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Lead-halide perovskites exhibit outstanding performance in X-ray detection due to their intrinsic fea-
tures such as high charge carrier mobility, large atomic number, and long carrier lifetime, but the tox-
icity of lead is regarded as the major factor hindering their development. Here, we introduce organic
molecule (R)-(-)-2-methylpiperazine (R-MPz) into the bismuth-based structure to synthesize lead-free
(R)-(H;MPz)Bils (R-MBI). The high-quality centimeter-sized single crystals have been obtained, which
show a low dark current and superior environmental stability. Particularly, the single-crystal device of
R-MBI exhibits a high wt product up to 1.88 x 10-% ¢cm?/V and a low trap density of 1.21 x 10"® cm~3.
Further, the detector displays excellent detection sensitivity of 263.58 uC Gy,;;~' cm~2 and a favorable low
detection limit of 4.35 pGy,;/s, both of which meet the requirement for medical diagnostics. These find-
ings shed light on the exploration of innovative bismuth-based hybrid perovskites for high-performance

X-ray detection.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

X-rays are extensively utilized in security inspections, scientific
research, and medical imaging due to their high penetration abil-
ity, short wavelength and high energy [1-6]. In principle, direct
X-ray detection works by absorbing X-ray photons and convert-
ing them into electrical signals [7]. Based on the fundamental con-
cept of X-ray energy conversion, the optimal detector provides the
following key characteristics: a large atomic number (Z) with su-
perior absorption of radiation; large carrier mobility, long charge
lifetimes and low defect density to obtain effective carrier collec-
tion [8]. Currently, the conventional detection materials mainly in-
clude amorphous selenium («-Se) [9], Pbl, [10], CdTe [11], and Si
[12], but these materials usually show inferior performance. For in-
stance, the «-Se is restricted by its inadequate mobility-lifetime
(ut) product (approximately 10~7 cm?/V), resulting in poor sen-
sitivity and detection limits [13]. In this situation, it is vitally de-
sirable to explore new members of lead-free perovskites with low
detection limits for high-sensitive X-ray detection.

In recent years, organic-inorganic hybrid perovskites have
been proved to be ideal photodetection materials owing to their

* Corresponding authors.
E-mail addresses: jhluo@fjirsm.ac.cn (J. Luo), lilina@fjirsm.ac.cn (L. Li).

https://doi.org/10.1016/j.cclet.2023.108708

high carrier mobility, prolonged carrier lifetime, and low-cost
single-crystal growth [14-18]. Among them, lead-based halide
perovskites contain a high atomic number and thus exhibit
outstanding X-ray absorption coefficients [19-23]. For example,
it has been reported that sensitive detectors based on MAPDI;
(MA* =CH3NH3 ™) single crystal (SC) and MAPbBr; SC attain a
sensitivity of 2.1 x 10* uC Gy,;,~' cm~2 [2,24], which is substan-
tially greater than that of conventional «-Se X-ray detector [25].
However, with instability and hazardous Pb element, the potential
of the above-mentioned compounds is significantly constrained
[26]. In this situation, it is urgently desirable to explore lead-free
hybrid perovskites as green X-ray detection materials. Bismuth,
one of the nontoxic elements, has a large atomic number that will
result in strong X-ray absorption [27], making it ideal for capturing
charge carriers produced by X-rays [28]. The recently discovered
one-dimensional (1D) (H,MDAP)Bil; SC obtained a moderate
sensitivity of 1 puC Gy,,~' cm~2 at 5V/mm [29], which provides
the groundwork for improving the performance and demonstrates
the potential for X-ray inspection. The direct X-ray detection was
achieved in Bi-based perovskite (DMEDA)Bils SC and exhibited a
promising sensitivity of 72.5 uC Gy,;,~! cm~2 [30]. However, it
needs to operate at a large field strength (494V/mm), and its
sensitivity and detection capability are insufficient [31]. Thus, it is
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Fig. 1. (a) The simulated morphology based on the R-MBI SC (left) and solution-
grown bulk crystal of R-MBI (right). (b) The crystal structure of R-MBI.
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Fig. 2. (a) The optical absorption spectrum of R-MBI with the insert of correspond-
ing Tauc plot. (b) The calculated energy band structure of the R-MBI.

critical to develop X-ray detectors with great sensitivity to detect
faint X-ray signals at low operating voltage.

In this research, we synthesized a non-lead compound
(R)-(H,MPz)Bils (R-MPz=(R)-(-)-2-methylpiperazine, R-MBI) and
demonstrated its suitability as an X-ray detector. The single crys-
tal of R-MBI possessed a large bulk resistivity of 9.62 x 1010 Q
cm, and a high put product of 1.88 x 104 cm?/V. Consequently,
planar-structured crystal devices based on R-MBI SC are capable of
excellent X-ray detection, producing an exceptional sensitivity of
263.58 1uC Gy,;;~! cm™2 at 50V/mm and detection limit less than
4.35 pGy,;/s. Our work demonstrates the R-MBI is a viable candi-
date for direct X-ray detection and inspires research into the next
generation of eco-friendly detectors.

A centimeter-sized single crystal of 5x 10 x 1.5mm? (Fig. 1a)
was grown via the low-temperature solution method. The powder
X-ray diffraction (XRD) pattern of the R-MBI matches the simu-
lated results quite well, implying the purity of crystals (Fig. S1 in
Supporting information). Meanwhile, R-MBI exhibits no weight loss
until 595K and no significant change in the XRD pattern after 30
days, indicating favorable thermostability and long-term air stabil-
ity (relative humidity, 70%) (Figs. S2 and S3 in Supporting infor-
mation). Structural analysis indicates that R-MBI crystallizes in the
orthorhombic (P2;2121) space group (Table S1 in Supporting infor-
mation), which forms a 1D zigzag chain along the a-axis with the
Bilg octahedrons interconnected by corner-sharing units (Fig. 1b).
In addition, the Bilg octahedra have a slight deformation, as shown
by the non-uniformity of the Bi-I bond length and I-Bi-I angle. The
Bi-I bond distance is in the range of 2.946 A to 3.215A, while the
[-Bi-I angle specifically falls between 83.80° and 176.58° (Fig. S4
and Table S2 in Supporting information). It is notable that organic
component (R)-(-)—2-methylpiperazine cations are bonded to the
1D infinite zigzag chain via N-H.--I hydrogen bonds (Fig. S5 in Sup-
porting information).

The ultraviolet-visible diffuse reflectance spectra of R-MBI in
the 450-900nm region were carried out to evaluate the light-
absorbing properties (Fig. 2a). The R-MBI exhibits an absorption
cutoff wavelength of approximately 665nm and the band gap is
inferred with a value of 1.92eV according to the Tauc curve (in-
set of Fig. 2a). Moreover, this band gap is relatively lower than
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Fig. 3. (a) Bulk resistivity of R-MBI. (b) The I-V curve of R-MBI using the SCLC analy-
sis. (c) Linear attenuation coefficient of R-MBI, CdTe, «-Se, Si, and C versus different
X-ray photons energy. (d) Bias-dependent photoconductivity of R-MBI SC detector.

that of several bismuth-based perovskites, including (DFPIP)4AgBilg
(~2.03eV) and (NH4)3Bizlg (~2.04eV) [32,33]. As illustrated in
Fig. 2b, the calculated band gap of R-MBI is 1.98 eV with the va-
lence band maximum at point Y and the bottom of the conduction
band at point U, indicating its indirect feature. Besides, the partial
density of states spectra prove the R-MBI energy band gap is de-
termined by the Bilg octahedra of the inorganic 1D chain (Fig. S6
in Supporting information): The conduction band minimum is pre-
dominantly assigned to the Bi-6p orbital, while the valence band
maximum is principally attributable to the I-5p orbital.

The resistivity of R-MBI was calculated up to 9.62 x 1010  cm
(Fig. 3a), which is substantially higher than other lead-based per-
ovskites (107-108 Q cm) [2,19]. This high resistivity is advantageous
in terms of lowering the dark current, resulting in a higher signal-
to-noise ratio (SNR) [34]. Another significant parameter to evaluate
the performance of semiconductors is trap density (nap). Thus, we
measured the dark current-voltage (I-V) curve to investigate the
ngrap of R-MBI by the space-charge-limited current method. The
ohmic zone is denoted by the first smooth line in Fig. 3b, where
the current signal grows linearly with voltage. As seen by the sec-
ond steep line, the trap-filled area occurs when injected carriers fill
the trap states. After that, we calculated the applied voltage at the
intersection as the trap-filled limit voltage (Vg ), which came out
to be 13.3V. The nyap can also be determined from the following
formula [35]:

2e€9V
Ntrap = % (1)

where ¢ is the relative dielectric constant, & is the vacuum di-
electric constant, e is the elemental charge, and L is the thick-
ness. The relative dielectric constant & ~11.8 of R-MBI was mea-
sured. After fitting calculation, the corresponding niap was deter-
mined to be 1.22 x 1019 ¢m~3, which is considerably better than
that of typical semiconductors Si (nrap = 102-10 cm=3) and CdTe
(Ntrap = 1011-1013 ecm—3) [36,37]. Such low trap density would in-
crease charge transport ability, thus facilitating the acquisition of a
high pt product.

As previously stated, R-MBI possesses a low trap density, high
resistivity, and the heavy element Bi, all of which are essential for
an excellent X-ray detector. We used the NIST X-COM application
to estimate the X-ray absorption coefficients of R-MBI and conven-
tional semiconductors over a wide range of photon energies (0.01-
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100 MeV) to examine the detection capacity of R-MBI [38]. In the
entire energy range of interest, the absorption coefficient of R-MBI
is comparable to that of «w-Se and CdTe, and significantly superior
to that of conventional silicon and carbon materials (Fig. 3c). Due
to the high attenuation capacities ensuring adequate X-ray photon
absorption, it is easier to collect charge carriers. As an X-ray detec-
tor, the wt product is a crucial indicator to gain insight into the
performance of the device, and a higher put product can collect
more carriers at low electric fields [39]. The photocurrent-voltage
curve of the R-MBI SC device is depicted in Fig. 3d, along with the
accompanying fitting lines. The put product is calculated by the
modified Hecht equation [40]:

I 1% d?
1= ol;zf [1 - exp(—l”>i| (2)

where I is the saturated photocurrent, d is the thickness, and V
is the applied bias. Especially, R-MBI displays a relatively high ut
product of 1.88 x 10~4 cm?/V, which is equivalent to the values
for lead-based perovskites of (BDA)Pbl, (4.43 x 10~4 cm?/V) and
Cs3Biylg (7.97 x 1074 cm?/V) [41,42].

As a result, we constructed an electrode with dimensions of
1x2x12mm?3 to test the X-ray detection performance of R-
MBI (Fig. 4a). By adjusting the X-ray tube current from 5 pA to
200 pA, the on/off photoelectric response was measured at dif-
ferent electric field strengths (Fig. 4b and Fig. S7 in Supporting
information). The correlation between the response photocurrent
and dose rates under various electric field strengths was depicted
in Fig. 4c. The current density showed a nearly linear connec-
tion with the dosage rate of X-ray radiation, and the sensitivity
could be calculated by measuring the slope of the linear relation-
ship. Fig. 4d plots the computed X-ray detection sensitivity versus
the electric field. The sensitivity of the R-MBI SC device is about
263.58 uC Gy, ~!' cm=2 at 50V mm~! resulting from the linear
fit. This characteristic outperforms previously published bismuth-
based 1D perovskite (DMEDA)Bil5 detectors (72.5 nC Gy, ~! cm—2
at 494V/mm) and the double perovskite (I-BA)4AgBilg X-ray de-
vices (5.38 uC Gy,;,~! cm~2 at 4.5V/mm) [30,43]. Additionally, we
examined the noise current by computing the standard deviation
of the response current. In various field strength ranges, we cal-
culated that the SNR was more than 3 when the dosage rate was
4.35 nGy,; /s (Fig. S8 in Supporting information) [34]. As a conse-
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Fig. 4. (a) Device structure with R-MBI SC as the X-ray detector. (b) The photocur-
rent responses under different dose rates. (c) The relationship between photocur-
rent density and dose rate of R-MBI SC device at different field strengths. (d) Sen-
sitivity under different electric fields of R-MBI SC detector.
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quence, the lowest detectable dose rate of the R-MBI SC device is
4.35 Gy, /s, which is lower than the minimum dose rate needed
for normal medical diagnosis (5.5 pGy,;;/s) [44,45]. Moreover, the
photoelectric response to the X-ray was investigated by cycling the
incident X-ray on and off at regular intervals (Fig. S9 in Support-
ing information), indicating that the output photocurrent was quite
steady without obvious degradation.

In conclusion, we designed a lead-free bismuth iodide per-
ovskite, (R)-(H,MPz)Bils (R-MBI), and centimeter-sized crystals
were successfully acquired. Moreover, the features of low trap den-
sity, high attenuation efficiency and ut product make the R-MBI
single-crystal device exhibits high-sensitive X-ray detection with a
superior sensitivity of 263.58 uC Gy,;,~! cm~2 at 50 V/mm. Besides,
the R-MBI single-crystal detector displays a detection limit as low
as 4.35 nGy,; /s, meeting the dose rate required for medical di-
agnosis. This research advances the progress on high-performance
bismuth-based perovskite X-ray devices and broadens the scope of
environmentally friendly detectors for X-ray inspection.
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