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The strategy of bandgap regulation is important for X-ray detection,
but has not been reported for 1D Pb halide perovskite materials. In
this work, three such materials, 1, 2 and 3, with a tunable bandgap,
were fabricated for application in X-ray detection. 3 shows high
sensitivity, far superior to commercial X-ray detectors.

X-ray detectors can convert invisible X-rays into quantifiable and
transmitted electrical signals. They have attracted research interest
in various applications, such as medical imaging, nuclear radiation
monitoring, materials characterization in laboratories and industrial
quality inspection." Designing and developing materials that can
effectively respond to X-rays is crucial in this research field.*”
Perovskite materials are promising X-ray detection materials due
to their large light absorption coefficient, low exciton binding energy,
high carrier mobility and simple preparation methods.* "> Among
them, Pb halide perovskite is a suitable material for X-ray detection.
They usually have the following advantages: (1) large atomic number
ensures high X-ray absorption; (2) adjustable bandgap is used to
optimize the energy resolution of the detector; and (3) high resistivity
results in small dark current and noise. For this reason, Pb halide
perovskite materials for X-ray detection have attracted high attention
from experts in this field."*™*

To date, many works have reported inspiring results that demon-
strate the potential application of Pb halide perovskite materials
in Xray detection, like (DGA)Pbl,, (EDBE)PbCl,, CsPbBr; and
(NH;C4HgNH;)PbL,."*>" Compared with three-dimensional (3D)
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perovskite materials, one-dimensional (1D) Pb halide perovskite
materials typically have a single carrier transport path, which brings
the property of inhibiting ion migration under external stimuli (e.g;,
X-ray, ultraviolet light, and pressure, etc.).”>** This characteristic
could effectively prevent abnormal phenomena caused by ion
accumulation at the device interface, ensuring the normal operation
of the detectors.”* The strategy of bandgap control could effectively
regulate the number of electron and hole pairs in materials,
which plays an important role in improving X-ray detection
performance.>>*® However, to our knowledge, there have been no
reports on the regulation of the bandgap in 1D Pb halide perovskite
materials for X-ray detection.

Herein, a series of 1D Pb halide perovskite-like materials,
(MPC),PbX, (MPC is 6-mercaptopyridine-3-carboxylic acid, X = Cl
in 1, Br in 2 and I in 3), were prepared. These materials have a
narrow bandgap, allowing for precise bandgap control, and were
utilized in X-ray detection. In the structure of (MPC),PbX,, 1D
octahedral inorganic anion layer [PbXs]*~ and the organic cation
layer are connected by unique hydrogen bonds (N-H---X,
O-H---0). These hydrogen bonding interactions enhance the
stability of the materials, facilitating the preparation of single
crystals. More importantly, as the halogenate atoms change
from Cl to Br to I, the bandgap of the crystals decreases gradually,
thus achieving better X-ray detection performance. Among
them, 3 exhibits the best performance with the sensitivity of
185 UC Gy ' ecm > and a low detection limit of 0.775 pGy s~
The excellent X-ray detection performance exhibits superior sen-
sitivity to that of the commercial a-Se and a detection limit that is
6 times lower than the requirement for medical diagnostics.

The single crystals of 1, 2 and 3 were prepared in a
concentrated haloid acid solution through slow temperature
cooling technology (details see the ESIf). The photos of the
obtained single crystals of 1, 2 and 3 are shown in Fig. S1 (ESIf).
Single crystal X-ray diffraction analysis demonstrates that all
three crystals belong to the monoclinic system with a space
group of P2,/c (Table S1, ESIt). The three crystals exhibit similar
structures, all of which are typical 1D chain perovskite-like struc-
tures (Fig. 1a). An octahedral [PbXc]'~ is formed by each Pb** to
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Fig. 1 (a) 1D chain structure of 3. (b) Bulk structure view of 3 along the a-
axis. (c) Structure of the hydrogen-bonding network formed. (d) The bond
lengths and angles of inorganic components.

connect with two independent X~ anions and four bridging X~
anions and the inorganic framework extends infinitely with edge-
sharing [PbXc]'~ along the crystallographic a-axis. The organic
cations and inorganic framework were anchored by hydrogen bonds
(N-H- - -X) generated from the N atom and halogen (Fig. 1b and c).
This free halogen substitution from Cl to Br to I brings an increase
in the bond length and angle of the inorganic octahedra (Fig. 1d).
Interestingly, due to the cleavage of disulfide bonds, another
stronger hydrogen bond (O-H- - -O) is formed between the organic
cations (Fig. 1c and Tables S2-S4, ESIt). The stronger hydrogen
bond may enhance the stability of the crystals, facilitating the
successful preparation of single crystals of 1, 2 and 3.

To investigate their stability, the crystals of 1, 2 and 3 were
successfully prepared and certified by the powder X-ray diffrac-
tion (PXRD) tests. The PXRD patterns of all crystals exhibit well-
matched curves to the simulated ones, indicating the absence of
any impure phase (Fig. 2a). The thermal and chemical stabilities
of the single crystals were explored (for details see Fig. S2 and S3,
ESIt). The series of Pb halide perovskite-like materials exhibits
good stability, which is attributed to the unique hydrogen
bonding (N-H- - -X, O-H-: - -O). The high stability of the crystals
sets a fundamental basis for further application.

Density functional theory (DFT) theoretical calculations
revealed that crystal 3 possesses a direct bandgap structure with
a narrow bandgap of 2.16 eV (Fig. S4, ESIt). Based on this, the
bandgap structure of this series of 1D Pb halide perovskite-like
materials was explored through UV-Visible absorption spectrum.
The bandgap values of this series of crystals were calculated via the
Tauc plot, which are 2.55 (1), 2.52 (2) and 2.46 (3) eV, respectively
(Fig. 2b). As the halogen is replaced from ClI to Br to I, the bandgap
gradually decreases. The reduced bandgap brings higher electron
mobility and stronger light absorption, which improves its optoe-
lectronic performance (detail see Fig. S4, ESIt). The bandgaps of 1,
2 and 3 are within the bandgap range of semiconductors (1-3 eV),
implying that this series of 1D Pb halide perovskite-like materials
are potential semiconductor materials.>”>°

To confirm the semiconductor nature of this series of crystals, we
explored their electrical properties. The electrical conductions
(I-V curves) were measured at various temperatures. The crystals of
1, 2 and 3 exhibit conductivities of 0.01, 0.015 and 0.02 nS cm ™" at
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Fig. 2 (a) PXRD patterns of crystals of 1, 2, and 3. (b) UV-Visible absorption
spectra of crystals of 1, 2, and 3. (Inset: optical bandgap calculated from
the corresponding Tauc plot). (c) Temperature-dependent conductivity of
3. (d) The linear relationship between In(c) of the conductivity of crystal 3
and the reciprocal temperature.

303 K, respectively, which increase with rising temperature (Fig. 2c
and Fig. S5, ESIt). Through In(c)-1000/T plots fitted to straight lines
based on the variant of the Arrhenius equation, the activation energy
for charge transport (E,) of 3 can be estimated to be 0.762 eV
(Fig. 2d).*° Therefore, the temperature-dependent electrical conduc-
tivity and suitable optical bandgap indicate that this series of 1D Pb
halide perovskite-like materials are semiconductors.

Owing to the impressive semiconducting properties and narrow
bandgap of this series of 1D Pb halide perovskite-like materials, we
conducted further evaluations on their X-ray detection performance.
As shown in Fig. 3a and Fig. S6 (ESIt), the resistivity of 1, 2 and 3
were determined to be 4.5 x 10", 7.5 x 10° and 2.5 x 10° Q cm,
respectively, which is larger than the values previously reported for
Pb hybrid perovskites, such as MAPbX;, and MAPbI;.**** This high
intrinsic resistivity of this series of crystal materials leads to a low
dark and noise current, which is favourable for X-ray detection,
greatly increasing the signalto-noise ratio (SNR) and switching
ratio.***> Efficient charge collection is also important for X-ray
detection, which can be estimated through the mobility lifetime
() product (for details see Fig. S7, ESIt). The crystals of 1, 2 and 3
exhibit a pr product of 1.05 x 1073 1.75 x 10> and 1.71 x
107% ecm® V', respectively (Fig. 3b and Fig. S7, ESIf). They are
higher than some reported hybrid perovskites, such as (PEA),Pbl,
(1.07 x 10~* em® V") and (CH;0C;HoN),PbBr, (8.4 x 10> em® V%),
even at least three orders of magnitude larger than commercial o-Se
film ~ 1077 em® Vv~ ">**” Furthermore, the absorption coefficients of
1, 2 and 3 are higher than that of Si and comparable to the value for
o-Se in the entire energy range (Fig. 3c). 3 with the smallest bandgap
has a higher absorption coefficient than 1 and 2. This result suggests
that regulating the bandgap can affect the properties of semiconduc-
tors, thereby affecting its X-ray detection performance.

The high bulk resistivity, relatively large ut product and high
absorption coefficient make this series of 1D Pb halide perovskite-
like materials highly promising for X-ray detection. Here, an X-ray

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Bulk resistivity of 3. (b) The voltage-dependent photoconductivity of
3 under X-ray irradiation. (c) The absorption coefficients of 1, 2 and 3 and other
representative semiconductors versus photon energy. (d) Device manufactur-
ing diagram of single crystals. (e) /-V traces of 3 in the dark and under X-ray
irradiation. (f) Photo-responses of 3 to X-rays with increased dose rates.

detector with a vertical detector structure was fabricated using single
crystals of this series of 1D Pb halide perovskite-like materials
(Fig. 3d and Fig. S8, ESIt). Fig. 3e demonstrates the I-V traces of
3 in the dark and under different dose rates of X-ray irradiation,
presenting an apparent photocurrent. The current exhibits sym-
metry for positive and negative voltages, indicating suppressed ion
migration in crystals of 3 (Fig. 3e). Similar results of apparent current
and symmetric current under positive and negative voltages are also
observed in crystals of 1 and 2 (Fig. S9, ESIt). X-ray irradiation was
used to induce current responses in single crystal-based detectors of
1, 2, and 3 (Fig. 3f and Fig. S10, ESIt). As the X-ray dose rates
increased from 8.2 to 42.3 mGy s ' under an electric field of
66.66 V. mm ', the photocurrent densities of 1, 2 and 3 all presented
a remarkable increase. These results reveal the outstanding photo-
response of single crystals 1, 2 and 3 to X-ray irradiation.

The sensitivity (S) is a crucial parameter for evaluating the
performance of materials in X-ray detection and is obtained by
linearly fitting the correlation between the X-ray dose rate and
the photo-current density. The photo-responses of crystals 1, 2,
and 3 to increasing X-ray dose rates were tested at different
electric fields to investigate sensitivity (Fig. 4a and Fig. S11, S12,
ESIT). With the increase of the electric field, the sensitivity
gradually increases (Fig. 4b and Fig. S11, S12, ESIt). The
crystals of 1, 2 and 3 exhibit high sensitivity of 60, 120 and
185 uC Gy " cm ™ at the same electric field, as shown in Fig. 4c.
Among them, the crystal of 3 has the highest sensitivity.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Linearly fitted current density and X-ray dose rate to obtain
sensitivity at different biases. (b) Sensitivity under different electric fields of
3. (c) Sensitivity comparison of 1, 2, and 3. (d) Signal-to-noise ratio of 3 at
50 V. (e) Dark current drift measurement of 3. (f) Photocurrent stability of 3
under continuous X-ray irradiation.

This sensitivity value is comparable to that of some typical 3D
Pb hybrid perovskites for X-ray detection, such as MAPDbBr;
(80 uC Gy ' em™?) and FAPbBr; (169 uC Gy ' cm™?), but is
8 times higher than the commercial X-ray detector of o-Se
(20 uC Gy ' em™? at 100 KV cm ').*®*° Furthermore, the
detection limits of 1, 2 and 3 as X-ray detectors were investigated.
The International Union of Pure and Applied Chemistry defines
that the X-ray dose rate with the SNR of 3 is the detection limit.
Through fitting the correlation between SNR and dose rates, the
detection limits of 1, 2 and 3 were determined as 43.5, 8.072 and
0.775 uGy s ', respectively (Fig. 4d and Fig. $13, ESIf). The
detection limit of 3 is 6 times lower than the requirement for
medical diagnostics (5.5 uGy s~ ').*® Compared with 1 and 2, 3
exhibits the lowest detection limit due to its stronger light absorp-
tion ability resulting from the minimum bandgap. This highlights
the crucial role of bandgap regulation in achieving superior X-ray
detection performance (sensitivity and detection limit).

The dark current drift (Z4.i¢) is also an important parameter
for assessing the stability of devices, which is determined
through the following equation (details see Fig. S14, ESIf). As
shown in Fig. 4e and Fig. S14 (ESIT), the Iy;q of single crystals
1, 2 and 3 were calculated to be 3.31 x 107, 6.33 x 10 °, and
556 x 107> nA cm ' s7' V! respectively. The Iy values of
this series of 1D Pb halide perovskite-like materials are equi-
valent to some previously reported hybrid perovskites,*"*> such
as PEA,MAgPbol,s (1.8 x 10> nA ecm ' s ' V') and Cs,AgBiBry

Chem. Commun., 2024, 60, 3311-3314 | 3313
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(7.4 x 107> nA em ™" s7' V1), indicating the excellent stability of
the devices. Moreover, 3 with the best X-ray detection performance
is selected to investigate the irradiation stability. The 3 based
X-ray detector was exposed to continuous X-ray irradiation of
20.87 mGy s~ under 10 V (Fig. 4f). Following a total X-ray dose
rate of 12.522 Gy, there is no obvious change of photocurrent and
dark current, highlighting its outstanding irradiation stability.
These results indicate the excellent irradiation stability of this
series of 1D Pb halide perovskite-like materials.

In summary, a series of 1D Pb halide perovskite-like materials
with a tunable bandgap have been fabricated successfully to
apply in X-ray detection for the first time. As predicted, X-ray
detection performance increases gradually as the bandgap
decreases from 1 to 2 to 3. It is worth noting that 3 demonstrates
the best performance with a sensitivity of 185 pC Gy ' cm > and
a low detection limit of 0.775 uGy s~ ', which is 6 times lower
than the requirement for medical diagnostics. Additionally,
these crystals exhibit exceptional irradiation stability. This work
sheds light on future explorations of high-performance X-ray
detection based on low dimensional perovskite-like materials.
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