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Two-dimensional BA,PbBr,-based wafer for
X-rays imaging applicationt
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As one of the most promising candidates for X-rays imaging materials, perovskites have received
extensive attention. However, poor stability and undesirable ion migration are still obstacles to its

development. In recent years, the successfully developed two-dimensional (2D) perovskite materials

have skillfully solved the above-mentioned problems, but the preparation of their pure phase single

crystals remains a great challenge. Here, a 2D perovskite single crystal, BA,PbBrs, was used as a

Received 15th March 2022,
Accepted 6th April 2022

DOI: 10.1039/d2gm00233g

representative model, which was grown via a simple synthesis method of the solution temperature
lowering (STL), exhibiting a short fluorescence lifetime (6.82 ns), intense X-rays radioluminescence, and
high environmental and temperature stability. Moreover, it has been used in X-rays imaging, which

shows good imaging results and stability. This study demonstrates that 2D perovskites have great
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Introduction

Since X-rays were first discovered by Wilhelm Rontgen in 1895,
the development of X-rays related technologies has brought
great convenience to human life, such as medical diagnosis,
non-destructive testing, substance identification, and safety
inspection."™ The basic principle of all these technologies is
that X-rays interact with the material when the object is
irradiated, and the emitted or reflected X-rays reflect object
information. Therefore, the effective detection of X-rays with
object information is particularly important, which is directly
related to the performance of the instrument.*>

Converting high-energy X-rays photons into visible light is
one of the most common X-rays detection methods, namely,
X-rays imaging.®™> At present, the successfully applied X-rays
imaging materials include doped sodium iodide (NaL:TIl),
doped cesium iodide (CsL:Tl), and oxide scintillator (CAWOy,,
BiyGe;01,)."**° However, they still have some drawbacks such
as detectable energy range, high fabrication temperature, and
poor stability. In recent years, due to their excellent photolu-
minescence quantum yield (PLQY), adjustable band gap,
simple preparation process, and large atomic number (Z),
halide perovskite materials have been widely used by research-
ers in the field of X-rays imaging and have achieved rapid
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potential in low-cost X-rays imaging systems.

development.'”">* However, perovskites are of ionic crystals
) b

which cause ion migration to occur easily under the radiation,
temperature cycle, and electric field, therefore impacting the
performance and stability of the device.>**°

Creatively, to overcome the unfavorable ion migration and
poor stability, researchers introduced organic molecules into
the perovskite structure to form a two-dimensional (2D) per-
ovskite, in which lead halide octahedral sheets are separated by
an organic spacer.>’*® The organic spacer increases the activa-
tion energy of ion transport and therefore inhibits ion
migration.**?* Furthermore, due to the steric hindrance pro-
duced by the organic spacer, it will increase the required for the
phase transition to the non-perovskite phase, therefore improv-
ing the stability of the perovskite.*®

Among many amine organic molecules, butylamine (BA), as
a chain organic molecule, has been used as one of the most
commonly used organic molecules in the preparation of 2D
perovskites.>” Sun et al. prepared BA-based 2D perovskites and
discovered the ferroelectricity of 2D perovskites for the first
time, and applied them in the field of photodetection.*® Dravid
et al. studied the mechanical properties of BA-based 2D
perovskites.>**® Yang et al prepared a blue LED (light-
emitting diode) with high-color purity based on BA-based 2D
perovskites.*! Nevertheless, the size of the 2D perovskite single
crystals prepared in the above work is in the order of hundreds
of micrometers. Further, the introduction of organic molecules
also makes it difficult to control the crystallization kinetics of
the 2D perovskite.*”™*” Also, the as-prepared 2D perovskite
is usually a multi-phase mixture, that is, 2D, quasi-2D, and
3D structures are mixed.**! Therefore, one most troublesome

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 1 Synthesis method and structure characterization of BA,MA,_1Pb,

BA.PbBr, (n = 1).

problem at present is the preparation of pure phase 2D
perovskite.

In this study, we introduced a simple method of solution
temperature lowering (STL) (perovskite precursor solution dis-
solves at higher temperature, and the solution reaches super-
saturation and precipitates crystals when the temperature
gradually decreases) to prepare a pure phase centimeter-scale
2D perovskite BA,PbBr, and apply it to X-rays imaging. Further
characterization suggests that the as-prepared 2D perovskite
BA,PbBr, is single crystal, has short fluorescence decay lifetime
(6.82 ns), and exhibits excellent environmental and tempera-
ture stability. We believe that these results can inspire further
research on the design of 2D perovskites for X-rays imaging.

Results and discussion

For the synthesis of 2D perovskite BA,MA,,_;Pb,Brs,.; (n =1, 2,
3, 4), we adopted a simple method of STL.>> As shown in
Fig. 1(a), the precursor solvent is first dissolved at a high
temperature (~100 °C) and then slowly cooled (1 °C min™");
the solution reaches supersaturation and crystals are precipi-
tated. The detailed experimental procedures are described in
the (ESIY). Fig. 1(b) and Fig. S1 (ESIt) show the X-rays diffrac-
tion spectrum (XRD). Clearly, when n = 1, the diffraction peaks
appear at equal intervals (A20 ~ 6.5°), which can be attributed
to the same family of the crystal planes {001}. It implies that a
2D perovskite single crystal is formed. However, when n =2, 3, 4
and higher n-values, the diffraction peaks of the sample are
relatively mixed, which indicates that there are other n value 2D
perovskites. In order to further verify the as-prepared 2D
perovskite with n = 1 is a pure phase, elemental analysis was
implemented. As shown in Fig. 1(c), the uniform distribution of
the elements: nitrogen (N), lead (Pb), and bromine (Br) is

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Brsn+1: (@) schematic of synthesis steps; (b) XRD; (c) elemental analysis of

shown. It is particularly worth noting that the atomic ratio of
the three elements (N: Pb: Br) is close to 2:1:4, which is highly
similar to the stoichiometric ratio in the chemical formula,
further confirming that BA,PbBr, is a pure phase 2D perovskite.

Fig. Sla (ESIf) is a scanning electron microscopy (SEM)
picture of the 2D perovskite with different n values. When

(a) n=1 n= n=3 n=4

EX 365 nm

Fig. 2 Optical photos of BA,MA, 1Pb,Brs,,1: (a) digital photos of 2D
perovskite crystals with different n values under background light and
365 nm ultraviolet light; (b) microscopy pictures of 2D perovskite crystals
with different n values under 365 nm ultraviolet light irradiation.
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Fig. 3 BA,MA,_1Pb,Brs,,1 luminescence performance characterization: (a) UV-Vis absorption spectrum (UV-Vis); (b) photoluminescence spectrum
(PL); (c) CIE chromaticity diagram; (d) BA,PbBr4 PL spectrum at different temperatures; (e) TRPL; (f) radioluminescence spectrum (RL).

n = 1, the 2D perovskite appears as a single large-scale sheet
structure. With the n value increases, the morphology becomes
disordered, showing a mixture of sheets with different sizes.
This is mutually corroborated by the XRD results, that is, n = 1
is a pure phase 2D perovskite, while others are not. When n =2,
3, and 4, the element analysis results are shown in Fig. S2b-d
(ESIt), respectively. These three elements of N, Pb, and Br are
uniformly distributed, implying the formation of the 2D per-
ovskite, yet they are mixed phase. Further, in order to char-
acterize the mechanical properties of 2D perovskites, we
performed nanoindentation characterization of the 2D perovs-
kite wafer with different n values (Fig. S3a, ESIt). Fig. S3b (ESIY)
shows the trends of Young’ modulus and hardness as a func-
tion of n for the 2D perovskite wafer. As the value of n increases,
Young’ modulus and hardness show the same trend and
both increase, which is consistent with previous literature
reports,>%1%:33

Fig. 2(a) shows the digital photos of the as-synthesized 2D
perovskites with different n values under background light and
365 nm ultraviolet. Under the background light, the 2D per-
ovskite with n = 1 is a large sheet, the size of n = 2 is clearly
reduced, and when 7 = 3, 4, it becomes fine granular, which is
consistent with the results of SEM. Under the excitation of
365 nm ultraviolet light, as the n value increases, the emission
color shifts from blue to green. The difference in the lumines-
cence color of 2D perovskites with different n values is caused
by the quantum confinement effect.**”” Fig. 2(b) is a micro-
scopy picture of 2D perovskites with different # values under an
optical microscope and excited with 365 nm ultraviolet light.
When n =1, it is pure blue light, and the others are a mixture of
multiple colors, which further reveals that the 2D perovskites
are a mixture of different n values.

1312 | Mater. Chem. Front., 2022, 6, 1310-1316

In order to quantitatively characterize the luminescence
properties of 2D perovskites with different n values,
ultraviolet-visible absorption spectroscopy (UV-Vis) and photo-
luminescence spectroscopy (PL) were implemented (Fig. 3(a),
(b), and Fig. S4, ESIt). Clearly, as n increases, both the absorp-
tion band edge and the PL emission peak position have evident
red-shifts (CIE coordinates shown in Fig. 3(c)). Multiple exciton
absorption peaks and shoulder emission peaks appear, which
are caused by the mixing of impure phases. Fig. 3(d) shows the
photoluminescence (PL) spectrum of BA,PbBr, as a function of
temperature. When the room temperature is gradually
increased to 100 °C, the PL intensity gradually weakens to
completely disappear, which is due to the serious tilt of the
[PbBre]*~ octahedron and the serious disorder of the organic
chain caused by the increase in temperature, resulting in the
reduction of the band gap.*' However, it is worth noting that as
the temperature gradually cools down to room temperature, the
PL intensity gradually recovers, which indicates no occurrence
of serious ion migration and collapses of the 2D perovskite
crystal structure. Fig. 3(e) shows the time-resolved photolumi-
nescence (TRPL) spectrum of BA,PbBr,. The decay curve was
fitted with a three-exponential function, and the corresponding
parameters are listed in Table S1 in the ESI,f and the calcula-
tion fluorescence lifetime is 6.82 ns. To characterize the lumi-
nescence performance of BA,PbBr, under X-rays irradiation,
radioluminescence spectroscopy (RL) was applied (Fig. 3(f)).
There is an evident single emission peak at about 450 nm,
implying the good luminescence performance under X-rays
excitation.

All the above-mentioned characterization and analyses
strongly proved that when n = 1, that is, BA,PbBr, is a pure
phase single crystal 2D perovskite, which has greater potential

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Fig. 4 X-rays imaging application and stability characterization: (a) imaging photos of the BA,PbBr, wafer at different radiation dose rates; (b) XRD
comparison of BA,PbBr,4 before and after storage in the environment for 80 days; (c) XRD comparison of BA,PbBr,4 before and after storage at 100 °C for

100 h.

in the X-rays imaging field than other impure phase samples.
Based on this, we applied BA,PbBr, in the field of X-rays
imaging. Fig. 4(a) is the photograph of wafer BA,PbBr, under
different X-rays radiation rates, showing a clear outline of the
object (spring), implying its potential as an X-rays scintillator
imaging material. Further, its stability was also been consid-
ered. Fig. 4(b) shows the XRD comparison of BA,PbBr, before
and after being stored in the air for 80 days, and it does not
show any signs of material degradation. Fig. 4(c) is a character-
ization of temperature stability. The XRD comparison of
BA,PbBr, before and after 100 h of storage in an air environ-
ment at 100 °C shows the corresponding peak positions with
consistent deviation to a small angle, which may be due to the
high temperature that weakened the coupling between
organic-inorganic layers and increased the distance between
adjacent inorganic octahedral. However, there is also no
obvious sign of material degradation. Therefore, it can be
considered that BA,PbBr, has good environmental and tem-
perature stability.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

Conclusion

In conclusion, this study adopts the STL method to prepare a
2D perovskite pure phase single crystal (BA,PbBr,) for X-rays
imaging. It exhibits intense radioluminescence with ultrafast
fluorescence lifetime and makes it highly promising for instan-
taneous X-rays imaging with no significant afterglow interfer-
ence. In addition, BA,PbBr, exhibits excellent environmental
and temperature stability. After 80 days and 100 °C for 100 h of
storage in the environment without any protection, there is no
sign of degradation. These findings demonstrate the potential
of a 2D perovskite single crystal for promising low-cost X-rays
imaging, including medical diagnostics, non-destructive test-
ing, and safety inspection in the future.
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