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Abstract The evolution of lead halide perovskites used for

X-ray imaging scintillators has been facilitated by the

development of solution-processable semiconductors

characterized by large-area, flexible, fast photoresponse.

The stability and durability of these new perovskites are

insufficient to achieve extended computed tomography

scanning times with hard X-rays. In this study, we fabri-

cated a self-assembled CsPbBr3-based scintillator film with

a flexible large-area uniform thickness using a new room-

temperature solution-processable method. The sensitivity

and responsivity of X-ray photon conversion were quanti-

tatively measured and showed a good linear response

relationship suitable for X-ray imaging. We also demon-

strated, for the first time, that the self-assembled CsPbBr3-

based scintillator has good stability for hard X-ray micro-

tomography. Therefore, such an inexpensive solution-pro-

cessed semiconductor easily prepared at room temperature

can be used as a hard X-ray scintillator and equipped with

flexible CsPbBr3-based X-ray detectors. It has great

potential in three-dimensional high-resolution phase-con-

trast X-ray-imaging applications in biomedicine and

material science because of its heavy Pb and Br atoms.

Keywords X-ray scintillator � X-ray illumination �
Computed tomography � CsPbBr3-based film perovskite �
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1 Introduction

Since the discovery of X-rays, X-ray imaging techniques

have rapidly advanced and are widely used for nonde-

structive detection in many fields, such as biomedicine,

material science, and industrial production [1–4]. With the

emergence of new optoelectronic devices, X-ray detectors

coupled with various scintillators have improved X-ray

imaging and tomography [5]. Many X-ray scintillators that

can effectively convert X-rays into visible light have been

made from CsI:Tl, P43-Gd2O2S:Tb, Y3Al5O12:Ce
?, and

Bi3Ge4O12 crystals with varying thicknesses [6–8]. Almost

all these scintillators are inflexible bulk crystals or powders

grown using the Czochralski method at temperatures

exceeding 1700 �C with complex processing and synthesis

procedures [9]. In addition, plastic scintillators with a

simple preparation process and stable performance are

typically used for the intensity detection of cosmic rays, c-
rays, and neutrino [10–13].

With the development of organic and inorganic semi-

conductors, new X-ray photon scintillators have been

widely used to improve conventional X-ray imaging.

Solution-processed organic and inorganic semiconductors

have attracted considerable attention in the last decade.

X-ray scintillators made from solution-processed organic

semiconductors are characterized by controllable thickness,

short scintillation decay time (typically 1–30 ns), and good

usability owing to their simple preparation process

[14–16]. Most of them are produced from toxic solutions,
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such as C18H14, C20H14N2O, and C15H11NO, and are sus-

ceptible to photobleaching and oxygen quenching, which

hampers their practical applications in many fields [17–20].

The conversion efficiency of organic scintillators scaled

with atomic number is significantly low because of their

weak X-ray absorption. In addition, single-crystal CsI:Tl

scintillators are widely used for X-ray scintillators because

of their ultrahigh photoluminescence yield (PLQY) and

prolonged afterglow. Optimization is possible by codoping

various aliovalent ions, such as Yb co-doped CsI:Tl crys-

tals suppressed afterglow down to 80 ms [21]. For single-

crystal Y3Al5O12, the typical photoluminescence (PL)

lifetimes are within 8–80 ns, and the PLQY of optimized

Y3Al5O12:Ce approaches 60,000 photon MeV-1 with an

emission wavelength of 550 nm, facilitating coupling with

silicon photodiodes and charge-coupled device detectors

[22]. However, its slow crystal growth and complicated

synthesis process result in high costs. Because of its high

density (7.34 g/cm3), wide bandgap (4.6 eV), and high

radiation resistance, the powder phosphor screen of Gd2-
O2S:Tb

? has also been applied to X-ray imaging screens,

despite the loss of resolution caused by powder scattering

[23].

Recently, solution-processed lead halide perovskites

(SLHPs) have attracted significant attention owing to their

tunable bandgap, wide absorption spectrum, and high

photon conversion efficiency in detecting X-ray photons,

with potential applications in X-ray imaging devices

[24, 25]. Despite the excellent performance of SLHP

nanocells (NCs) in solutions, the PLQY decreases by

approximately 30% from NC solutions to films because of

the subsequent loss of surface passivation, leading to poor

stability and a limited film area [26, 27]. Based on light-

matter interactions, many SLHP nanoplatelets can be

transformed into bulk analogs via continuous laser irradi-

ation [28]. A single SLHP film exhibits hybrid perovskite

single crystals with heterogeneous substrates, with a small

valid area of 5.8–10 mm2 [29, 30]. In particular, the lead-

halide perovskite (MAPbI3) characterized with organic–

inorganic hybrid perovskite has attracted considerable

research interest because of its excellent properties in

photovoltaic and optoelectronic devices. However, the

disadvantage of organic–inorganic perovskites is their

environmental instability, which limits their application in

photoelectronic imaging devices. Currently, all inorganic

CsPbX3 (X = Br, Cl, and I) perovskites have become the

focus of studying new perovskite materials because of their

environmental stability, excellent photoelectronic charac-

teristics, and low trap density. They have already been used

in various photodetectors and diode devices. Studies have

shown that the morphology of CsPbX3 perovskite nanos-

tructures can be controlled precisely, and different units of

CsPbX3 perovskite, including nanodots, nanowires, and

nanosheets, have been successfully developed [31–35]. For

two-dimensional (2D) nanosheets, the CsPbX3 perovskite

can be an excellent alternative material for X-ray imaging

because of its advantages, such as few grain boundaries and

defects, high formation energy, improved lateral electrical

transmission characteristics, and reduced optical exciton

quenching [36].

In this study, we synthesized a high-quality flexible

SLHP film for X-ray scintillators with controllable thick-

ness and uniformity, self-assembled from solutions of

CsPbBr3 nanosheets at room temperature (25 �C). This

film exhibited advantages for X-ray imaging, such as

controllable thickness, uniform and large crack-free area,

high light yield, and a linear X-ray photon response. The

excellent imaging performance with a CsPbBr3 film-based

X-ray scintillator was first demonstrated based on our

tomographic data with a high resolution (SR) and contrast-

to-noise ratio (CNR) using biological samples. The self-

assembled CsPbBr3 nanosheets also exhibited good sta-

bility in tomographic imaging with extremely high-flux

synchrotron radiation X-ray beams. Our experimental

results demonstrate that the new self-assembled CsPbBr3-

based X-ray scintillator is an alternative X-ray scintillator

with a high resolution and large field of view, with the

potential for applications in high-precision full-field

radiography and tomography for large samples.

2 Materials and methods

2.1 Solution-processed flexible CsPbBr3-based

X-ray scintillator

The relevant chemical reagents used to prepare flexible

CsPbBr3 films were purchased as follows: CsAc with a

trace metal basis (99.9%), PbBr2 (99.9%), OcAm (99.0%),

OcAc (99.0%), and PrOH (99.0%) from Macklin Chemical

Co., Ltd. (Shanghai, China); hexane (99.5%) and toluene

(99.5%) from Aladdin Chemical Co., Ltd. (Shanghai,

China). All the chemical reagents were not purified further.

The processing flowchart is shown in Fig. 1.

2.2 X-ray imaging measurements

X-ray irradiation of the flexible CsPbBr3 film was per-

formed to measure its fluorescence efficiency, linear

dynamic range, and spectral characteristics using a

microfocus X-ray tube (25 W, XWT-160-THE, Germany)

with adjustable tube voltages and currents of 20–160 kV

and 50–600 lA, respectively, as shown in Fig. 2a and b.

The source-to-sample distance was varied within the range

of 30–500 mm, which is suitable for most imaging

requirements. An X-ray radiation dosimeter (821021-A,
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UNFORS, Sweden) was used to calibrate the dose rate

intensity distribution in the X-ray field, and an optical

power meter (3664, HIOKI, Japan) was placed on the back

surface of the samples to measure the intensity of the

visible light converted by our CsPbBr3 film, as shown in

Fig. 2d. Subsequently, its radioluminescence (RL)

performance was determined by calculating the conversion

ratio. The tomographic measurements of a strongly

absorbing object (cable head) and a weakly absorbing

object (bamboo) were performed using an X-ray detector

(C11440-22C, Hamamatsu, Japan) equipped with a 20-lm-

thick CsPbBr3-based scintillator and lens assembly via

Fig. 1 Flowchart of CsPbBr3
film preparation

Fig. 2 (Color online) Description of experimental platform and main

equipment parameter testing. a Schematic of X-ray imaging system

with CsPbBr3-based scintillator and measurement of X-ray photons

and visible light conversion efficiency of CsPbBr3 film, including

transmission tube. Three-axis precision sample stage and new

perovskite detector. 1 HT-Receptacle, 2 Electron emitter, 3 Grid

cap, 4 Deflection unit, 5 Focusing coil, 6 Objective aperture, 7

Transmission target, 8 Electron beam, i Carbon glass, ii CsPbBr3 film,

iii PET substrate. b Voltage and current characteristics of X-ray tube.

c Dosimeter. d Optical power meter. e X-ray detector with CsPbBr3
film fixed on internal surface of lens cap as scintillator for imaging
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synchrotron phase-contrast imaging at BL13HB@SSRF, as

shown in Fig. 2e. A phase-retrieval algorithm was

employed to obtain high-phase-contrast three-dimensional

(3D) images, facilitating the discovery of tiny structural

features of biological samples. The experimental condi-

tions were as follows: photon energy = 15 keV; photon

flux = 3.0 9 1011 phs/s/mm2; effective pixel size = 3.25

lm; exposure time = 4000 ms; sample-to-detector dimen-

sion = 80 mm; projections = 1080; total scanning

time = 90 min.

2.3 Image analysis

To quantitatively analyze the imaging performance of

the CsPbBr3-based scintillator, we calculated the CNR and

SR of the radiographic and tomographic images. For the

CNR calculations, Eq. (1) is used:

CNR ¼ 2
jSobj � Sbgj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2
obj þ r2bg

q ; ð1Þ

where S and r are the mean and standard deviation of the

pixel value of a homogeneous region, respectively, obj and

bg denote the object and background regions of interest

(ROIs), respectively, manually defined in Fig. 5a–c.

Both resolution criteria were employed to calculate

radiographic and tomographic SRs to comprehensively

reveal the fine structure resolution. One resolution was

estimated from the full-width at half-maximum (FWHM) of

the line spread function (LSF) curves derived from the step

response function fitted with an error function by the average

of a least-squares fit [37]. The other was determined using a

criterion based on Fourier analysis with the profile lines of

the object and by calculating its power spectral density

(PSD). The convergence value of the PSD was considered

the noise baseline for the images. According to Shannon’s

theorem, the corresponding spatial frequency (SF) can be

determined using twice the PSD value of the noise baseline.

The SR, Xres, is calculated as follows:

Xres ¼ psize
xn
kres

� �

; ð2Þ

where Xres is the pixel size of the detector, xn is the number

of pixels for the line profile, and kres is the SF.

3 Results

3.1 X-ray PL of CsPbBr3 film

The large-area CsPbBr3 thin film was synthesized using

a room-temperature coprecipitation technique and the self-

assembly process shown in Fig. 1. It was uniform and

crack-free without any encapsulation under ambient light

(Fig. 3a); it had an area of 1575 mm2 (45 mm 9 35 mm)

and could be readily cast into larger area films with the

required thicknesses for X-ray imaging applications.

Additionally, the CsPbBr3 film used for the scintillators

was formed via a self-assembly process, and the thickness

was controlled by dropping a specific amount of CsPbBr3
colloid on a flat substrate, with good smoothness measured

using scanning electron microscopy (SEM). Moreover, the

film exhibited bright green PL excited by the X-ray beams,

as shown in Fig. 3b, directly revealing the coexistence of

multiple quantum wells with a high PLQY. Thus, it can be

used as a warning sign for ionizing radiation, as shown in

Fig. 3c, which is made of a CsPbBr3 thin film and hollow

black cardboard and placed in an X-ray field. Moreover,

the photoluminescence of this flexible CsPbBr3 film with

different curvatures as a bending cycle (Fig. 3d) exhibited

stable photoluminescence properties under repeated bend-

ing cycles for over 1000 times without physical damage,

indicating remarkable flexibility. The X-ray diffraction

(XRD) spectra of the CsPbBr3 film suggested seven char-

acteristic peaks at 15.18�, 21.55�, 26.48�, 30.64�, 34.37�,
37.76�, and 43.89�, corresponding to the crystalline phases

of 100, 110, 111, 200, 210, 211, and 220 (JCPDS PDF #

54-0752), as shown in Fig. 3e. This demonstrates the

superstructural features of the film. The micromorphology

of the CsPbBr3 film with a thickness of 28 lm was mea-

sured using SEM from the top over a large area

(700 lm 9 500 lm), as shown in Fig. 3f, and was rela-

tively flat without any cracks. The magnified inset shows a

smooth, micropore-free surface. The PL spectra were

measured using an emission spectrometer (PG2000 Pro,

Idea Optics) with 400 nm excitation and a center wave-

length of 522 nm (Fig. 3g), which matched the maximum

wavelength response of a complementary metal–oxide–

semiconductor sensor. Additionally, within the range of the

human-eye sensitive-light wavelength, fluorescent signage

was achieved (Fig. 3c). Figure 3h shows the PL decay

trace at 520 nm, indicating a lifetime of 11.5 ns, which is

far shorter than that of NaI:Tl (* 200 ns). The RL effi-

ciency, which is related to the X-ray attenuation length of

the perovskite film, was determined (Fig. 3i). The RL

intensity increased with increasing film thickness within

the range of 5–80 lm, and a saturated value of the RL

intensity was reached when the thickness was 28 lm. This

suggests that the optimal film thickness can be achieved. In

addition, a single-crystal scintillator made of cerium-

dropped lutetium-aluminum garnet (Ce:LuAG) also

attained a similar PL peak position, located at 520 nm.

However, the light yield of the CsPbBr3 perovskite film

was approximately 21,000 photons/MeV, which is higher

than the * 18,000 photons/MeV of a commercial

Ce:LuAG single-crystal scintillator.
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Fig. 3 (Color online) Scintillating film self-assembled from CsPbBr3
nanosheets. a Digital photograph of CsPbBr3 scintillator on polymer

film with 45 mm 9 35 mm under normal lighting. b Fluorescent

photograph of (a) excited by X-ray of 60 kV. c Fluorescent signage of
SDUT illuminated by X-ray beams. d Photoluminescence images of

CsPbBr3 film in different curvatures. e XRD pattern of CsPbBr3 film

showing seven significant peaks. f SEM image showing flatness of

thin film. g PL spectrum of CsPbBr3 scintillating film exited by

ultraviolet of 400 nm. h CsPbBr3-based scintillator decay time of

s = 11.5 ns. i Thickness dependence of RL intensity showing an

optimal value at 28 lm. j Sensitivity of different film thicknesses

showing optimal thickness at 28 lm. k Radiographic image of cable

head (inset); the blue rectangle used for modulation transfer function

(MTF) calculations of slanted edge. l MTF of X-ray radiography

using CsPbBr3 scintillating film
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The SRs of the CsPbBr3 films with different thicknesses

(5–100 lm) were measured and fitted (Fig. 3j). The SR

increased and then decreased with increasing thickness,

reaching 8.6 lm at a thickness of 30 lm with an optimal

SNR. Good sensitivity was achieved through the trade-off

between photoluminescence efficiency and SR. By

assembling the CsPbBr3 film with an X-ray detector as a

scintillator, the radiographic image of the test sample (a

cable head with a height of approximately 20 mm) could

be obtained with the display of inner microstructures and

showed an excellent imaging capacity (Fig. 3k). The sharp

edges of the absorption contrast were generated by density

differences between different components and were effec-

tively used as slanted edges to estimate the modulation

transfer function of the testing sample (Fig. 3l). The SR of

CsPbBr3-based scintillators can reach up to 95 lp/mm.

3.2 Characterization of sensitivity and conversion

Based on the RL effect of the CsPbBr3 film induced by

X-rays, the sensitivity and conversion characteristics were

measured 10 times using our laboratory X-ray source over

three months (Fig. 4). Figure 4a and d shows the propor-

tional relationships between the X-ray dose rate and the

varying tube currents and voltages, respectively, at differ-

ent propagation distances. Accurate distribution of the

radiation dose in the cone X-ray field was observed, from

the Gaussian distribution to the uniform field shown in

Fig. 4g–i, facilitating the RL conversion measurement of

the large-area CsPbBr3 film in a corresponding uniform

dose field at Z = 20 cm. Similar to the dose rate mea-

surements, the variations in RL power with tube current

and voltage were measured, as shown in Fig. 4b and e,

respectively. The RL power of the CsPbBr3 film depended

on the dose rate (or the number of absorbed photons).

Therefore, our CsPbBr3 film exhibits a good linear RL

response to the X-ray dose rate (Fig. 4c and f) and is

suitable for X-ray imaging scintillators.

3.3 Radiography and tomography of CsPbBr3-

based scintillator

A tomographic experiment of a biological sample

(bamboo) was performed using high-brilliance synchrotron

radiation to assess the stability of the CsPbBr3-based

scintillators. The quality of the projections collected during

a 90-min interval was very high, as shown in Fig. 5a,

indicating long-term radiostability. Various structures in

bamboo were superimposed and could not be distinguished

in tomographic images. Phase-retrieval-based projections

with high contrast enable effective FBP reconstruction to

reveal tiny 3D structures of the samples. The reconstructed

longitudinal and transverse sections are shown in Fig. 5b

and c, respectively. The reconstructed sections show high-

contrast feature structures, including subtle morphological

differences between the vascular bundles and microcalci-

fications. The 3D visualization of bamboo was successfully

reconstructed and provided multidimensional morphologi-

cal information (Fig. 5d), such as the perimedullary, vas-

cular bundles, cortex, epidermis, and subcutaneous layer,

owing to the stability of the CsPbBr3-based scintillator with

an extended time and intense irradiation. The per-

imedullary is in the medulla with firm, tightly packed cells.

The vascular bundles are distributed in the cortex between

the subcutaneous layer and perimedullary gradually from

inside to outside. The wall and density of the vascular

bundles showed the same trend owing to fiber lignification,

which developed from the outside. The fiber wall thickness

increases over time. The subcutaneous layer comprises two

or three layers of columnar cells with a thick cell wall, and

the cells are arranged longitudinally in a columnar shape.

The outermost layer is the epidermis, which has a high

density and plays a protective role. The high-quality CT

images (Fig. 5) also indicate that the photoluminescence

performance of the film is uniform throughout the imaging

region.

4 Discussion

High-quality flexible SLHP films for X-ray scintillators

were synthesized using self-assembled solutions at room

temperature. Compared with the traditional scintillator

preparation method, this sample preparation process

enabled massive film production with a large area and

uniform thickness owing to low requirements of equipment

and conditions. Less pollution is another crucial advantage.

However, the characteristics of crack-free CsPbBr3 film

solution preparation can satisfy the need for large-area

scintillators for flat-panel detectors. This CsPbBr3 film

scintillator also exhibited a very fast response

(s = 11.5 ns), critical to scintillation performance in

biomedical radiography. Fast response to X-rays and high

light yields are suitable for the application of dynamic real-

time X-ray imaging. The photostability of the CsPbBr3 film

was further measured using X-ray illuminations with dif-

ferent fluxes and energies under repeated cycles. The

results showed consistent responses to the RL intensity and

incident X-ray dose rate.

The fitting of the dose rate and RL intensity of the

CsPbBr3 film showed excellent linear relationships with

increasing tube current at a fixed propagation distance

because the photon flux in the field was proportional to the

tube current (Fig. 4a and b). Moreover, the dose rate and

RL intensity rapidly increased with decreasing distance

between the testing sample and the X-ray source. The RL
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of the CsPbBr3 film responded linearly to the X-ray dose

rate with a fitted slope of 0.22 (Fig. 4c). This indicates that

this film can provide stable and high light yields, essential

for high contrast for different X-ray attenuations. Further-

more, the photon energy characteristics of the CsPbBr3 film

were measured based on the responses of the dose rate and

RL intensity to the tube voltage (Fig. 4d and e). The

increase in RL intensity is not strictly proportional to the

increase in the tube voltage within the range of 25–85 kV,

owing to the scattering of X-rays related to photon energy.

Such slight fluctuations in the photon energy responses

cannot influence X-ray imaging with different photon

energies for biological samples. Generally, the RL induced

by X-ray photons increased with tube voltage because

more high-energy X-ray photons penetrated the film and

induced more quantum dot luminescence. The production

of optical light in the scintillator occurs closer to the sensor

surface as the tube voltage increases, resulting in the higher

light collection. The linear relationship between the dose

rate and the RL intensity for the CsPbBr3 film was calcu-

lated with a fitted slope of 0.23, based on their responses to

varying tube voltages (Fig. 4f). Therefore, the measure-

ments of the dose rate and RL intensity indicate that

CsPbBr3 films are sensitive to X-ray photon flux density,

making them a potential scintillator for X-ray imaging. The

radiographic image of the cable head using the CsPbBr3-

based scintillator can display their inner structures (up

to * 5.3 lm) and characteristics with high absorption

contrast, owing to the significant difference in the X-ray

interactions between the metal and plastic components.

Compared with the traditional scintillator with thick

polycrystalline ceramics, the high SR of the CsPbBr3-based

scintillator can be attributed to the reduced degree of light

scattering in the CsPbBr3 film.

Fig. 4 (Color online) X-ray RL characterization of CsPbBr3 scintil-

lating film. a and d Variation in X-ray dose rate with tube current and

voltage, respectively. b and e Variation in X-ray RL power with tube

current and voltage, respectively. c and f Linear conversion perfor-

mances of scintillating CsPbBr3 film for tube current and voltage

dependence, respectively. g–i Spatial distributions of cone X-ray

radiations at imaging locations z = 5, 10, and 20 cm with cur-

rent = 10 lA and voltage = 60 kV, suitable for radiography of

samples with different sizes
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The CNR and SR determined by the scintillator stability

were calculated from the ROIs manually defined in the

reconstructed results to quantitatively estimate the imaging

quality using our flexible CsPbBr3 scintillator (Fig. 6a–c).

The CNRs of the tomographic and radiographic images of

biological samples could reach 35–60% for different den-

sity components, on average, at the 45% level (Fig. 6a).

The ROIs of the subcutaneous layer or edge of vascular

bundles had higher CNR values than others because of

their high density and smoothness. Compared with the

average CNR of 36% for the imaging of biological samples

using the P43 powder (Gd2O2S:Tb
?) scintillator reported

in our previous study [38], a significant improvement in

CNR was observed owing to the enhanced light yield of the

CsPbBr3 perovskite film. The CsPbBr3 perovskite film can

provide good structural visibility and enable image seg-

mentation for sample feature analysis.

Image sharpness can reflect the SR of an imaging system

and is essential for observing biological fine structures. It is

influenced by several factors, such as the thickness and

uniformity of the scintillator, effective pixel size, and

source quality. An adequate thickness requires a trade-off

between a high SR and a light yield efficiency, and

nonuniformity results in geometric aberration and hetero-

geneous scattering effects. The SR estimations for our

biological sample measurements were performed using the

FWHM of the LSF (from the solid green line plotted along

a bamboo boundary) and PSD, reaching a minimum of

8.1 lm (Fig. 6b and c). An excellent SR can be used for

analyzing fine biological sample structures. For the dis-

crimination of a tiny structure, a blue line profile was

measured (Fig. 5c), and feature size of 8.5 lm was iden-

tified (Fig. 6d). In our previous study [39], the SR of

reconstructed images of biological samples measured with

the P43 powder (Gd2O2S:Tb
?) scintillator was reported at

8.82 lm under the same conditions as the beamline. This

shows that the CsPbBr3 perovskite film can achieve an SR

level almost equal to those of current commercial scintil-

lators. Our results demonstrate that the CsPbBr3-based

scintillator has an imaging capacity with high contrast and

low noise level and is suitable for 3D nondestructive

visualization of biological samples.

Because of the excellent performance evaluation of the

CsPbBr3-based scintillator, the reconstructed slices were

vividly rendered for 3D visualization of the morphological

features of the bamboo (Fig. 7a). Their local volumetric

microstructures are shown in Fig. 7b. Various functional

vascular bundles with different tissue densities can be

quantitatively segmented and pseudocolored owing to the

high SNR of the scintillator, which helps analyze the

mechanism of plant nutrient transport systems. In addition,

the morphologies of the epidermal system and

Fig. 5 Tomographic results for

biological sample (bamboo) via

X-ray phase-contrast

microtomography with CsPbBr3
scintillator. a Radiographic

image. b Tomographic

longitudinal-section image.

c Tomographic cross-section

image. d 3D virtual view of

bamboo, indicating main

botanical microstructures. ROIs

0 (dashed-line rectangle) and

1–4 (solid-line rectangle) are

used for calculating CNRs. The

blue line-profile plot is for

measuring feature structures,

and the solid green line plotted

along a bamboo boundary is for

measuring the LSF
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perimedullary tissue can be observed, and their distribution

characteristics clarify the assessment of the hardness and

growth of bamboos. The sparse area of vascular bundles

around the perimedullary region was segmented and

removed because of the low density of the nascent tissue.

In particular, the histogram in the inset of Fig. 7c provides

effective segmentation thresholds for the depositional dis-

tribution of inorganic salts. In addition, the volumetric

extractions of age-related calcium oxalate crystal clusters

(Fig. 7c) are formed by numerous calcifications, account-

ing for more than 95% of all calcifications and the

remaining near the epidermis. Moreover, the statistical

distributions of the geometrical characteristics of different

functional components, including the cross-sectional area

of the vascular bundle, the cluster volume of the calcium

oxalate crystal, and the microcalcification ratio, were

quantitatively obtained (Fig. 7d–f), which clarifies the

physiological mechanisms of bamboo. Most vascular

bundle cross-sectional areas were smaller than 200 lm2

(Fig. 7d), indicating that the bamboo is young. The sample

consists of fibrous conduits, sieve tubes, and other cells,

and its main function is to transport water, inorganic salts,

and nutrients. Calcifications with small volumes (215–250

lm3) accounted for 75.65% and were related to growth

time. With the continuous increase in lifespan, the cells

continued to accumulate calcification, and the calcification

proportion was 11.26% in this sample. This information is

vital for plant growth research. Therefore, this CsPbBr3-

based scintillator can be used for hard X-ray computed

tomography with good stable performance.

5 Conclusion

Our self-assembled CsPbBr3-based film has the advan-

tage of flexible, large-area synthesis at room temperature. It

exhibited strong RL intensity in the X-ray field and linear

response characteristics to radiation dose rate, making it

suitable for application in high-quality X-ray scintillators.

Moreover, the developed CsPbBr3 film scintillator also

exhibited high CNR (an average of 45%) and SR (a min-

imum of 8.1 lm) based on the good uniformity and sta-

bility of the self-assembled CsPbBr3-based film, which

exhibited the CNR advantages compared to the commercial

P43 powder scintillators. Our experimental study demon-

strates that the new scintillator material has potential for

use in low-dose high-resolution X-ray microtomography

for biomedical samples.

Fig. 6 (Color online)

Quantitative evaluation of

computed tomography with

CsPbBr3-based scintillator.

a CNRs in Fig. 5a–c. SR

analysis based on FWHM of

LSF in (b) and PSD in (c). The
plotted line-profile show the

specific microstructural size in

(d)
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