABCO-NH,(BF,);
and DABCO-N,H;(BF,); single crystals. Furthermore, EDS
mapping results confirm the homogeneity and high quality of
both single-crystal samples (Fig. S6 and S7).

In order to further explore the structural stabilities of the
MFPs DABCO-NH,4(BF,); and DABCO-N,H;(BF,); crystals, we
investigated their thermodynamic properties, the hydrogen
bonding strength in structures, the energy required for defect
formation, as well as the energies associated with ion
migrations. The thermodynamic properties of DABCO-NH,(BF,);
and DABCO-N,H;(BF,); crystals are explored and shown in
Fig. S8 and S9. Thermogravimetric analysis (TGA) shows that
their thermal decomposition temperatures are 250 °C and
255 °C, respectively, demonstrating their high thermal stability.

The strength of hydrogen bonds in the structures of
DABCO-NH,(BF,); and DABCO-N,H;(BF,); is investigated using
the independent gradient model based on Hirshfeld partition
(IGMH). The IGMH analysis visually distinguishes the nature
and strength of intermolecular interactions: blue regions indi-
cate attractive and stabilizing forces, red regions represent repul-
sive and destabilizing forces, and green regions correspond to
van der Waals interactions. As shown in Fig. 2i and j, strong
hydrogen bonding interactions are observed between DABCO?*
and BF,”, as well as between NH," and BF,” in
DABCO-NH,(BF,);. Similarly, in DABCO-N,H5(BF,);, pronounced
hydrogen bonding interactions exist between DABCO** and
BF,”, and between N,Hs;' and BF, . These strong hydrogen
bonds contribute to enhanced lattice rigidity and effectively sup-
press ion migrations."® Furthermore, a comparative analysis of
hydrogen bond lengths reveals that the average N-H(NH,)---F
distance in DABCO-NH4(BF,); is 3.015 A, whereas in
DABCO-N,Hj5(BF,); the average N-H(N,H;)---F distance is shor-
tened to about 2.972 A (Fig. S10). To further quantify the influ-
ence of N,Hs" substitution, we conducted 2D Hirshfeld surface
analysis to visualize the intermolecular interactions. As shown in
Fig. S23, the dominant H---F hydrogen bonds account for 66.1%
of all contacts in DABCO-NH,(BF,);. After substituting NH,"
with N,H;", this proportion increases to 71.8%. These findings
collectively demonstrate that the introduction of the N,Hs"
group could strengthen the hydrogen bonding network in the
MFPs, thereby improving the structural stability and rigidity.””

To further investigate the structural stabilities of
DABCO-NH,(BF,); and DABCO-N,H;(BF,);, we studied the
energies required for the formation of vacancy defects and the
energies required for ion migration in DABCO-NH,4(BF,); and
DABCO-N,H;(BF,);. Based on density functional theory (DFT)
calculations, we separately simulated the defect formation
energies of H ions at the A-site and B-site and those of F ions
at the X-site in DABCO-NH,(BF,); and DABCO-N,H;(BF,); crys-
tals. As shown in Fig. S11, in DABCO-NH,(BF,);, the formation
energies of H(+1) in DABCO** and H(~1) in DABCO*" are rela-
tively low, indicating that H ions at the A-site are the most
prone to migration. In DABCO-N,H;(BF,);, low defect for-
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Fig. 2 (a) Crystal structure of DABCO-NH4(BF4)s. (b) The NH4Xg octahedron. (c) The N,HsXe octahedron. (d) Crystal structure of

DABCO-N,Hs(BF4)s. (e) Natural growth morphology of DABCO-NH4(BF,)s crystals, exposing the (002) surface. (f) Natural growth morphology of
DABCO-N,H5(BF,)5 crystals, exposing the (—405) surface. (g) The image of DABCO-NH4(BF,)s. (h) The image of a DABCO-N,Hs(BF,)5 single crystal.
(i) Isosurface map of DABCO-NH,4(BF,)s. (j) Isosurface map of DABCO-N,Hs(BF,)s. (k) Defect formation energy of DABCO-N,Hs(BF,)s with different

components.

mation energies are observed for Hy(+1) in N,H;s and Hy(-1)
in N,H; (Fig. 2k). Here, H, represents the H atom attached to
the N, atom bearing a lone pair of electrons in the N,Hs, while
Hjg refers to the H atom on the N without a lone pair of elec-
trons in N,Hs. This suggests that in DABCO-N,H;(BF,);, the H
ion on the N, atom with one lone pair of electrons in N,Hs" is
the most prone to migration. In the structures of both
DABCO-NH,(BF,); and DABCO-N,H;5(BF,);, the formation
energies for F vacancies are relatively high, which is attributed
to the strong hydrogen bond interactions between F and H. It
is worth noting that defects located near the valence band may
lead to ion migrations, thereby affecting the magnitude of the
dark current. Conversely, defects located near the conduction

This journal is © the Partner Organisations 2026

band minimum (CBM) could form shallow defect levels, which
helps regulate the number of electrons near the conduction
band and optimizes the electrical properties. Therefore, we
designed ion migration paths for DABCO-NH,(BF,); and
DABCO-N,H;5(BF,); based on their lowest defect formation
energies (Fig. S12) and calculated the corresponding ion
migration barriers, separately. Both DABCO-NH,(BF,); and
DABCO-N,H;(BF,); have relatively high ion migration barriers
(Fig. S13 and Table S12), which contributes to the structural
stability of the MFPs and reduction of noise current.**

Ion migrations in MFPs can severely compromise the stabi-
lity and performance of optoelectronic devices. Significant ion
migration might lead to an increase in noise current in X-ray
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detectors, resulting in substantial dark current drift and
higher detection limits."” Based on this, we conducted experi-
ments to study the ion migration within the DABCO-NH,4(BF,);3
and DABCO-N,H;(BF,); single crystal (SC) devices. In MFPs,
ion migration typically causes pronounced hysteresis between
forward and reverse current-voltage (I-V) sweep curves, mani-
festing as current lagging or tailing. Thus, the extent of ion
migration can be preliminarily assessed by comparing the dis-
crepancies between the forward and reverse I-V sweeps. As
shown in Fig. S14, for the entire scanning process of the
DABCO-NH,(BF,); and DABCO-N,H;(BF,); SC detectors, the
forward and reverse I-V scanning curves nearly overlap, indi-
cating that there is negligible ion migration in these two
MFPs. Furthermore, current-time (I-7) measurements of the
DABCO-NH,(BF,); and DABCO-N,H;(BF,); SC devices under a
wide range of dose rates and different bias voltages show a
stable increase in current with almost no delay or tailing
(Fig. S15). This also proves the excellent operational stability of
DABCO-NH,(BF,); and DABCO-N,H;(BF,); SC devices.

The high sensitivity of the MFP detector is closely associ-
ated with its superior electrical properties, which in turn are
strongly dependent on the band gap and band structure.*>*’
To further investigate how lone-pair cations optimize the band
structure, we performed DFT calculations to analyze the band
structures and orbital contributions of DABCO-NH,(BF,); and
DABCO-N,H;(BF,);. As shown in Fig. 3a, DABCO-NH,(BF,);
exhibits a large band gap of 8.13 eV. Based on the partial
density of states (PDOS) (Fig. S16a) and band contribution dia-
grams (Fig. S17a), the CBM is primarily contributed by the
DABCO?*" cations, whereas the VBM mainly originates from the
BF,” anions. DABCO-N,H;(BF,); has a significantly narrower
band gap of 5.48 eV (Fig. 3b). The band contribution analysis
reveals that in DABCO-N,H5(BF,)3, the VBM is dominated by
the N,H5" group, while the CBM arises from the DABCO*
cation (Fig. S17b). The PDOS diagram also shows that the
lone-pair-cation N,H;' contributes to the VBM (Fig. S16b).
These results confirm that lone-pair-cation N,H;" could effec-
tively reduce the band gap and optimize the band structure,
thereby enhancing electrical performance. To further clarify
the role of the lone-pair-cation N,H;", we conducted a further
analysis of the contributions of the two different N atoms on
the N,H;s" group. As shown in Fig. 3¢, in N,H;" the N, atom
carries one lone pair of electrons, while the Ny atom does not.
The VBM is almost entirely contributed by N, atoms. This con-
firms that the lone-pair electrons in N,H;' cations directly
influence the band gap magnitude, playing a critical role in
band structure optimization and the improvement of electrical
properties.>*

The naturally grown surfaces of DABCO-NH,(BF,); and
DABCO-N,H;(BF,); are identified as the (002) and (—405)
planes, respectively (Fig. S2 and S3). Since DABCO-NH,(BF,);
crystallizes in the cubic system and exhibits isotropic pro-
perties, the electrode contact is fabricated directly on its (002)
surface (Fig. 3d). However, DABCO-N,H;(BF,); crystallizes in
the monoclinic system and has a 1D perovskite structure, with
pronounced anisotropy.*® Its natural growth surface (—405)
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passes through the octahedral chains within the
DABCO-N,H;(BF,); crystal structure (Fig. 2f), and the crystal
morphology is clearly elongated. Therefore, electrodes are de-
posited along two distinct orientations. One electrode is de-
posited parallel to the 1D chain within the long side direction
of the (—405) plane of the DABCO-N,H;(BF,); crystal, the other
electrode is deposited perpendicular to the 1D chain direction
in the direction perpendicular to the (—405) plane (Fig. 3e).

The X-ray attenuation capabilities of DABCO-NH,(BF,); and
DABCO-N,H;(BF,); are investigated across a broad energy spec-
trum. Their absorption coefficients are calculated within the
energy range from 0.001 to 100 MeV, and the X-ray absorption
performance is evaluated using the relationship a « pZ*/E>. As
shown in Fig. S18, the DABCO-NH,(BF,); and
DABCO-N,H;(BF,); exhibit very similar absorption coefficients
and comparable X-ray attenuation abilities, which is primarily
attributed to their identical elemental composition.

To further elucidate the carrier behavior of the
DABCO-NH,(BF,); and DABCO-N,H;(BF,); SC devices,
especially along different crystallographic directions in the
DABCO-N,H;5(BF,); SC device, we measured the photocurrent
and the critical pz (mobility-lifetime) product of these two SC
detectors. The electrical performances of DABCO-NH,(BF,);
and DABCO-N,H;5(BF,); SC detectors under X-ray irradiation
are evaluated by comparing the photocurrents under identical
exposure conditions. As shown in Fig. 3f, the
DABCO-NH,(BF,); SC detector exhibits 60% smaller current
density than that of the DABCO-N,H;(BF,); SC detector
measured along the parallel direction. Moreover, the current
density along the parallel direction of the DABCO-N,H;(BF,);
SC detector is approximately 160% greater than that of
DABCO-N,H;(BF,); in the perpendicular direction. These
experimental results collectively demonstrate that the lone-pair
cation not only enhances the overall electrical performance
compared to DABCO-NH,4(BF,);, but also leads to superior
charge transport along the direction of the 1D chain in the
DABCO-N,H;(BF,); SC detector. To obtain the ur products of
DABCO-NH,(BF,); and DABCO-N,H;(BF,); SC detectors, the
photoconductivity curves of the SC detectors were measured
under a fixed X-ray dose. A modified Hecht equation was then
used to fit these curves, based on the corresponding I-V
characteristics. As presented in Fig. 3g, the ur value for the
DABCO-NH,(BF,); SC detector is 1.01 x 10™* cm® V', while
the ur value for the DABCO-N,H;(BF,); SC detector reaches
1.47 x 107* em® V™! along the parallel direction, and 5.87 x
107> em® V! along the perpendicular direction. These data
further confirm that introducing the lone-pair cation effec-
tively improves carrier transport and charge extraction, thereby
enhancing the overall electrical performance of the MFPs.

Sensitivity is a critical performance parameter for X-ray
detection materials as high sensitivity enables more efficient
conversion of X-ray energy into electrical signals, thereby rea-
lizing high-performance detection. The DABCO-NH,(BF,); and
DABCO-N,H;(BF,); SC devices are systematically evaluated
under various bias voltages and different X-ray dose rates. As
shown in Fig. 3h and i, the photocurrent increases markedly

This journal is © the Partner Organisations 2026
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structure. (d) Schematic illustration of the devices based on DABCO-NH,4(B
parison between DABCO-NH,4(BF4)s and DABCO-N,H5(BF4)s with both pa
between DABCO-NH4(BF4)s and DABCO-N,Hs(BF4)s with both parallel
DABCO-NH4(BF4)s SC device and (i) DABCO-N,Hs(BF,4)s SC device along

F4)3 and (e) DABCO-N,Hs5(BF4)s. (f) The measured current density com-
rallel and perpendicular directions. (g) The comparison of ur products
and perpendicular directions. (h) The irradiated /-V curves of the
the parallel direction under different dose rates. (j) X-ray responses of

current density with various dose rates at different bias voltages for the DABCO-NH4(BF;)s SC device and (k) DABCO-N,Hs(BF,)s SC device along
the parallel direction. (1) The sensitivity and limit of detection (LoD) comparisons of the reported MFPs under a bias voltage of 50 V.

as the dose rate rises from 8.94 to 53.52 pGy,i; s, demonstrat-
ing the excellent radiation response characteristics of these
two SC detectors. The sensitivity is extracted by linearly fitting
the photocurrent density under X-ray irradiation against the
applied dose rate at each bias voltage. As presented in Fig. 3j

This journal is © the Partner Organisations 2026

and k, the DABCO-NH,(BF,); SC device achieves a sensitivity of
1931 pC Gy, ' em™? at 50 V. The sensitivities of the
DABCO-N,H5(BF,); SC device reach 2570 pC Gy, ' em™>
along the parallel direction and 1061 pC Gy, ' cm™> along
the perpendicular direction (Fig. S19), exhibiting great an-
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isotropy. These results indicate that the introduction of the
lone-pair cation effectively optimizes the electrical properties
of 1D DABCO-N,H;(BF,); in the chain direction, enabling
superior sensitivity along its 1D chain direction. Notably, these
sensitivities substantially exceed those of most reported MFPs
(Fig. 31).

The resistivity of DABCO-NH,(BF,); and DABCO-N,H;(BF,);
is measured under both X-ray on and off conditions (Fig. $20).
In the dark, the resistivity of DABCO-NH,(BF,); was deter-
mined to be 8.46 x 10" Q cm, while the resistivities of
DABCO-N,H;(BF,); are determined to be 6.26 x 10'® Q cm
along the parallel direction and 1.03 x 10" Q cm along the
perpendicular direction, respectively. These values are signifi-
cantly higher than those of most reported MFPs (Table S10),
which can be attributed to the wide band gaps of both MFPs.
A large resistivity effectively suppresses thermally excited car-
riers, thereby significantly reducing dark current noise.’”
Furthermore, the dark current drift (D) serves as a critical para-
meter that directly reflects the stability of the dark current
during device operation. As shown in Fig. 4a, under a constant
electric field of 10 V. mm™", long-term baseline test of the
DABCO-NH,(BF,); SC devices yields very low dark current drift
values of 3.79 x 1077 nA cm™ s™' V7', while the
DABCO-N,H;(BF,); SC detector exhibits extremely low current
values of 3.37 x 1077 nA em ™' s V" along the parallel direc-
tion and 2.58 x 107" nA cm™" s~ V! along the perpendicular
direction, respectively. Even under the electric fields of 666.6 V

(@)10 (b)
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mm™ and 1333.3 V mm™', the dark current drifts of
DABCO-N,H;(BF,); crystals are 3.88 x 107" nAV ™' cm™ s™*
and 5.97 x 107" nAV~' em™" s7', respectively, remaining at a
very low level (Fig. S24). Such ultralow dark current drifts
enable the DABCO-NH4(BF,); and DABCO-N,H;(BF,); SC
devices to maintain stable performance under varying environ-
mental conditions. These observations confirm that
DABCO-NH,(BF,); and DABCO-N,H;5(BF,); SC detectors
possess very low noise currents, which is advantageous for low-
ering the detection limit in MFP-based X-ray detectors.

The detection limit represents a critical performance metric
for X-ray detectors. The lower the detection limit is, the more
subtle changes the detector can distinguish, reflecting a high
signal-to-noise ratio (SNR). Therefore, low detection limits will
greatly expand the application prospects of the devices. We
record the SNR of the SC detectors at various bias voltages. As
displayed in Fig. 4b-d, the DABCO-NH,4(BF,); SC detector
achieves a detection limit of 30.2 nGy,;; s~* at SNR = 3. While
the DABCO-N,H;(BF,); SC device reaches 20.9 nGy,;, s along
the parallel direction and 35.3 nGy,;; s~ along the perpendicu-
lar direction. These values are considerably lower than those
of most reported metal-containing®®** and MFP X-ray detec-
tors (Table S11), and are approximately 200 times lower than
the standard requirement for medical diagnostics (~5500
nGyair s~ 1). Such outstanding performance can be attributed to
the ultrahigh resistivity and the stable low dark current of both
MPFs, which together effectively suppress noise current and
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Fig. 4 (a) Dark current drift of DABCO-NH4(BF,)s and DABCO-N,Hs(BF4)s with both parallel and perpendicular directions under an electric field of
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highlight their strong potential for detecting weak X-ray
irradiation.

Owing to their robust structural stabilities, the
DABCO-NH,(BF,); and DABCO-N,H;(BF,); SC detectors exhibit
stable operation abilities even under ultrahigh bias voltages.
As shown in Fig. S21 and S22, when under the bias voltage of
100 V, DABCO-NH,(BF,); achieves a sensitivity of 3016 pC
Gyai, ' em™ and a detection limit of 164 nGy,;, s™'. In com-
parison, the DABCO-N,H;(BF,); SC detector exhibits a sensi-
tivity of 3509 pC Gy.; - ecm > and a detection limit of 131
NGy, s~ along the parallel direction, while along the perpen-
dicular direction, the sensitivity is 1569 pC Gy, ' cm™> and
the detection limit is 120 nGy,;, s~ ', respectively. At 200 V,
DABCO-NH,(BF,); shows a sensitivity of 4506 uC Gy,;; ' cm >
and a detection limit of 272 nGy,;; s~*. Under the same bias
voltage, the DABCO-N,H;(BF,); SC detector reaches a sensi-
tivity of 5041 pC Gy, © cm > and detection limits of 267
nGy,i; s~' along the parallel direction and 2180 pC Gy, *
em ™ with 221 nGy,;, s~ along the perpendicular direction.
These results demonstrate that the DABCO-N,H;(BF,); SC
detector could maintain robust stability and better detection
performance than the DABCO-NH,(BF,); SC detector across a
wide range of operating conditions, highlighting its promising
potential for practical applications.

The gain factor is a key parameter that characterizes the
ability of a detector to amplify the converted electrical signal
after receiving incident radiation, which significantly influ-
ences the overall detector performance.** As shown in Fig. 4e
and f, at a fixed bias voltage, the gain factors of both
DABCO-NH,(BF,); and DABCO-N,H;5(BF,); SC detectors
decrease with increasing X-ray dose rates. Conversely, under a
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constant dose rate, the gain factors increase with a higher
applied bias voltage. This behavior is consistent with the gain
compression effect observed during dynamic range enhance-
ment. Consequently, the DABCO-NH,(BF,); and
DABCO-N,H;(BF,); SC detectors are more suitable for oper-
ation under high bias voltages and low dose rates, which
enables higher X-ray response sensitivities.

The environmental stability and long-term operational
stability of X-ray detectors are crucial for their practical appli-
cations.'® Therefore, we systematically evaluate the stability of
the DABCO-N,H;(BF,); SC detector. The DABCO-N,H;(BF,);
SC detector is exposed to ambient conditions, such as 24 °C
temperature and 31% relative humidity, and characterized by
XRD after 30 and 60 days (Fig. 5a). The experiments show that
the diffraction patterns remain highly consistent with the
initial one, indicating no decomposition or phase transform-
ation. The stabilities, sensitivities and dark currents under
different temperature conditions were tested and are shown in
Fig. S26, which proved the excellent operation stability of
DABCO-N,H;(BF,); even at elevated temperatures. These
results prove that the DABCO-N,H;(BF,); SC device exhibits
excellent environmental stability. More importantly, the photo-
current and sensitivity of the DABCO-N,H;(BF,); SC device
under different X-ray dose rates are measured at the first, 30"
and 60™ days.

Compared with the initial values, the photocurrent
decreases by only about 0.5% after 30 days and 1.1% after 60
days (Fig. 5b), while the sensitivities show a very minor
reduction, approximately 1% to 2.7% (Fig. 5d) for the
DABCO-N,H;(BF,); SC detector. This slight degradation in sen-
sitivity may be attributed to mild diffusion of the silver electro-
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a Fresh X-ray on 30 day 60 day
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Fig. 5 (a) PXRD patterns of DABCO-N,Hs(BF4)3 during the fresh state and after 30 and 60 days of exposure to the air. (b) Comparison of the photo-
current of DABCO-N,H5(BF4)3 SC in the fresh state and when exposed to air for 30 and 60 days under different X-ray doses with a bias voltage of 50
V. (c) Long-term on/off cycling stability of the DABCO-N,Hs(BF4)s SC device at a 50 V bias voltage for 600 s. (d) Sensitivities of the
DABCO-N,H5s(BF4)3 SC device when fresh and when exposed to air for 30 and 60 days.
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des, confirming that the devices can maintain stable perform-
ance under natural ambient conditions.’® To further examine
the stability under continuous operation, we perform a
repeated X-ray on/off cycling test. During multiple switching
cycles with a period of 15 s over a total duration of 600 s, the
current response of the devices exhibited excellent repeatabil-
ity without noticeable decay (Fig. 5c). In addition, the
irradiation stability of DABCO-N,H;(BF,); was evaluated under
prolonged X-ray irradiation. As shown in Fig. S25, the device
was continuously irradiated for 600 s at a fixed dose rate of
1.989 mGy s ', with bias voltages of 100 V and 200 V, respect-
ively. Over the entire testing period, the photocurrent showed
no obvious degradation or fluctuation. The total dose of X-rays
absorbed by the DABCO-N,H;(BF,); SC detector reached 2.22
Gy. These findings prove that the DABCO-N,H5(BF,); SC detec-
tor exhibits outstanding environmental and operational stabi-
lity, highlighting its strong potential as a promising direct
X-ray detection material.

Conclusions

In conclusion, we present a novel approach to the design of
high-performance MFPs by utilizing the lone-pair cation strat-
egy to regulate dimensionality and optimize the band-edge. By
introducing the N,H;" cation with a lone pair of electrons and
a relatively large ionic radius, we successfully achieved the
transformation of a 3D perovskite to a 1D perovskite, which
results in enhanced structural stability and improved electrical
performance. Both theoretical calculations and experimental
results demonstrate that, benefiting from its 1D chain struc-
ture and strong hydrogen bond interactions, the
DABCO-N,H;(BF,); SC device exhibits extremely low dark-
current drift and effectively suppresses ion migration within
the crystal. The 1D structure promotes anisotropic charge
transport along the parallel direction, optimizes the band
edge, and leads to superior carrier mobility and enhanced elec-
trical performance. Owing to these advantages, the
DABCO-N,H;(BF,); SC device exhibits outstanding detection
performance along the parallel direction, achieving an ultra-
high sensitivity of 2570 uC Gy, ' em™ at 50 V, and a low
detection limit of 20.9 nGy,;, s, The excellent stability of the
DABCO-N,H;(BF,); SC device enables it to operate stably
under a bias of 200 V, while achieving a sensitivity of 5041 pC
GYair + cm™> and a detection limit as low as 267 nGy s .
Furthermore, environmental stability tests confirm that the
DABCO-N,H;(BF,); SC device maintains long-term stable per-
formance even under harsh conditions. These results indicate
that DABCO-N,H;(BF,); is a promising material for high-per-
formance X-ray detection, offering enhanced sensitivity, low
detection limits, and high stability under various operating
conditions. This work presents a novel approach to effectively
balance and optimize both structural stability and electrical
properties, providing a new path for developing high-perform-
ance, low-dose, and highly stable X-ray detection materials.
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