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Abstrakt 

Cílem této dizertační práce byla syntéza a charakterizace nanokrystalů cesno-olovnatých 

perovskitů (CsPbBr3) a zkoumání jejich možné aplikace jako detektorů s vysokým časovým 

rozlišením v pozitronové emisní tomografii a počítačové tomografii s detekcí doby průletu 

fotonů. V rámci dosažení tohoto cíle jsem na naší katedře nejdříve zavedla dvě metody 

syntézy nanokrystalů CsPbBr3. Poté jsem porovnala výsledky těchto dvou metod a zjistila 

jsem, že pro zamýšlené aplikace je vhodnější metoda hot injection. Vzorky jsem 

charakterizovala s ohledem na jejich strukturální a morfologické vlastnosti (rentgenová 

difrakce, elektronová mikroskopie), optické vlastnosti (absorpční/transmisní spektroskopie) 

a luminiscenční vlastnosti (foto- a radioluminiscenční spektra a dosvity) se silným důrazem 

na radioluminiscenci a časové charakteristiky. 

Ve druhé řadě byly s ohledem na zamýšlené aplikace připravovány a důkladně 

charakterizovány tenké vrstvy na scintilačních i nescintilačních substrátech. Pro budoucí 

využití v detektorech s vysokým časovým rozlišením byla identifikována nejlepší 

kombinace nanokrystalů CsPbBr3 a objemového scintilátoru. Za účelem překonání 

zjištěných nedostatků jsem navrhla a vyzkoušela zabudovat CsPbBr3 do polystyrenové 

matrice, tyto vzorky jsem následně charakterizovala a ověřila tak tento koncept 

nanokompozitu. Všechny připravené kompozity (tenké vrstvy i nanokrystaly zabudované 

v polystyrenové matrici) jsem charakterizovala jako scintilační detektory se zaměřením na 

jejich časové rozlišení při buzení jak měkkým rentgenovým zářením, tak gama fotony 

o energii 511 keV. 

Z předkládané práce vyplynul tento koncept možného budoucího detektoru s vysokým 

časovým rozlišením: nanokrystaly CsPbBr3 zabudované v polystyrenové matrici prokládané 

objemovým monokrystalem GGAG:Ce (Gd3Ga3Al2O12:Ce3+) jako vrstvený, „sendvičový“ 

detektor. Jeden z načrtnutých možných budoucích výzkumných směrů je optimalizace a 

další vývoj nanokrystalů CsPbBr3 v polystyrenové matrici; na konci této práce jsem popsala 

konkrétní návrhy. 

  



 

 

  



 

Abstract 

The focus of this dissertation was to synthesize and characterize lead halide perovskite 

nanocrystals (CsPbBr3) and to explore their possible application as fast timing detectors for 

the time-of-flight positron emission tomography or computed tomography. In order to 

pursue this goal, I started by establishing two synthesis methods of CsPbBr3 nanocrystals at 

our department. Then, the results of those methods were compared, and the hot injection 

method was identified as the better suited for the proposed applications. The sample 

characterization spanned from the structural and morphological (X-ray diffraction, electron 

microscopy) to optical (absorption/transmission spectroscopy) and luminescent properties 

(photo- and radioluminescence spectra and decays), with strong accent on 

radioluminescence and timing.  

Secondly, to pursue the applications, thin films on both scintillating and non-scintillating 

wafers were produced and thoroughly characterized as well. The best combination of 

CsPbBr3 nanocrystals and bulk scintillator was assessed for possible use in future ultrafast 

detectors. To overcome some identified drawbacks, the nanocomposite with CsPbBr3 

embedded in polystyrene matrix was proposed, synthesized and characterized as a proof-of-

concept. All the prepared composites (thin films and nanocrystals embedded in polystyrene) 

were characterized as scintillation detectors with special regard to their time resolution, both 

under soft X-ray and 511 keV gamma irradiation. 

The presented work proposed the following concept for the prospective future detector in 

fast timing applications: CsPbBr3 nanocrystals embedded in the polystyrene matrix 

interleaved with the bulk GGAG:Ce (Gd3Ga3Al2O12:Ce3+) single crystal, as a layered 

“sandwich” detector. One of the outlined possible future research directions was 

the optimization and further development of CsPbBr3 nanocrystals in the polystyrene matrix 

nanocomposites; ideas to pursue were described in detail at the end of this dissertation. 
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1 Preface 

History of scintillation materials begun with the discovery of X-rays at the end of 19th 

century. Since then, the area of their possible applications has been growing steadily and is 

no more limited to simple scintillation screens and detectors of X-rays. Even today, 

scintillators with specifically tailored properties are being extensively studied and 

successfully implemented in various fields, including medicine. 

This dissertation is focused on their synthesis and prospective application as detectors with 

ultra-fast response. Call for such detectors has arisen in the field of high energy physics, 

where the increasing rate of particle collisions and subsequent increasing number of events 

needed to be detected create an urgent demand for them. In addition, fast detectors are also 

sought-after in medical imaging techniques. By including a precise timing information 

(time of flight, TOF) to conventional techniques, such as PET (positron emission 

tomography), or CT (computed tomography), their resolution can increase considerably by 

increasing signal-to-noise ratio. Moreover, by shortening the exposure of a patient to 

ionizing radiation, significant reduction of applied radiation doses is expected. 

Such a challenging feat can be accomplished by a scintillating metamaterial, i. e. material 

suitably combining properties of its individual scintillating components. As will be 

discussed in the Introduction chapter, the state-of-the art scintillators have either sufficient 

stopping power and energy resolution, or ultrafast scintillation response. The key to success 

can be a smart combination of both in one detector. 

The Introduction chapter of this dissertation deals with basic principles of luminescence 

processes and properties of scintillating materials and how they change in scintillating 

nanoparticles with quantum confinement effect. Then, the intended design of scintillating 

metamaterial for ultrafast detectors is introduced, followed by a brief review of cesium lead 

halide nanocrystals as prospective material for such detectors. 

The experimental part is written as a compendium of my publications in journals with high 

impact factors. Some of my unpublished work is included there as well. 

The concluding chapter is dedicated, except for the conclusions of the thesis, to future 

outlooks and challenges in this topic, opening the path to future investigation. The most 

prospective research direction, resulting from my presented work, is outlined. 
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2 Introduction 

This chapter aims to familiarize the reader with basic concepts of physics of scintillating 

materials and how their luminescence properties change from bulk to nanomaterials. Then, 

by explaining energy transfer and energy sharing processes, the intended design of 

a scintillating metamaterial for ultrafast detectors is introduced. In the end of this chapter, 

cesium lead halide perovskite nanocrystals are presented both as prospective candidates for 

such scintillating metamaterials and as the core material studied in the presented work. 

2.1 Luminescent materials 

Luminescence is the emission of ultraviolet (UV), visible (VIS) or infrared (IR) light 

produced by the material as a result of conversion of other forms of energy, such as: non-

ionizing photons, electrons, mechanical, thermal, biological, electrical, or chemical energy. 

Accordingly, there are various types of luminescence: photoluminescence, 

cathodoluminescence, triboluminescence, thermoluminescence, bioluminescence, 

electroluminescence, or chemiluminescence. When the production of photons results from 

the conversion of ionizing radiation, the process is called scintillation (or radioluminescence, 

those two terms are usually not strictly distinguished in the literature) and the corresponding 

material is called a scintillator, usually referring to a sensitive volume of a scintillation 

detector. Scintillation detector generally consists of a scintillator (i. e. scintillating material) 

and a photodetector (e. g. photomultiplier tube), which converts the UV/VIS photons emitted 

by the scintillator to an electrical pulse. 

This dissertation deals mostly with the radioluminescence (RL), and also with the 

photoluminescence (PL). There is a profound difference between these two types of 

luminescence. In PL, the delivered energy is only enough to excite the specific luminescence 

center in the material. On the other hand, in RL, large amount of energy is absorbed by the 

material, and all the luminescence centers are excited simultaneously. The scintillation 

process is described in detail below, see Figure 1 in subsection 2.1.1. 

The application area of luminescent materials (in general called “phosphors”) is as wide as 

their division. They are used as various markers, measuring samples in analytical chemistry, 

light collectors in solar cells, light sources in LEDs and displays or various detectors of both 
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ionizing and non-ionizing radiation. This dissertation focuses on scintillators and their 

applications as ultrafast detectors in the time-of-flight positron emission tomography (TOF-

PET) and time-of-flight computed tomography (TOF-CT). 

Every luminescent material has its luminescent centers which are responsible for the energy 

conversion process. The centers can be either intrinsic or extrinsic. Intrinsic luminescent 

centers are either based on excitons (bound electron-hole pairs) or simple recombination of 

free charge carriers in semiconductors. Extrinsic luminescent centers are defects in 

the crystal lattice, either doped ions or nonintentional crystal defects. This dissertation deals 

with both types of luminescent centers, but its main focus is put on intrinsic phosphors. 

2.1.1 Extrinsic luminescent centers 

Extrinsic luminescent centers are usually dopants, i. e. intentionally introduced crystal 

defects via substitution of cations in the structure. Typical doped crystal used as a fast 

detector in TOF-PET is LSO:Ce (Lu2SiO5:Ce, lutetium oxyorthosilicate doped with cerium). 

LSO serves as a matrix for a luminescent dopant Ce3+ which substitutes for lutetium. 

The scintillation mechanism is visualized in Figure 1.  

 

Figure 1  Schematic illustration of a scintillation mechanism. Stage 1: conversion – production of highly 
excited free charge carriers and their thermalization. Stage 2: transport of free charge carriers, 
trapping/detrapping processes, risk of losing charge carriers in deep traps. Stage 3: trapping at luminescence 
center, radiative recombination of electron with hole. 

h!h!

X-rayX-ray

11 22 33
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In the first stage, called conversion, the ionizing radiation impacts the crystal and starts to 

attenuate while producing free charge carriers: electrons and holes. Those so-called hot 

electrons and deep holes thermalize while producing secondary charge carriers. At the end 

of the first stage, electrons are thermalized at the bottom of the conduction band and holes 

at the top of the valence band.  

The second stage of a scintillation process is transport. Free charge carriers migrate through 

the crystal lattice, electrons in the conduction band and holes in the valence band. This phase 

is crucial for the light yield and timing properties of a scintillator. Charge carriers can be 

trapped at discrete energy levels present in the forbidden gap (so-called electron/hole traps). 

Each trap is characterized by its depth, which is determined as an energy that the charge 

carrier needs to escape the trap back to the valence/conduction band. If the trap is shallow 

enough, so that the charge carriers can escape using only thermal energy already present in 

the crystal (i. e. interaction with phonons), the scintillation process is only delayed 

accordingly. The detrapping time is directly proportional to the trap depth. If the trap is deep, 

the charge carrier stays in until an external energy is delivered. This carrier is lost for 

the scintillation process and therefore the light yield of a scintillator is reduced. 

The last stage of a scintillation process is luminescence. Charge carriers are trapped at 

a luminescence center (dopant) and recombine radiatively, i. e. emit photon in 

the UV/VIS/IR part of optical spectrum according to the energy difference between 

the ground state and the excited state of the dopant. 

2.1.2 Intrinsic luminescence 

Intrinsic luminescence is either exciton based or caused by radiative recombination of free 

charge carriers over the band gap. This type of luminescence occurs mostly in 

semiconductors. Exciton is a coulombically bound electron-hole pair. It is characterized by 

its binding energy (the amount of energy needed to decompose the exciton) and exciton Bohr 

radius (the distance between the electron and hole). Exciton with low binding energy and 

large exciton Bohr radius is called Mott-Wannier or free exciton and has very fast decay 

time (recombines radiatively very quickly). The second type of exciton is called Frenkel 

exciton, which has high binding energy and small radius. 

Excitons can move freely through the forbidden gap on their energy levels, unless they 

decompose, or they are captured by a trap. If trapping is caused by local deformations of 
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the crystal lattice as a result of exciton migrating through the crystal, the exciton is called 

the self-trapped exciton. 

Intrinsic scintillation process, when involving excitons, is very similar to extrinsic process 

with only two differences. First, charge carriers migrate through the crystal bound together 

in the form of excitons, and second, radiative recombination occurs either at or near a crystal 

defect. Energy of emitted photon is usually lower than the semiconductor band gap. This 

feature is quantified by the so-called Stokes shift, defined as the energy difference between 

the maxima of absorption and emission spectra.  

This energy difference is caused by dissimilar geometry of the ground and the excited states. 

Absorption leads to higher vibrational state of the excited state, so the first energy loss is 

caused by a shift of surrounding atoms in a crystal to reach a new equilibrium. The second 

energy loss occurs after deexcitation that leads to higher vibrational state of the ground state 

for the same reasons. This process is illustrated by a configuration coordinate diagram in 

Figure 2. 

 

Figure 2  Schematic illustration of the Stokes shift; the y-axis representing energy was omitted for better 
readability. Left: Configuration coordinate diagram of the excitation–deexcitation process that leads to the 
Stokes shift. 1 – electron in the ground state (GS) absorbs a UV photon and is excited to a higher vibrational 
level of the excited state (ES); 2 – electron thermally relaxes to the lowest vibrational state of the ES; 3 – 
electron radiatively decays to a higher vibrational state of GS; 4 – electron thermally relaxes to the lowest 
vibrational level of GS. Right: Impact of the Stokes shift on the absorption and emission spectra positions. 
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2.1.3 Semiconductor quantum dots 

Quantum dots represent a special case among the semiconductor luminescent materials. 

They possess some unique luminescent properties as a direct result of the quantum 

confinement effect. This effect occurs when any of dimensions of a semiconductor 

nanocrystal is comparable to or lower than the exciton Bohr radius, therefore excitons are 

spatially confined in the nanocrystal. This leads to more frequent exciton decays, i. e. faster 

decay time and higher light yield. Based on the number of “confined” dimensions in 

a nanocrystal we speak of quantum dots (3D confined, spheres/cubes/pyramids etc.), 

quantum wires (2D confined, prisms/cylinders/fibers etc.) and quantum wells (1D confined, 

platelets/sheets/thin films).  

This effect also has an impact on the position of absorption and emission spectra. As 

the dimension of a nanocrystal decreases, its band structure breaks down back to molecule-

like individual energy levels. In consequence, the energy of the forbidden gap is no longer 

dictated by the separation of the valence and the conduction bands, because they no longer 

exist in quantum dots. It is more proper to define the forbidden gap in such nanomaterials in 

a molecule-like fashion, i. e. as the energy difference between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 

The energy separation between those levels further increases as the dimensions of such 

nanocrystal decrease even more, see Figure 3.  

 

Figure 3  Schematic representation of the quantum confinement effect. As the size of the nanocrystal gradually 
decreases (from left to right), the energy continuum (within the band) breaks down and the emission spectrum 
shifts from the red to the green and the blue spectral regions. 
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This behavior makes quantum dots a material of choice for applications looking for a fast 

and bright luminescence and/or for emission spectra tunability. 

2.1.4 Composite materials 

Semiconductor quantum dots (e. g. zinc/cadmium sulphides/selenides, cesium lead halides) 

are usually prepared in the form of colloidal solution that is not directly usable for most 

applications. Moreover, these nanocrystals usually cannot be separated in a powder form 

from the solution without risking serious damage to its luminescent properties and/or its 

integrity (Bekenstein et al., 2015). It is therefore imperative to fabricate a composite material 

using those quantum dots. 

The most important thing to consider is the choice of the host matrix. The choice mostly 

depends on the final application, but also on the nature of nanocrystals. This dissertation 

deals with ultrafast scintillation detectors and air/moisture sensitive nanocrystals, therefore 

subsequent considerations will be focused on this particular set of problems. 

If nanocrystals are sensitive to the ambient conditions, the main purpose of the host matrix 

will be to protect them from the air, i. e. oxygen and moisture. This can be done either on 

a single particle level by growing a protective shell around each nanocrystal (this type of 

a composite is called the core-shell material) or on a macroscopic level by dispersing the 

nanocrystals in a solid block of a matrix material. However, the matrix can provide much 

more than simple protection of the nanocrystal. By wise choice of material one can enhance 

luminescence properties of the encapsulated material by annealing various surface defects 

(Procházková et al., 2019) and/or by providing an additional volume to interact with the 

incident radiation and thus enhancing the overall scintillator response by the energy transfer 

(Burešová et al., 2016) or energy sharing (Turtos, Gundacker, Omelkov, et al., 2019).  

This is particularly important for the application of nanocrystals as scintillators, because by 

themselves, they typically lack the volume to efficiently stop the incident radiation. 

Moreover, quantum dots usually have a very small Stokes shift which means that in thick 

enough films to provide sufficient stopping power, a significant amount of the emitted light 

will be lost due to the self-absorption. 

Either way, the protective material must also have specific properties with regards to 

the future detector. First, the matrix must have high transmittance for the nanocrystal 

emission wavelength. Depending on the type of incident radiation to detect, the matrix 

material should be permeable for this as well, or at least it should be able to transport 
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the absorbed energy to the encapsulated nanocrystal. Considering the latter for the ultrafast 

scintillation detectors, the energy transport is mostly undesirable because it will slow down 

the overall scintillating response. Last but not least, if the final application falls in the field 

of high energy physics, the matrix material also must exhibit sufficiently high radiation 

hardness. 

Matrix that is tested in this dissertation is polystyrene that serve as a monolith. Polystyrene 

is a scintillator itself which is already used as a detector in combination with various dyes 

which serve as activators enhancing its response, and wavelength shifters that tune 

the position of the emission spectrum (J. Zhu et al., 2016). Its radiation hardness is long 

known to be poor (Britvich et al., 1993), but for the target application in PET/CT it does not 

pose a significant problem as the radiation doses will not be too high. It protects 

nanoparticles well (Cai et al., 2018), but for additional protection the dispersed nanocrystals 

can be coated individually (e. g. by a silica shell). 

The biggest challenge is to fabricate a composite with high filling factor of nanocrystals 

while maintaining its translucence. If the filling factor is too low, the composite is not able 

to stop the incident radiation and the detector overall efficiency will be too poor, or it may 

not be able to detect the radiation at all. The highest achieved filling factor of translucent 

scintillation nanocomposite to date is 60 wt.% (C. Liu et al., 2017). 

Silica core-shell composites are easy to fabricate in water environment but challenging in 

water-free organics with moisture sensitive nanocrystals. Some research groups achieved 

well protected silica core-shell colloidal nanocrystals (Guan et al., 2020; Shao et al., 2018; 

Zhong et al., 2018) but such protocols were hard to reproduce. Alternative way is to embed 

the nanocrystals in a mesoporous silica (H. C. Wang et al., 2016). The resulting material can 

be easily separated as a scintillating dry powder of well protected nanocrystals, but with 

questionable applicability as a scintillator in a detection system. 

2.2 Energy sharing and energy transfer processes 

2.2.1 Energy transfer processes 

Energy transfer can occur either radiatively or nonradiatively between donor and acceptor 

luminescent centers when the condition of spectral overlap between the absorption spectrum 

of the acceptor and emission spectrum of the donor is fulfilled. When the acceptor center is 

excited by photons emitted by the donor center, the energy transfer is radiative. On the other 
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hand, in the nonradiative energy transfer the excitation energy is directly transferred between 

the two centers. 

Nonradiative energy transfer (usually called Förster-Dexter) can occur only if the distance 

between donor and acceptor is short enough, usually not more than 30 Å, so that the two 

centers have a nonvanishing interaction with each other (Blasse et al., 1994). This interaction 

can be either an exchange interaction thanks to the wavelength function overlap, or electric 

or magnetic multipolar interaction. The energy transfer rate is dependent on the distance 

between the centers, the type of interaction, and the amount of resonance (the extent of 

the spectral overlap). 

To detect nonradiative energy transfer, careful measurements of excitation spectra and 

decays are required. First, absorption bands of the donor will be detected in the excitation 

spectrum of the acceptor. This means that if we excite the donor exclusively (if it is possible 

for the two centers), the emission of the acceptor will be present in the measured spectrum. 

If we measure the decay of the donor, it should be shortened, because the nonradiative energy 

transfer gives another deexcitation path to the excited state of donor, which shortens its 

effective lifetime. On the other hand, if the decay of the donor center is longer than that of 

the acceptor, the decay of the acceptor will be prolonged accordingly. 

2.2.2 Energy sharing concept for scintillating metamaterials 

The R&D in scintillators came to a point where we have very bright scintillators that are 

unfortunately not fast enough on one hand, and ultrafast scintillators that are not bright 

enough (under the excitation by ionizing radiation) on the other hand. Currently, the only 

viable way seems to be to develop a scintillating metamaterial combining the best of both 

groups. To achieve this, we need to produce as many photons as possible, as fast as possible. 

This is a direct consequence of the fact that we need to minimize so called coincidence time 

resolution (CTR) which is in principle the characteristic value representing how fast is 

a scintillating detector for the TOF-PET application. CTR decreases with increasing light 

yield and shorter rise and decay times, the target value being 10 ps, because this would 

significantly improve the spatial resolution of this method and would in consequence reduce 

the required doses applied to patients (Lecoq et al., 2020). The CTR can be represented by 

the following formula (Gundacker et al., 2019): 
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CTR	 ∝ 	&

𝜏r ⋅ 𝜏d
𝑛# ,  

where 𝜏r and 𝜏d are scintillation rise and decay times, respectively, and 𝑛′ is the number of 

detected photons.  

For TOF-CT, the demand on time resolution is not that strict. The key point in this method 

is to reduce the number of scattered photons, because they cause reduction of the contrast-

to-noise ratio of the scan and can also induce artifacts in reconstructed images. To mitigate 

these effects, higher doses are required to be applied to patients. More than half of 

the scattered photons can be removed by reducing the time resolution at 100 keV X-ray 

excitation to 100 ps. At 10 ps, the influence of scattered photons would be almost entirely 

suppressed. (Rossignol et al., 2020) 

Previous subsection implies that any form of energy transfer process between 

the metamaterial components is undesirable because it inevitably leads to longer decays or 

possible loss of scintillation light. But how can we develop a scintillating metamaterial when 

it seems that any communication between the components is forbidden? The answer is 

energy sharing, see Figure 4. 

The metamaterial should be a composite of a bulk scintillating single crystal with high 

stopping power, high light yield and good energy resolution, and some material having 

an ultrafast scintillation response that will serve as time tagger. 

 

Figure 4  Schematic representation of the energy sharing concept in the model scintillating metamaterial 
structure (metapixel). 

Bulk scintillator plate

CsPbBr3 film

Scintillation event
in a nanocrystal

Ionizing
radiation
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Among the latter, semiconductor quantum dots such as CdSe or CsPbBr3 were proposed 

because of their extremely fast rise and decay times thanks to the quantum confinement 

effect (see subsection 2.1.3). When combined in the scintillating metamaterial, which can 

have for example the form of alternating layers of the bulk scintillator and quantum dots (see 

Figure 4), the incident radiation will be attenuated by the single crystal, but secondary charge 

carriers generated by this interaction can cause scintillation events in the nanocrystalline 

layer. In this way the energy is shared between the components without any delays or losses 

caused by the energy transfer. 

2.3 Cesium lead halide nanocrystals 

Cesium lead halide nanocrystals have been first synthesized and identified by Nikl et al. 

group as nanoinclusions in the CsX (X = Cl, Br, I) host single crystal doped with Pb2+ ions 

more than twenty years ago (Babin et al., 2001; Nikl et al., 1995, 1999). Even then they 

demonstrated their superior luminescence properties such as ultrafast (subnanosecond) 

decay times and narrow emission bands. However, this material came into the spotlight not 

sooner than in 2015, when the synthesis of colloidal (free-standing) nanocrystals was 

introduced (Protesescu et al., 2015). Since then, it has been in the center of attention of 

a large scientific community. 

2.3.1 Structure and luminescent properties 

Cesium lead halide nanocrystals of the formula CsPbX3 (X = Cl, Br, or I) possess 

the perovskite structure consisting of PbX64– octahedra. When X = Cl or Br, the octahedra 

are interconnected by vertices and their structure is orthorhombic, a little distorted from 

the ideal cubic structure, see Figure 5. The structure of CsPbI3 differ from the other two; in 

this case PbI64– octahedra are isolated from each other. Moreover, the local symmetry around 

Pb2+ decreases with increasing atomic number of the halide anion. (Tomanová et al., 2019) 

This dissertation is focused solely on cesium lead bromide perovskites. 

CsPbBr3 nanocrystals belong to a larger family of materials that are imprecisely called “low-

dimensional halide perovskites”, where CsPbX3 are “3D-perovskites”. The other two 

materials are Cs4PbX6 and Cs2PbX5, so-called “0D-“ and “2D-perovskites”, respectively. 

Between those two, I will introduce only the former, because it was also studied in this 

dissertation as a parasitic phase that can form during the synthesis of CsPbBr3 nanocrystals. 
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Figure 5  Structure of CsPbBr3 (left) and Cs4PbBr6 (right) drawn with VESTA software (Momma et al., 2011). 
Green atoms are Cs, blue atoms are Pb, and brown atoms are Br. For better clarity and readability, the Cs-Br 
bonds were omitted in this drawing and the atom sizes were reduced to a half. This image was adapted from 
(Děcká, Suchá, et al., 2021). 

Cs4PbBr6 is still somewhat controversial material. Its structure differs from that of CsPbBr3. 

It also consists of PbBr6– octahedra, but they are completely isolated from each other, see 

Figure 5. This is the reason why they are called “0D-perovskites”.  

It was reported that this material possess the same luminescence characteristics as (or even 

superior to) CsPbBr3, namely narrow and bright emission bands in the green spectral region 

and very fast decay times (Saidaminov et al., 2016; Yuhai Zhang et al., 2017). However, 

these findings were immediately questioned as those early studies were lacking any attempts 

to explain the origin of such luminescence in the Cs4PbBr6. In fact, the bandgap of Cs4PbBr6 

was calculated to be 3.9 eV in contrast to 2.3 eV of CsPbBr3 (Kang et al., 2018), therefore 

any excitonic emission in the green spectral region should be ascribed to CsPbBr3. 

Two main branches of opinions formed: one claiming the luminescence originates in tiny 

CsPbBr3 impurities within the Cs4PbBr6 crystal (Qin et al., 2019; J. Xu et al., 2017; Q. Xu 

et al., 2020) and the other attributing it to point defects in the Cs4PbBr6 structure (Cha et al., 

2020; L. Yang et al., 2019; Yin et al., 2018). The debate seems to continue despite the fact 

that general consensus seems to be shifted towards the CsPbBr3 impurity theory (Cao et al., 

2021; Yang Li et al., 2022; Riesen et al., 2019). I contributed to this debate with (Děcká, 

Suchá, et al., 2021), defending the impurity theory. 

Due to their excellent luminescence properties, CsPbX3 nanocrystals became instantly 

identified as highly promising for a number of applications, such as solar cells (Kulbak et 

al., 2016; Maning Liu et al., 2020; Swarnkar et al., 2016; R. Wang et al., 2019; J. Zhang et 

al., 2019), photodetectors (Asuo et al., 2019; Ying Li et al., 2017; Ramasamy et al., 2016), 

a b

c

a b

c
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LEDs (Mondal et al., 2019; Quan et al., 2018; J. Song et al., 2015; Y. H. Song et al., 2016), 

displays (B. Liu et al., 2020; Ming Liu et al., 2017; Swarnkar et al., 2015), and lasers (Evans 

et al., 2018; Y. Xu et al., 2016; Yakunin et al., 2015). Recently, a body of studies on the lead 

halide perovskites have also been focused on their application in scintillation detectors, see 

recent review papers (Moseley et al., 2021; Sarkar, 2021; L. J. Xu et al., 2020; H. Yang et 

al., 2021). 

2.3.2 Synthesis methods 

The most widely used method to synthesize colloidal CsPbBr3 is the hot injection (see 

Figure 6), which was also the first method that was used to synthesize CsPbX3 nanocrystals 

in 2015 (Protesescu et al., 2015). Its popularity is ensured by good reproducibility thanks to 

the allowed level of control of the reaction conditions. Nanocrystals are synthesized in two 

steps: first, cesium oleate precursor is synthesized from Cs2CO3 and oleic acid (OA) in 1-

octadecene, and then the nanocrystals are produced by the injection of the cesium oleate 

solution into PbBr2 solution in 1-octadecene, oleic acid and oleylamine (OAm) at high 

temperature (150 – 200 °C, depending on the desired size of nanocrystals). All the above-

mentioned reactions are carried out under an inert atmosphere and all the liquids are degassed 

beforehand. 

The formation of the cesium oleate and the nanocrystals can be described by following 

reactions: (Yangning Zhang et al., 2020) 

Cs$CO3 + 2	H-ol	 ⟹ 	2	Cs-ol	 + 	CO$ + H$O 

2	Cs-ol+ 3	PbX$ 	⟹ 	2	CsPbX% 	+ 	Pb-ol$ 

The suffix -ol represents the deprotonated form of the oleic acid, 

CH3(CH2)7CH=CH(CH2)7COO–. 

 
Figure 6  A: Schematic representation of the hot injection process as published in (Děcká, Král, et al., 2021), 
B: photograph of the as-synthesized CsPbBr3 nanocrystals after cooling in the ice-water bath. Image taken 
from (Vaněček et al., 2022). 
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Usually, the cesium oleate precipitates from the 1-octadecene solution at room temperature 

because of its polarity. This results in the need of pre-heating the solution at ~100 °C prior 

to the injection. However, it was demonstrated that by adjusting the molar ratio between 

the oleic acid and Cs+ to 5 : 1 prior to the synthesis of cesium oleate, the resulting cesium 

oleate remains in solution even at the room temperature thanks to the formation of reverse 

micelles composed of Cs+ ion surrounded by the oleate molecules (Lu et al., 2019). This 

allowed for better reproducibility of the CsPbBr3 synthesis. 

Another popular technique, probably thanks to its potential for easy scale-up, is so-called 

room-temperature precipitation method (RTP), or ligand-assisted reprecipitation technique 

(usually abbreviated as LARP) as it was called by the time it was introduced with the CsPbX3 

predecessor, hybrid organic-inorganic perovskites (F. Zhang et al., 2015). This method was 

adapted to CsPbX3 nanocrystals shortly after their introduction using the hot injection 

method (X. Li et al., 2016).  

The principle is as simple as the name suggests. The precursors (CsBr and PbBr2) are 

dissolved in a polar solvent (typically N,N-dimethylformamide, DMF) in the presence of 

organic ligands; oleic acid and oleylamine. This solution is then added to a non-polar solvent 

(typically toluene) and the CsPbBr3 nanocrystals precipitate immediately. The reaction can 

be described as follows: (X. Li et al., 2016) 

Cs& + Pb$& + 3	X' 	⟹ 	CsPbX% 

The process is shown schematically with photographs in Figure 7. 

To at least mention other methods of CsPbX3 nanocrystals synthesis, the ultrasonic 

irradiation (Jang et al., 2016; Rao et al., 2019; Yu Tong et al., 2016), adaptation of classical  

 

Figure 7  Process of the RTP synthesis. Solution of precursors in N,N-dimethylformamide (DMF) is added to 
toluene. Yellow CsPbBr3 nanocrystals precipitate immediately. 

CsBr and PbBr   with OA and OAm in DMF
(in pipette)

2

Toluene Formation of CsPbBr  in toluene (yellow color)3
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heat-up method (X. Chen et al., 2016; Tsiwah et al., 2017; Ye et al., 2018), or solvothermal 

synthesis (D. Chen et al., 2018; M. Chen et al., 2017) have been used. 

2.3.3 Composite materials involving CsPbBr3 

As indicated earlier in the subsection 2.1.4, lead halide perovskites are sensitive to air 

moisture and oxygen (Z. Zhu et al., 2018). Some review papers were published recently on 

various matrices with successfully incorporated perovskite nanocrystals (Grandhi et al., 

2021; Liang et al., 2021); here, I will focus on those intended for applications as scintillation 

detectors. 

Undoubtedly, the most stable matrix (among those currently studied) with respect to both 

the air and radiation damage is the glass. Several  groups recently managed to produce 

the glass with incorporated CsPbBr3 nanocrystals (Ma et al., 2021; Niu et al., 2021; Su et al., 

2022; Yao Tong et al., 2021; C. Wang et al., 2020; H. Zhang et al., 2021), demonstrating its 

huge application potential. In principle, they precipitate quantum dots by annealing 

a precursor glass enriched with CsPbBr3 precursors. 

However, it has been demonstrated that polymer matrices are also applicable in this field if 

the radiation doses are not expected to be too high (Gandini et al., 2020). TOF-PET with the 

need to detect 511 keV photons can be considered as such, as was discussed in subsection 

2.1.4 as well, not to mention TOF-CT with energies typically between 20–120 keV. 

The simplest way to imbed CsPbBr3 into a polymer matrix is to dissolve the polymer in 

a suitable solvent (typically toluene or chloroform), mix it with the perovskite colloidal 

solution and then let the solvent evaporate (Gandini et al., 2020). This was the method of 

choice in presented work.  

Another approach is to mix the colloidal solution with a monomer and polymerize it together 

(Chhangani et al., 2021). This approach seems to produce nanocomposites with better 

transparency if handled properly, e. g. with suitable surface ligands instead of classical 

combination of oleic acid and oleylamine (Nie et al., 2021). 
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4 Results and Discussion 

This chapter is divided in three sections, each concerning two of commented publications. 

The first deals with the synthesis and basic research of produced free nanocrystals (P1 and 

P3). It also describes the influence of the parasitic Cs4PbBr6 phase. The second is focused 

on application of CsPbBr3 nanocrystals as thin films on scintillating wafers (P2 and P4). It 

explains in detail which material combination resulted as the best for the intended 

scintillation metapixel and what challenges remain unsolved. The last one is describing 

the embedding of CsPbBr3 nanocrystals in polystyrene matrix (P1 and P5), paving the way 

towards possible solutions to the unraveled limitations. 

4.1 Synthesis and characterization of free nanocrystals 

I have been using two methods for synthesis of CsPbBr3 nanocrystals, the room temperature 

precipitation (RTP) and the hot injection (HI). The RTP was used to synthesize nanocrystals 

in P1 and P2, the HI in P4 and P5. Publication P3 compares the results of both methods. 

Both methods were briefly described in the Introduction chapter (subsection 2.3.2; detailed 

protocols can be found in the corresponding articles). Both have their advantages and 

limitations. The RTP method is the cheapest option allowing for easy scale-up, which is 

the most important feature for industrial application. However, it is quite challenging to 

control and the resulting nanocrystals tend to coexist with the Cs4PbBr6 phase, as we have 

demonstrated in P3. The HI method allows for precise control of reaction conditions, but it 

is more expensive (the need for heating and inert atmosphere protection) and non-scalable. 

In Figure 8, the luminescence characteristics of CsPbBr3 nanocrystals are presented. Their 

excitonic emission is bright and narrow, positioned at ~515 nm, which is shifted from 

the bulk emission by ~15 nm (Nitsch et al., 1996; Sebastian et al., 2015). This means that 

such nanocrystals are only in a weak quantum confinement regime. Indeed, the mean size of 

nanocrystals was determined to be ~14 nm, which is close to the CsPbBr3 Bohr radius (~4–

7 nm) (Protesescu et al., 2015; Tomanová et al., 2019), but not below. Nevertheless, as 

demonstrated in Figure 8b and in the following text, it is sufficient for reaching 

subnanosecond decay times. 
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Figure 8  (a) PL emission (red line) and excitation (green line) spectra of free CsPbBr3 nanocrystals together 
with absorption spectrum (blue line); (b) scintillation decay of a thin film of CsPbBr3 nanocrystals on glass 
wafer (3 μm thick layer); the red line is 4-exponential fit, the blue line is the instrumental response function 
(IRF) and black circles are the measured data. Nanocrystals have been synthesized by the HI method. Images 
taken from P4. 

The previously mentioned small Stokes shift is present, so significant self-absorption issues 

can be expected in thicker layers and in nanocomposite materials. The absorption spectrum 

copies the excitation spectrum, which means that the nanocrystals are phase pure. 

The presented scintillation decay features ultrafast sub-nanosecond decay components 

(determined as ~40 ps and ~350 ps), together representing 53 % of all emitted light. These 

results indicate that CsPbBr3 nanocrystals are indeed promising candidates for fast-timing 

detectors.  

It should be noted that the best fit was purely mathematical (without an adequate physical 

interpretation) to describe the data as closely as possible in order to allow observing and 

comparing any trends in ultrafast components, which is of our main interest. In consequence, 

the ~40 ps component is below the resolution of the used experimental setup (its instrumental 

response function, IRF, is about 76 ps), and therefore not determined properly. Later on, in 

P5, we started to describe this semi-prompt component using the Dirac-delta function and 

only state its weight, see for example Table 2 in P5. 

For the comparison to the results obtained by using the RTP method yielding the parasitic 

Cs4PbBr6 phase, see Figure 9. We demonstrated in P3 that the RL intensity significantly 

drops down when Cs4PbBr6 crystals are present in the sample (see Figure 3 in P3). 

The reason can be understood from the absorption and excitation spectra (Figure 9b). 

The Cs4PbBr6 phase absorbs at 310 nm, which results in a significant drop in the excitation 

spectrum of CsPbBr3 nanocrystals in the same spectral region. Unfortunately, no energy 

transfer was observed from Cs4PbBr6 crystals to CsPbBr3 nanocrystals, therefore all 

the incident energy absorbed by the Cs4PbBr6 phase is quenched. 
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Figure 9  (a) Absorption spectra of pure CsPbBr3 phase (blue line) and mixed CsPbBr3 + Cs4PbBr6 sample 
(red line), (b) PL emission (solid lines) and excitation (dashed lines) spectra of pure (blue lines) and mixed (red 
lines) sample. Images adapted from P3. 

By simple modification of the RTP method, CsPbBr3 nanoplatelets can be prepared as 

demonstrated in P1. Their thicknesses were between 1.2 – 2.2 nm, resulting in blue emission 

(425 nm) due to the strong quantum confinement effect. In PL decay, 46 % of light was 

emitted within the first nanosecond; the scintillation decay was not measured.  

The time resolved PL spectra under laser excitation and detected using the streak camera 

(the method with much higher precision than the standard setup using the time correlated 

single photon counting technique) revealed that the smallest nanocrystals emitting at 425 nm 

are the fastest, emitting with the decay time of 320 ps, see Figure 10. This is a direct 

consequence of the strong quantum confinement effect. Please note that in this case, the fit 

was not performed to accurately reproduce the fastest component to avoid the above-

mentioned discrepancies, but the discussed semi-prompt component is clearly present. 

Nevertheless, as Suchá demonstrated (Suchá, 2020), those nanoplatelets are synthesized 

with too low yield and concentration to be applicable in further experiments. Moreover, since 

the ultrafast decay components are present also in the nanocrystals in weaker quantum 

confinement regime, the modified synthesis was abandoned and Suchá adopted the original 

method with a few improvements to enable better reproducibility and higher yield of 

CsPbBr3 nanocrystals in cubic shape but resulting in mixed samples with Cs4PbBr6 crystals. 

(a) (b)

4 6Cs PbBr  absorption

4 6Cs PbBr  absorption
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Figure 10  Time resolved PL spectrum of the blue emission from the colloidal sample with maximum at 
425 nm (a) and its decay curve (b) and time resolved PL spectrum of the green emission with maximum at 
512 nm (c) and its decay curve (d). Excited by laser (372 nm). Image taken from P1. 

4.2 Thin films on scintillating wafers 

Thin films of CsPbBr3 nanocrystals have been fabricated on various scintillating wafers; 

namely: LYSO:Ce (P2), LYSO:Pr, BGO, and GGAG:Ce (P4). The details on the procedure 

can be found in the corresponding articles (P2 for the RTP method, P4 for the HI method). 

In brief, the selected procedure was the repeated spin-coating technique. To achieve 

the thickness of 3 μm, 40–50 layers must have been casted. More details on the spin-coating 

technique can be found also in works of my students; research projects (Král, 2021; Suchá, 

2019) and master theses (Král, 2022; Suchá, 2020).  

Thin films have been studied as the basic element of the intended metamaterial (the sandwich 

metapixel as described in subsection 2.2.2). The synergic effect (i. e. the overall contribution 

is greater than the simple sum of the individual components) of the combination of 

the chosen bulk scintillator and the nanocrystals must be observed also on this single element 

before combining them into a much more complicated metapixel.  
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The listed bulk scintillators were chosen for their high stopping power and good energy 

resolution. BGO is an established and standard scintillator that has been used in the non-

TOF-PET scanners since 1980s (Conti, 2009). Its scintillation light is quite slow (~300 ns 

decay) and not very bright (4,000 – 5,000 ph/MeV), but it was sufficient at the time; its 

detection efficiency was superior to previously used halide-based crystals with lower density 

and more importantly, lower light yield (e. g. BaF2). LYSO:Ce crystal is the representative 

of the next generation of crystals with faster scintillation decay (~40 ns) and much higher 

light yield (~40,000 ph/MeV). It is the first crystal that has been used in conventional TOF-

PET scanners with the time resolution of ~600 ps (Surti et al., 2007). Currently, the highest 

achieved time resolution in the laboratory conditions is ~100 ps for LSO:Ce,Ca crystals of 

“clinically relevant” sizes; meaning 2 × 2 × 20 mm3 crystal elements (Gundacker et al., 2019; 

Lee et al., 2021). 

LYSO:Pr was chosen as an alternative to the LYSO:Ce crystal. The Pr3+ dopant has 

the emission spectrum shifted towards shorter wavelengths and faster decay with respect to 

the Ce3+ dopant. Lastly, the chosen GGAG:Ce crystal is a modern scintillator with 

the emission spectrum overlapping with that of CsPbBr3. It has been developed as 

an alternative to the L(Y)SO:Ce crystals; it has superior light yield (~60,000 ph/MeV) at 

the sacrifice of slower decay (~170 ns) (Kamada et al., 2014). The slow rise and decay times 

can be improved by Mg co-doping at the expense of slightly lower light yield (Lucchini et 

al., 2016). The RL emission spectra of all mentioned scintillators are presented in Figure 11. 

 

Figure 11  RL emission spectra comparison of bulk scintillators used as wafers for CsPbBr3 thin films 
preparation: LYSO:Pr (purple line), LYSO:Ce (blue line), BGO (green line), and GGAG:Ce (red line). 
The spectra are overlapped with the CsPbBr3 absorption spectrum (black line). 
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The first, preliminary study of the thin film of CsPbBr3 on LYSO:Ce is presented in P2. 

Please, note that the spin-coating process has not yet been adopted for the preparation of thin 

films on scintillating wafers in this study; the film on LYSO:Ce was prepared by drop-

casting of 3 μl of concentrated suspension on 3 × 3 × 0.2 mm3 LYSO:Ce wafer).  

Figure 6 in this publication (P2) presents RL spectra of CsPbBr3 on LYSO:Ce and pure 

CsPbBr3. The overall intensity of the LYSO:Ce composite is quite poor, as evidenced by 

the dynamic range of the time measurement in the Figure 7b of that article, despite 

the excellent light yield of the LYSO:Ce crystal. Moreover, it was observed that LYSO:Ce 

luminescence was being quenched (most probably by reabsorption within the CsPbBr3 layer, 

which was also contaminated by the Cs4PbBr6 phase), and this quenching was unfortunately 

not sufficiently balanced by the enhanced CsPbBr3 emission. However, the sub-nanosecond 

components of CsPbBr3 were preserved in the LYSO:Ce composite despite all 

the limitations, so the application potential of the CsPbBr3 layer on scintillating wafers was 

demonstrated even in those pilot experiments. The outlook of this study (P2) was expected 

improvement of both the quality and scintillation yield of the thin films. 

The improvements were achieved when the HI method was adopted and when the spin-

coating technique was optimized for those samples. The HI method, yielding pure CsPbBr3 

nanocrystals, improved the scintillation yield as demonstrated in P3, and the optimized spin-

coating technique improved the quality of films, as demonstrated in the research project 

(Král, 2021). Then, the new set of composites was fabricated, see Figure 12 (LYSO:Pr, 

LYSO:Ce and BGO, unpublished results (Král, 2021, 2022)) and P4 (GGAG:Ce). 

However, despite the improvements, the overall intensity of LYSO:Ce and LYSO:Pr 

composites remained poor, as evidenced by the comparison with pure crystals in Figure 12.  

Looking at Figure 11, the emission of LYSO:Pr and LYSO:Ce is overlapping with 

 

Figure 12  Comparison of RL spectra of pure scintillating wafer (blue line), namely: (a) LYSO:Pr, (b) 
LYSO:Ce, and (c) BGO, and CsPbBr3 thin film on the corresponding scintillating wafer (red line). The 
emission maximum position of pure CsPbBr3 thin film is indicated by the green arrow. Unpublished data. 

(a) (b) (c)
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the absorption of CsPbBr3 nanocrystals completely, resulting in severe reabsorption of their 

emission within the CsPbBr3 layer. This leads to a conclusion that the overlap between 

the absorption spectrum of CsPbBr3 and emission spectrum of the bulk scintillator is highly 

undesirable and should be minimized while designing the scintillating metamaterial for fast-

timing applications. Indeed, when the spectral overlap is lower (as in the case of the BGO 

emission, cf. Figure 11), the luminescence properties of the composite begin to improve 

rapidly (cf. Figure 12c). Moreover, when it is only small, the synergic effect of the RL 

intensity enhancement takes place, as demonstrated in P4 and Figure 13 in this dissertation 

(the GGAG:Ce composite). 

As presented in Figure 13b (taken from P4), the RL intensity enhancement of GGAG:Ce 

takes place even in the short time window. The reason for this enhancement is that the layer 

is cracked due to the high strain in such thick film, and the cracks serve as a light guide for 

the GGAG:Ce emission, cf. Figure 5 in P4. Moreover, thanks to the CsPbBr3 layer in 

the composite, significantly higher number of photons is emitted within the first nanosecond. 

This increases the photon density at initial times, which is the main contribution to the time 

resolution (Gundacker et al., 2020).  

In conclusion of this part, the GGAG:Ce, or a bulk scintillator with similar properties and 

more importantly, similar position of its emission spectrum (or even shifted to longer 

wavelengths) are the resulting proposed materials of choice for the metamaterial with 

CsPbBr3 nanocrystals. To test other bulk scintillators, another kind of nanocrystals must be 

chosen, or the CsPbBr3 nanocrystals must be engineered to better suit their emission spectra, 

i. e. their absorption must be shifted to shorter wavelengths. There are two options how to 

 

Figure 13  (a) Comparison of the pure GGAG:Ce wafer (blue line), pure CsPbBr3 thin film (green line) and 
CsPbBr3 thin film on GGAG:Ce wafer (red line), (b) comparison of the scintillation decay of pure GGAG:Ce 
wafer (blue line representing 2-exponentional fit with rise time) and CsPbBr3 thin film on GGAG:Ce (red line 
representing 3-exponential fit with rise time). Images adapted from P4. 

(a) (b)
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achieve this; the easiest being to reduce the particle size (benefitting from the quantum 

confinement effect) or to introduce Cl– to the structure (e. g. by anion exchange reactions) 

(Akkerman et al., 2015). 

The combination of GGAG:Ce and CsPbBr3 was tested in CERN by Fiammetta Pagano for 

the time resolution under 511 keV excitation, i. e. CTR (coincidence time resolution, see 

subsection 2.2.2). Those results were not yet published, see Figure 14. 

The concept of CTR is described in (Gundacker et al., 2019). In principle, the 22Na positron 

source is placed between the reference LSO:Ce,Ca (CTR = 61 ps) scintillator and 

the measured sample. The 511 keV γ-photons emitted from the source are measured in 

coincidence; for each event, the energy signal, and the time signal (the arrival time of 

the photons in the corresponding crystal) are digitized by an oscilloscope. To derive 

the CTR, only the events from the photopeak in the energy spectrum are selected and 

the time delay histogram (calculated time delays between the reference and measured sample 

for each of the selected event) is constructed. The CTR value is extracted as the full width 

at half maximum (FWHM) of the time delay histogram. 

In Figure 14, the energy spectra of measured samples are presented. In the panel (a), thin 

films of CsPbBr3 on GGAG:Ce 6 × 6 × 0.2 mm3 wafers are presented together with the pure 

wafer. Two methods of film fabrication were tested: the drop casting and spin-coating. By 

spin-coating, thin and high-quality film can be casted (fairly homogeneous, 3 μm thick). On 

the other hand, by drop-casting, much more material can be deposited on the wafer (30–

50 μm thick layer, but very inhomogeneous).  

      

Figure 14  (a) Energy spectra of thin films of CsPbBr3 on GGAG:Ce,Mg scintillating wafers fabricated by two 
methods (drop-casted, yellow line, and spin-coated, blue line) compared to the pure GGAG:Ce,Mg wafer 
(green line); (b) Energy spectra of 14 GGAG:Ce wafers (dimensions 3 × 3 × 0.2 mm3, denoted as “layered 
GGAG”, dotted line) and a metamaterial of 14 composites of CsPbBr3 films on GGAG:Ce,Mg wafers (drop-
casted, denoted as “heterostructure GGAG+CPB”, solid line), inset: photographs of the pixels. Unpublished 
data. 

(a) (b) 
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By looking at the position of the photopeaks on the charge axes in Figure 14, we can make 

a comparison of the light outputs of the measured samples. The higher is the photopeak 

charge, the more photoelectrons were produced by the 511 keV events and thus 

the corresponding sample has higher light output. Indeed, when casting a CsPbBr3 layer on 

top of the GGAG:Ce wafer, the increase in the light output is clearly achieved for both 

methods. 

Interestingly, the spin-coating process resulted in higher light output than the drop-casting 

process, despite the fact that the amount of CsPbBr3 nanocrystals is one order of magnitude 

lower in this sample. Because this sample was measured in different geometry than the RL 

spectra and decays in P4, the light-guiding effect of the cracks should not apply. The RL 

spectra and decays were measured in the reflection mode, the CsPbBr3 layer facing 

the excitation source and detector, while the CTR was in the transmission mode, i. e. 

the CsPbBr3 layer facing the excitation source, but the detector was behind the sample 

(the side of GGAG:Ce facing it). Therefore, the explanation on the enhancement due to 

the cracks no longer apply and further investigation is needed. Because the effect is not that 

pronounced, the first step would be to repeat the whole experiment with a new set of samples 

to confirm this observation.  

In contrast, the CTR value is slightly better for the drop-casted sample, see Table 1. This 

could have been caused by the larger amount of CsPbBr3 nanocrystals. More energy is 

deposited in the CsPbBr3 layer, emitting more photons within the first nanosecond. It is 

a direct consequence of the fact that CTR does not only depend on the light output (if that 

was true, the spin-coated sample should have performed better), but also on the timing. 

By both methods, the composite sample performed better than the pure GGAG:Ce, resulting 

in ~100 ps faster CTR. It is not clear yet, whether this is caused purely by the time stamp of  

Table 1  Measured CTR values of the prepared thin films and metamaterial based on GGAG:Ce, in comparison 
with the pure material. 

 Sample CTR (ps) 

Thin films (6 × 6 × 0.2 mm3) 

GGAG:Ce 370 

GGAG:Ce + CsPbBr3 spin-coated 285 

GGAG:Ce + CsPbBr3 drop-casted 265 

Metamaterial (15 plates of 3 × 3 × 0.2 mm3) 
GGAG:Ce 240 

GGAG:Ce + CsPbBr3 325 
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the CsPbBr3 nanocrystals, or by the scattering of GGAG:Ce photons on CsPbBr3 

nanocrystals. Future experiments are already designed to confirm this; first, the same 

samples with “deactivated” nanocrystals (no longer scintillating after their degradation) will 

be measured to evaluate the scattering effect and then, the effect of the CsPbBr3 amount will 

be tested by measuring the drop-casted samples with different thicknesses (i. e. different 

amounts of casted CsPbBr3). 

Unfortunately, those encouraging results were not transferred to the assembled metamaterial. 

We observed the degradation of both light output (Figure 14b) and CTR (Table 1). This is 

most probably a direct consequence of high reabsorption rate of the CsPbBr3 emission 

caused by the small Stokes shift (not observable in thin, < 50 μm films, but significant in 

3 mm layer, see Figure 15) and also low transparency of such layer caused by light 

scattering.  

Fortunately, both effects can, in principle, be overcome in future experiments. First, 

the scattering can be suppressed by the encapsulation of nanocrystals into a polymer matrix 

as evenly as possible. Indeed, high filling factors (60 wt%) in such matrix while maintaining 

good transparency have already been achieved in the literature for Cd(Zn)S/ZnS core-shell 

nanocrystals (C. Liu et al., 2017). Moreover, this matrix will also provide the desired 

stability, since CsPbBr3 nanocrystals are air sensitive.  

After the embedding, the Stokes shift can be addressed by introducing a wavelength shifter 

to the polymer matrix. By ensuring the chemical bond between the matrix with the shifters 

and the nanocrystals (achievable by the selection of surface ligands that can polymerize with 

the matrix during the encapsulation process), the energy transfer from the nanocrystal to 

the shifter can occur, provided that the absorption spectrum of the shifter overlaps with 

the emission spectrum of nanocrystals. This approach was also implemented in the above-

mentioned article. 

Since the wavelength shifter is usually an organic dye (i. e. a molecule), its decay should 

also be very fast, and it should not slow down the overall scintillation response too much. 

This fact could be demonstrated by the success of fast polymer scintillators based solely on 

a polymer with those organic dyes attached (e. g. the well-known BC422 commercial plastic 

scintillator with the decay time of ~1.3 ns and CTR = 35 ps, despite its low density, 

1.03 g⋅cm–3) (Turtos, Gundacker, Auffray, et al., 2019). 
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Figure 15  Schematic representation of measurement geometry of single thin film on GGAG:Ce wafer 
compared to the geometry of the metapixel. Green arrow indicates the CsPbBr3 emission, which is reabsorbed 
along its way through thicker layer in the metapixel. 

4.3 Polystyrene matrix 

As mentioned in the previous section and in the Introduction chapter of this dissertation, 

the embedding of CsPbBr3 nanocrystals into a polymer matrix seems to be a viable way to 

solve various challenges associated with this material, from its instability against air 

moisture and oxygen, to its applicability as an effective scintillator in a detector system. This 

is why a preliminary study of such composite was also a part of our first publication on this 

material (P1) and why we explored this concept in more detail in P5. However, since 

the proper embedding is a complex task, the obtained results serve only as a proof-of-

concept for future rigorous research of this type of nanocomposites, well beyond the scope 

of this dissertation. 

In Figure 5 of P1, we present RL spectra and photographs of CsPbBr3 nanoplatelets 

embedded in a polystyrene matrix. The chosen embedding method was simple, dissolving  

 

Figure 16  (a) RL spectra of the DDAB set with corresponding photographs; (b) DTR time delay histograms 
of the DDAB 10 % sample (red line) in comparison with EJ232 fast plastic scintillator (blue line) and LYSO:Ce 
standard scintillator (green line). The inset shows schematically the DTR experimental setup. Images taken 
from P5. 

CsPbBr3 film

Photomultiplier

GGAG:Ce

(a) (b)
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the polystyrene pellets in toluene and mixing the resulting solution with the toluene CsPbBr3 

colloid. Due to the previously discussed fact that the nanoplatelets could have been 

synthesized only with a small yield, the achieved weight filling factor was only ~0.1 %. 

However, even with such low loading, we demonstrated that the nanocrystals could migrate 

within the matrix during its aging, resulting in a green shift of their emission while storing 

at ambient conditions (daylight, 30 °C), most probably caused by aggregation. 

In P5, we aimed for significantly larger filling factors (as high as 10 %, i. e. two orders of 

magnitude higher) while testing two different ligands. The oleic acid + oleylamine (OA + 

OAm) are standard ligands used in the basic hot injection synthesis of CsPbBr3 nanocrystals. 

The DDAB ligand was introduced later (Imran et al., 2018), demonstrating the positive effect 

on CsPbBr3 light yield, colloidal, and thermal stability (resulting from weaker solvent-ligand 

interaction of secondary amines compared to the oleates) shortly after (Imran et al., 2019). 

This is a result of its better capability of CsPbBr3 surface passivation, as demonstrated in (L. 

Zhang et al., 2021). Moreover, as it was shown by Král in his research project (Král, 2021), 

the DDAB ligand enabled the repeated spin-coating process to achieve higher film 

thicknesses. 

We demonstrated that for both ligands, the RL intensity rises with increasing filling factor, 

despite the fact that at the same time, the transparency of the samples decreases, see Figure 1 

of P5 or Figure 16a in this dissertation for the RL spectra of the DDAB set. It was also 

observed that due to its better surface passivation capability, the DDAB ligand enabled 

the 10 % filling factor, which could not have been achieved by the standard OA+OAm 

combination, while effectively suppressing the aggregation. 

All samples were also tested for their time resolution. Since their geometry (thickness of 

100 μm) and low stopping power did not allow for the precise CTR characterization at 

511 keV excitation, a novel approach was implemented by the CERN group (Pagano et al., 

2022). The excitation source was exchanged for pulsed X-rays (mean energy ~10 keV) and 

the time delay histogram was constructed as time difference between the start (pulsed laser 

trigger of the X-ray tube) and the stop signal (the arrival time of the photons in the measured 

scintillator), see the inset of Figure 16b. Similarly, as for CTR, the FWHM value of this 

histogram is called DTR, referring to detector time resolution. 

We found out that irrespective of the filling factor, DTR of all the samples within one set 

was roughly the same, the DDAB set performing slightly better. For example, DTR of 

the 10 % OA+OAm sample was (319 ± 9) ps, while the corresponding sample from 
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the DDAB set had DTR = (295 ± 8) ps. This value was compared to reference scintillators 

in similar geometry, as presented in Figure 16b. Compared to the LYSO:Ce DTR, the two-

fold better time resolution was achieved, demonstrating the application potential of such 

nanocomposite for the fast-timing applications. The reason why our sample performed better 

was most probably due to CsPbBr3 superior timing characteristics.  

The comparison was also made with EJ232 fast plastic scintillator with similar timing 

properties as the previously mentioned BC422. Since the CsPbBr3 nanocrystals are even 

faster than those plastic scintillators, it was expected that the improvement in time resolution 

would be achieved in this comparison as well. Indeed, almost all of the prepared 

nanocomposites performed at least slightly better than EJ232 with DTR = (332 ± 10) ps. 

However, the improvement was not as significant as expected; this could have been caused 

by still too low filling factors. As was mentioned at the end of the previous section, future 

research efforts will be dedicated to maximizing the filling factor while maintaining as good 

transparency as possible. 
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5 Conclusions and Outlooks 

The first part of my work presented in this dissertation was to implement the synthesis 

technique of CsPbBr3 nanocrystals at our department. This goal was clearly achieved; 

the initial RTP method has proven to be too difficult to control in order to yield significant 

amounts of pure CsPbBr3 nanocrystals, therefore the second, more complicated HI method 

was introduced, yielding the pure CsPbBr3 phase under well controllable reaction conditions.  

It was also demonstrated that the parasitic phase Cs4PbBr6 that tend to occur during the RTP 

synthesis has a negative effect on CsPbBr3 scintillation properties, which is otherwise bright 

and ultrafast scintillator suitable for the fast-timing applications as a time tagger in 

a metamaterial detector. The most important conclusion of this part was that the presence of 

this phase should be controlled and avoided. 

The second part of my work was to produce and characterize scintillating metamaterials for 

the fast-timing applications. The first step to achieve this goal was to check the compatibility 

of bulk scintillators with the CsPbBr3 nanocrystals. This was done by preparation and 

characterization of CsPbBr3 thin films on various scintillating wafers as the most basic 

component of the future metamaterial. Interestingly, it was found that when 

the nanocrystalline layer is cracked, those cracks can serve as a light guide for the wafer 

emission, resulting in synergistic effect enhancing the overall scintillation response of such 

composite. 

It was shown that the best candidate for the future metamaterial detector was the GGAG:Ce 

crystal, because the resulting composite had superior scintillating properties including 

timing characteristics. Moreover, the CsPbBr3 thin film improved the CTR value of pure 

GGAG:Ce,Mg crystals by ~100 ps (from 370 to 265 ps). However, in contrast to those 

encouraging results, by testing the actual metamaterial assembled of 14 such films, 

the deterioration of CTR compared to the pure GGAG:Ce,Mg was observed. 

The reason why we observed such deterioration was most probably due to the poor light 

collection of the CsPbBr3 emission. The nanocrystalline films are not sufficiently transparent 

in such thicknesses (3 mm in the metapixel); unfortunately, they cannot be in principle. In 

addition to this, the small Stokes shift (high reabsorption) in nanocrystals have manifested 
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fully in those samples; since the CsPbBr3 emitted photons must have travelled through that 

thick layer of nanocrystals, only insignificant number of them reached the photomultiplier.  

In the last part of this dissertation, I demonstrated the transparency and applicability of 

nanocomposites composed of CsPbBr3 in a polystyrene matrix for the fast-timing 

applications. Concentrations as high as 10 wt.% were reached and it was shown that such 

nanocomposites exhibited time resolutions similar or even slightly better than the state-of-

the-art fast plastic scintillator. 

In the light of the presented results, I propose the following approach to future efforts in this 

research area. First, the overlap between the emission spectra of chosen bulk scintillators 

and CsPbBr3 absorption must be addressed. In this dissertation, the GGAG:Ce resulted to be 

the material of choice mostly due to favorable position of its emission spectrum and not 

because of its superior scintillating properties. To be able to test and compare 

the performance of various bulk scintillators in future metamaterial fairly, the CsPbBr3 

nanocrystals absorption spectrum needs to be tailored for each tested bulk crystal. 

This could be achieved quite easily by reducing the particle size (the quantum confinement 

effect would shift the absorption to shorter wavelengths and also speed-up the decay), but 

this could mean sacrificing the stopping power; smaller crystals would have lower density 

and even less volume to stop the incident radiation. Another approach could be to produce 

mixed CsPb(Br,Cl)3 halides, because the chloride anions were demonstrated to shift 

the absorption spectrum in the same way (Protesescu et al., 2015). Chlorides are even faster 

scintillators than bromides, which could compensate the loss in density and probably also 

the stopping power due to their presence. Most probably, an optimum between the particle 

size and in particular anion composition can be expected to be found for each desired 

position of absorption spectra to achieve reasonably high light output. 

Next, the Stokes shift presents one of the biggest challenges in applicability of 

nanocrystalline semiconductors in general across many applications. This could be 

addressed by linking the nanocrystals to wavelength shifters, i. e. organic molecules with 

absorption spectra overlapping with nanocrystals emission and with emission spectra at 

longer wavelengths. Provided they are in close vicinity to the nanocrystals, ideally 

chemically bonded to them, fast non-radiative energy transfer can occur, effectively shifting 

their emission. For the fast-timing application, the shifter must be chosen also to have as fast 

decay as possible itself, not to slow down the overall scintillation response too much. 
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The easiest way how to incorporate wavelength shifters with nanocrystals is through 

polymer matrices, where the wavelength shifter usage is already well established to enhance 

and shift the matrix emission. This concept was already demonstrated also for scintillating 

nanocrystals while achieving 60 % filling factor with good transparency (C. Liu et al., 2017). 

This is probably the most promising approach towards the applicability of nanocrystals as 

time taggers in metamaterials for the fast-timing applications. 
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Kateřina Tomanová,1,a) Václav Čuba,1 Mikhail G. Brik,2,3,4,5 Eva Mihóková,5 Rosana Martinez Turtos,6
Paul Lecoq,6 Etiennette Auffray,6 and Martin Nikl5

AFFILIATIONS
1Department of Nuclear Chemistry, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague,
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ABSTRACT
Recent developments in medical imaging techniques, in particular, those in time-of-flight positron emission tomography put
new challenges on scintillating material performance that cannot be fulfilled by conventional scintillators. Bright and ultrafast
nanoparticles represent promising candidates to build up an advanced detection system needed. We synthesize colloidal CsPbBr3
nanoplatelets emitting blue light with fast sub-nanosecond decay. We also prepare a nanocomposite material by embedding the
nanoplatelets in the polystyrene matrix. We show that blue emission is preserved provided the composite is not exposed to
UV/vis light and/or elevated temperatures. Motivated by conflicting information from the literature about the room temperature
structure of colloidal CsPbX3 (X = Cl, Br, I) particles, that results being orthorhombic, rather than cubic, we perform ab initio
electronic structure calculations of bulk crystals with an orthorhombic structure. We calculate optical properties, as well as
exciton diameters and binding energies and compare them to those previously obtained for cubic CsPbX3 crystals.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5079300

Inorganic scintillators are commonly used for detection
of ionizing radiation in a variety of applications. A forefront
field of interest focuses on medical applications, such as imag-
ing systems for medical diagnosis.1–5 For positron emission
tomography (PET) imaging, the key performance parameters
are the quality of the reconstructed image together with the
possibility to detect small tumors and to access dynamically
different molecular pathways with the minimum radioactive
dose injected to the patient.6 This put specific requirements
on the scintillating material characteristics. In recent years,
the fast timing capability received particular attention driven

by the time-of-flight PET.7–10 Desired coincidence time res-
olution (CTR) in the range of 100 ps FWHM can be achieved
via high light yield and very short rise and decay times of the
scintillation light.11,12 In lately developed efforts to push CTR
even further down to 10 ps,13 one needs to consider mecha-
nisms involving a production of prompt photons. One option
is to create heterostructures combining standard dense scin-
tillators like LSO and nanocrystals. The latter, due to quantum
confinement, can feature enhanced optical properties, in par-
ticular, high quantum efficiency and ultrafast decay time, with
respect to their bulk counterparts. Colloidal semiconductors,
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such as colloidal CdSe nanosheets14 or cesium lead halide
perovskites, seem to be promising candidates to pursue.

Cesium lead halide perovskites CsPbX3 (X = Cl, Br, I) are
under intense investigation due to their potential applications
in various fields, such as photovoltaics,15,16 optoelectronic
devices,17–19 or X-ray and gamma-ray detectors.20,21

The bulk CsPbX3 crystals have been reported already in
1950s.22 Their perovskite structure undergoes phase transi-
tions induced by temperature.23–25 The cubic phase with the
space group Pm3̄m is stable only at higher temperatures.26–28
At room temperature, the bulk CsPbCl3,29 CsPbBr3,28 and
CsPbI321 possess a thermodynamically preferred orthorhom-
bic structure with the space group Pnma.

Earlier photoluminescence studies have shown the pres-
ence of the 2.98 eV and 2.32 eV peaks in CsPbCl3 and CsPbBr3,
respectively, that were attributed to recombination of Mott-
Wannier excitons.30–32 Formation of CsPbX3 quantum dots
(QDs) was observed in CsX:Pb host matrices.33–35 Thanks to
quantum confinement effect the excitonic luminescence of
QDs featured subnanosecond decay times, namely, 90 ps at
10 K in CsPbBr334 and 30 ps at 10 K in CsPbCl3.33 More
recently, colloidal nanocrystal QDs of CsPbX3 or mixed halide
systems Cl/Br and Br/I have been synthesized.17 Based on X-
ray diffraction (XRD) patterns, the authors claimed that their
structure was cubic. These QDs provide high quantum yields,
narrow emission bands, and room temperature decay times
within 1-29 ns. The emission is tunable within the entire vis-
ible spectral range by changing halide composition or the
particle size. The latter is directly linked to quantum con-
finement effects that can be observed for the particle diam-
eter comparable or smaller with respect to the delocalization
length of an exciton in the corresponding bulk material. This
quantity, Bohr diameter, together with exciton binding ener-
gies were calculated by density functional theory (DFT) meth-
ods and effective mass approximation for cubic structures of
CsPbX3.17 However, other studies of bright colloidal CsPbX3
nanocrystals bring conflicting information about their struc-
ture. Similar to the study by Protesescu et al.,17 the colloidal
CsPbBr3 nanoplatelets19 were also reported as cubic, while
CsPbBr3 QDs36 and CsPbX3 nanowires37,38 as orthorhombic.
To resolve the problem, the structure of colloidal CsPbBr3
QDs was thoroughly investigated using Rietveld refinements
and PDF analysis of synchrotron X-ray total scattering data.39
Based on the results, the authors concluded that the struc-
ture was orthorhombic Pnma rather than cubic Pm3̄m. They
also pointed out that deviation in the structure may have a
nontrivial impact on the electronic band structure and related
quantities determined in the study by Protesescu et al.17 that
were based on the cubic crystal structure of the material.

Ab initio calculations of the CsPbX3 electronic band struc-
ture were performed in a number of studies. Besides all halides
studied by Protesescu et al.,17 the cubic structure of CsPbCl3
was recently also studied by Ghebouli et al.,40 that of CsPbBr3
in Refs. 41–43, and that of CsPbI3 in Refs. 41, 42, 44, and 45.
The calculations associated with the orthorhombic structure
of CsPbBr3 are reported in Refs. 46 and 47 and that of CsPbI3
in Refs. 41, 42, 44, and 45. Nevertheless, to our knowledge, no
systematic ab initio calculations of the electronic structure

of all three cesium lead halides with orthorhombic structure
Pnma have been reported. In particular, possible impact of
the orthorhombic crystal structure on appearance of quantum
confinement effects has not been addressed.

In this paper, we synthesize colloidal CsPbBr3
nanoplatelets exhibiting strong quantum confinement effects
leading to their fast subnanosecond decay. X-ray powder
diffraction (XRPD) measurements of prepared material con-
firm its orthorhombic structure. To demonstrate the practical
applicability of the material for development of the detector
system, we incorporate the nanoplatelets into the polystyrene
host matrix. In the light of previous conclusions39 (confirmed
as well in the present work) about the structure of CsPbBr3
colloidal nanoparticles being orthorhombic, we also consider
in detail the structure of CsPbX3 (X = Cl, Br, I) and perform ab
initio electronic structure calculations of CsPbX3 crystals with
the orthorhombic structure. In addition, we calculate phys-
ical quantities linked to quantum confinement effects that
help to assess boundaries for obtaining nanoparticles with
enhanced optical properties compared to the corresponding
bulk material.

Following chemicals were used for preparation of
CsPbBr3 nanoplatelets, and CsPbBr3 polystyrene nanocom-
posite materials: CsBr (99.999%, Sigma-Aldrich), PbBr2
(99.999%, Sigma-Aldrich), N,N–dimethylformamide (DMF,
anhydrous, 99.8%, Sigma-Aldrich), oleic acid (OA, 99%, Sigma-
Aldrich), oleylamine (OAm, 70%, Sigma-Aldrich), toluene
(anhydrous, 99.8%, Sigma-Aldrich), and polystyrene (PS, no
additives, Nuvia). All chemicals were used as received without
further purification.

X-ray powder diffraction (XRPD) was measured using a
Rigaku Miniflex 600 diffractometer equipped with the Cu X-
ray tube (average wavelength K↵1,2 0.154 18 nm, voltage 40 kV,
current 15 mA). Data were collected with a speed of 2�/min
and compared with the ICDD PDF-2 database, version 2013.
The transmission electron microscopy (TEM) was obtained
using an EM201 microscope (Philips). The radioluminescence
(RL) and photoluminescence (PL) spectra were collected using
the spectrofluorimeter 5000M (Horiba Jobin Yvon) with the
monochromator and photodetector TBX-04. The excitation

FIG. 1. Synthesis procedure of CsPbBr3 using airbrush gun and ice bath.
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FIG. 2. XRPD pattern of the precipitated material after centrifugation.

sources were X-ray tube Seifert (40 kV, 15 mA) for radiolumi-
nescence (RL) measurements and deuterium lamp for photo-
luminescence (PL) measurements. The PL decays were mea-
sured using excitation by nanoLED with nanosecond pulses
(300 nm). The time resolved PL spectra were obtained using
the Hamamatsu C10910 streak camera with 18 ps time resolu-
tion and laser excitation (PiLAS, 372 nm).

For the synthesis, the modified procedure first described
in the study by Li et al.18 was used (Fig. 1).

The resulting colloidal solution exhibited a blue emission
under UV excitation (365 nm). The solution was centrifuged
for 10 min (12 000 g) in order to separate the largest crys-
tals, and the supernatant was collected and characterized
using XRPD (the solution was drop-casted on a glass sample
holder), PL, and TEM. After characterization, the solution was
diluted 10⇥ to enhance the stability of colloidal particles (aka
nanocrystals).

Embedding procedure is described in detail in the
supplementary material. The resulting PS film (0.5 mm thick,
0.1 wt.% loading) also exhibited a blue emission under UV
excitation (365 nm). The stability of the film evaporated at
room temperature was studied at ambient conditions, and the
RL spectrum was collected after 2 weeks. The second sam-
ple (see the supplementary material) was stored in the dark at
4 �C, and the RL spectrum was collected immediately after the
solvent evaporation.

The XRPD pattern (Fig. 2) of the precipitatedmaterial after
centrifugation (see experimental details in the supplementary

FIG. 3. Time resolved PL spectrum of the blue emission from the colloidal sample with maximum at 425 nm (a) and its decay curve (b) and time resolved PL spectrum of the
green emission with maximum at 512 nm (c) and its decay curve (d). Excited by laser (372 nm).

APL Mater. 7, 011104 (2019); doi: 10.1063/1.5079300 7, 011104-3

© Author(s) 2019

  



P1 

 67 

APL Materials ARTICLE scitation.org/journal/apm

material) compared to the ICDD PDF-2 database shows that
the prepared material is orthorhombic CsPbBr3.

Without slowing down the reaction rate (see experimen-
tal details in the supplementary material), the colloidal solu-
tion contained a mixture of blue and green emitting crystals.
Figure 3 shows time resolved PL spectra of the colloidal sam-
ple drop-casted on a glass substrate. The results indicate the
presence of two types of nanocrystals. The first type exhibits
a blue emission with maximum at 425 nm, which belongs to
nanocrystals with strongly quantum confined excitons. This
result is further confirmed by decay measurements that show

a three component decay with the fastest decay time of
320 ps [see Fig. 3(b)]. The second type of the particles exhibits
green emission centered at 512 nm with slower decay longer
than 1 ns.

With slowing down the reaction rate, it is possible to
suppress the green emission, i.e., significantly decrease the
concentration of larger nanocrystals. Figure 4(e) shows strong
blue emission of the sample under the 365 nm excitation.

The size distribution of the obtained blue-emitting mate-
rial is still quite broad, but the results in Fig. 4 show that
the majority of the material is in the form of colloidal

FIG. 4. XRPD pattern of drop-casted colloidal sample (a), PL spectrum of the colloidal sample excited by 300 nm (b), PL decay curves of all three maxima (c), and
corresponding decay times (d), photograph under 365 nm excitation, TEM image, and size distribution of the nanoplatelets (e).
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nanoplatelets. Another supporting evidence for this conclu-
sion can be found in the supplementary material (absorption
spectrum).

In Fig. 4(a), the XRPD pattern of a drop-casted blue-
emitting film is presented. The high noise level can be
explained by the presence of amorphous OA andOAm. Diffrac-
tion peaks emerging from the noise are compared to both
cubic and orthorhombic phases of CsPbBr3. However, high
noise prevents the possibility to distinguish whether the phase
is cubic or orthorhombic for the simple reason that diffraction
maxima of the cubic phase are located at the same positions
as the most intense diffraction maxima of the orthorhom-
bic phase. Due to the confirmed orthorhombic phase of the
precipitated material (cf. Fig. 2) and results reported in the
study by Cottingham and Brutchey,39 we believe that the
present phase is orthorhombic rather than cubic. The main
feature of the diffractogram is an interesting pattern of peaks
with decreasing intensity. A simulation shows that it could be
attributed to a repeating pattern of single lattice planes with
an interplanar spacing of 38 Å. Coincidentally, based on the
TEM images [Fig. 4(e)], it corresponds to the distance between
two nanoplatelets stuck together.

The size distribution obtained from the TEM image in
Fig. 4(e) show that based on the assumption of the orthorhom-
bic structure (the size of the PbBr6 octahedron 5.936 Å as
calculated below, see Fig. 8), the majority of the nanoplatelets
have a width corresponding to 2–3 monolayers.

The PL spectrum of the colloidal solution of nanoplatelets
is presented in Fig. 4(b). The excitonic peak is shifted to
shorter wavelengths compared to the bulk material, and its
shape suggests that it is a combination of several emis-
sion bands. The emission maxima are positioned at about
430 nm, 458 nm, and 490 nm. This confirms the presence of
nanoplatelets consisting of different numbers of monolayers.

The PL decay was measured for all three emission max-
ima; see Fig. 4(c). The fastest decay component has the decay
time of 0.9 ns [Fig. 4(d)]. Compared to the result from green-
emitting larger nanocrystals [1.5 ns, Fig. 3(d)], it is considerably
accelerated due to strong quantum confinement effects.

Nanoplatelets of CsPbBr3 were successfully embedded in
a polystyrenematrix with approximately 0.1 wt.% loading. This
step is crucial for a development of a detector based on this
material further combined with a classical heavy scintillator
with the high light yield, such as LYSO:Ce.13 It is also neces-
sary to enhance the overall stability of CsPbBr3 nanoplatelets.
Resulting composites show good optical quality and sufficient
transparency; see Fig. 5.

Figure 5(a) shows a comparison of RL spectra of two sam-
ples: one stored in the dark at 4 �C and one stored at ambi-
ent conditions for 2 weeks. The emission band centered at
about 320 nm belongs to a polystyrene matrix. The other band
around 500 nm is attributed to CsPbBr3 excitonic emission
that is shifted with respect to the bulk material with the shift
depending on a particle size (or more precisely the size of the
largest particles present in the matrix). The 0.1 wt.% loading is
apparently not enough to efficiently transfer the energy from
the polystyrene matrix (320 nm emission) toward CsPbBr3

FIG. 5. RL spectrum of CsPbBr3 embedded in a polystyrene stored in dark at 4 �C
and of CsPbBr3 embedded in a polystyrene after 2 weeks storage at ambient
conditions [daylight, room temperature 30 �C (a)], photographs of samples in the
daylight (b), and under 365 nm UV light [(c) for the sample kept in dark and cold,
(d) for the sample kept at ambient conditions].

nanoplatelets, and further work is in progress to increase the
loading at least ten times. It can be concluded that elevated
temperature and the exposure to UV/vis light probably cause
a diffusion of the nanoplatelets in the PS matrix. This may lead
to their agglomeration into larger particles.

The local density approximation (LDA) and the general
gradient approximation (GGA) methods were employed to
calculate the structural, electronic, and optical properties of
CsPbX3 (X = Cl, Br, I). For further details on computation
methods, please see the supplementary material.

All three compounds crystallize in the Pnma space group
(No. 62) with four formula units in one unit cell. The Pb ions
are surrounded by six halide anions, forming slightly distorted
octahedra. These octahedra are corner-sharing in CsPbCl3,
CsPbBr3 (aligned along the b axis) and are isolated from each
other in CsPbI3. Figures 6 and 7 show the unit cells of these
materials as seen along the c and b axes.

Different characters of the PbX6 (X = Cl, Br, I) octahedra
orientation in the crystal lattices is clearly seen from these
figures. Not only these octahedral units have different geo-
metrical arrangements but their local structure also changes
from one host to another. Figure 8 shows the enlarged views
of the PbX6 complexes with indication of the Pb–X distances
(in Å). All halide anions in these figures are labeled by the
Roman numbers to analyze the angles between the chemical
bonds and assess in this way degree of deviation of each of
these octahedra from the ideal octahedral symmetry.

It is easy to see then that both PbCl6 and PbBr6 octahe-
dral structural units have the inversion center (the opposite
chemical bonds in the octahedra are equal, and the corre-
sponding angles are 180�), whereas the PbI6 complex does not,
as confirmed by the analysis of the interatomic distances and
angles between the chemical bonds (Fig. 8 and Table S1 in the
supplementary material).

The ideal octahedron has three angles of 180� (three
pairs of opposite vertices) and twelve angles of 90�. It can
be noticed from Table S1 (see the supplementary material)
that the PbCl6 complex has the highest symmetry among the
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FIG. 6. One unit cell of CsPbCl3,
CsPbBr3, and CsPbI3 (a view along the
c axis). Drawn with VESTA.48

FIG. 7. One unit cell of CsPbCl3,
CsPbBr3, and CsPbI3 (a view along the
b axis). Drawn with VESTA.48

considered PbX6 units; the differences between the ideal octa-
hedron angles and the ones in the PbCl6 cluster are less than
one degree. Deviations of the actual symmetry from the ideal
octahedral case increase with increasing the halide ion atomic

number (or its ionic radius). The PbI6 complex loses its cen-
ter of inversion and is characterized by the largest differences
between its octahedral angles and an ideal octahedron among
the considered three cases.
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FIG. 8. Octahedral PbX6 (X = Cl, Br, I)
complexes in CsPbCl3, CsPbBr3, and
CsPbI3. The Pb-X distances (in Å) are
given. Drawn with VESTA.48

The summary of the experimental and calculated struc-
tural data for CsPbX3 is given in Table S2 in the supplementary
material. Good agreement between the experimental (taken
as an initial input structure) and optimized lattice constants
was achieved. In addition, the calculated and experimental
fractional coordinates of all ions in the unit cells agree well
with each other. It can be noticed that the LDA-calculated
lattice constants are always somewhat smaller than the GGA-
calculated ones. Figure 9 shows the calculated band structures
for all three studied crystals.

All three hosts appear to be the direct bandgap materials.
The maximum of the valence band (VB) and minimum of the
conduction band (CB) in CsPbCl3 and CsPbBr3 are realized at
the G point (Brillouin zone center); however in CsPbI3, such
situation takes place at the Y point. It can be, however, noted
that in the case of the chloride and bromide materials, the
CB minima at the G and X points are practically equal, which
may imply certain ambiguity in determination of the bandgap
character, both theoretically and experimentally. There is a
remarkable difference in the character of the calculated bands

between CsPbCl3 and CsPbBr3 on the one hand and CsPbI3 on
the other hand. If for the former two compounds the VB and
CB states exhibit pronounced dispersion and there are rather
deep valleys away from the G point, for the latter material, the
electronic states at the VB top are practically flat, which indi-
cates very low mobility of the holes in CsPbI3. This may be
due to the isolated PbI6 units in the compound. Similarly, flat
profiles of the VB top states were obtained in earlier publica-
tions.41,42,44 The CB states in CsPbI3 are also rather flat, except
for the Y–S direction, showing a low mobility of the electrons
as well.

The origin of the electronic states in the calculated bands
can be understood with the help of the density of states (DOS)
diagrams, as shown in Fig. 10.

The lower CB states in all studied halides are composed
of the lead 6p orbitals; the upper CB states are made up
by the Cs 6s states. The central parts of the VB are domi-
nating by the halides p states (3p for Cl, 4p for Br, and 5p
for I), but an important feature is that the topmost VB lev-
els are due to the Pb 6s states, so the lower energy part of
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FIG. 9. Calculated band structures of CsPbCl3, CsPbBr3, and CsPbI3. The GGA- and LDA-calculated results are shown by the solid and dashed lines, respectively. The
calculated bandgaps are given at the top of each diagram. The coordinates of the special points of the Brillouin zone are (in the units of the reciprocal lattice unit vectors)
G(0, 0, 0); Z(0, 0, 1 2); T(�1 2, 0, 1 2), Y(�1 2, 0, 0); S(�1 2, 1 2, 0); and X(0, 1 2, 0), U(0, 1 2, 1 2), R(�1 2, 1 2, 1 2).

the band-to-band absorption can be associated with the 6s–
6p Pb excitation. It can also be noticed that the VB in CsPbI3
is somewhat narrower than in two other halides. The overall
pattern of the Cs and Pb states in all three crystals is practi-
cally the same. The Cs 5s states appear as a sharp maximum
at around �21 eV, and the Cs 5p states produce the lower
VB at about �7.5 eV. The lead 5d states are located at about
�16 eV. The 3s, 4s, and 5s states of the Cl, Br, and I ions,
respectively, move slightly closer to the upper VB bottom. The
DOS diagrams and bands assignment for CsPbCl3 and CsPbBr3
agree well with the data from Ref. 49. It should be empha-
sized that most of the first-principles calculations for the title
compounds were made for their cubic phase, e.g., Refs. 17,
40, and 43 and, therefore, cannot be compared directly with
the current results. A few data available on the experimental

and calculated band structures of orthorhombic CsPbI3 are
collected in Table I.

The calculated unpolarized dielectric functions for
CsPbCl3, CsPbBr3, and CsPbI3 are shown in Fig. 11 (see the
supplementary material for details on how to calculate them).
The values of Re(") in the limit of infinite wavelength deter-

mine the refractive index of a solid n =
q
Re("). Since the

studied crystals are all orthorhombic, they should be opti-
cally anisotropic, as is evidenced by the data in Table S3
that collects the calculated in the present work Re(") values
along the crystallographic axis with other data available in the
literature.

For the relevant equations for the estimation of the effec-
tive masses of electrons and holes (mh

⇤, me
⇤), the exciton
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FIG. 10. Calculated density of states (DOS) diagrams for CsPbCl3, CsPbBr3, and CsPbI3.

diameter a0 and the exciton binding energy Eb see the
supplementary material.

The results of estimations of all these parameters for the
studied halides are collected in Table II. Some indirect com-
parison can be made with the data obtained in Ref. 17, but it
should be kept in mind that those results were obtained for
the cubic modifications of these halides. The band structures
calculated in that reference are very similar to each other and
exhibit strong dispersion around the VB maxima and CB min-
ima. This is not the case for the orthorhombic phases, espe-
cially for CsPbI3, where the VB top is remarkably flat, which
leads to very high values of the hole effective mass.

TABLE I. Calculated and experimental bandgaps for CsPbI3.

Expt. Calculated

Bandgap (eV) 3.17 2.534, 2.355 2.54 2.29
References 50 This work 45 28

A large difference between the effective masses of the
electrons and holes in CsPbI3 can be attributed to very con-
trast behavior of the electronic states at the VB top and the
CB bottom (Fig. 9): it is easy to see that the curvatures of
those states are quite different and so are the corresponding
effective masses.

Synthesized colloidal nanocrystals of CsPbBr3 were char-
acterized by XRPD, steady state, and time resolved PL and
TEM. XRPD confirms their orthorhombic structure. Under
UV excitation, the nanocrystals exhibit ultrafast blue sub-
nanosecond emission due to strong quantum confinement
effects or green emission (somewhat longer than a nanosec-
ond) depending on the particle size. The green emission of
larger nanocrystals can be suppressed by slowing down the
reaction and agglomeration rate. Drop-casted blue emitting
film shows the presence of nanoplatelets with a width of
2-3 monolayers. Its PL spectrum composed of several bands
confirms the presence of nanoplatelets consisting of differ-
ent numbers of monolayers. The fastest PL decay is below
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FIG. 11. Calculated dielectric function for CsPbCl3, CsPbBr3, and CsPbI3.

1 ns. To test the applicability of prepared nanoplatelets, they
were embedded in the polystyrene matrix. The subnanosec-
ond blue emission in this nanocomposite can be preserved

provided the sample is not exposed to the UV/vis light
and/or high temperatures. Such emission makes the CsPbBr3
nanocomposite material further combined with a classical

TABLE II. Calculated effective masses of the holes and electrons (in the units of the electron mass) and Wannier-Mott exciton
parameters for CsPbCl3, CsPbBr3, and CsPbI3.

CsPbCl3 CsPbBr3 CsPbI3

GGA LDA Calc.a GGA LDA Calc.a GGA LDA Calc.a

mh
⇤ 0.10 0.09 0.17 0.12 0.10 0.14 1.4 1.1 0.13

me
⇤ 0.23 0.19 0.20 0.26 0.23 0.15 0.08b 0.08b 0.11

"1c 2.723 3.09 4.07 3.247 3.74 4.96 3.72 4.49 6.32
a0 (Å) 41 55 50 42 55 70 48 58 120
Eb (meV) 130 85 75 106 70 40 80 55 12

aReference 17, for the cubic phase.
bEstimations of the me

⇤ were performed for the Y–S path (Fig. 9), where dispersion of the electronic states is
the strongest.
c"1 denotes the dielectric constant value in the limit of infinite wavelengths.
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heavy scintillator with the high light yield, such as LYSO:Ce,
a promising candidate for building up the time-of-flight
positron emission tomography (TOF-PET) detector.

Detailed consideration of the structural properties of
CsPbX3 halides (X = Cl, Br, I) revealed an important differ-
ence among these materials: the PbCl6 and PbBr6 octahe-
dra are connected by vertices, whereas the PbI6 octahedra
are isolated from each other. In addition, the local symme-
try of the halide octahedra around the Pb ions decreases
with increased halide atomic number. The optimized unit cells
and all their structural characteristics agreed well with the
experimental XRD data. The calculated band structures show
all compounds to be direct bandgap materials although an
indirect bandgap transitions at the same energy can be real-
ized in CsPbCl3 and CsPbBr3 since the conduction bands
minima at two different points of the Brillouin zone are prac-
tically equal in these compounds. The effective masses of the
electrons for the lowest states in the conduction band and
holes for the highest states in the valence bands were per-
formed. It was shown that the effective masses of holes in
CsPbI3 are very large because the top of the valence band in
this halide is nearly flat. We believe that the isolated character
of the PbI6 octahedra may be behind a low hole’s mobility in
CsPbI3.

In addition to the calculations of the structural, elec-
tronic, and optical properties of these three halide materials,
we estimated the effective exciton diameter and exciton bind-
ing energy. The exciton diameter increases and the binding
energy decreases with increasing halide atomic number.

See supplementary material for details on synthesis,
absorption spectrum of colloidal nanoplatelets, computational
methods, and additional data on structural calculations.
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CsPbBr3 Thin Films on LYSO:Ce Substrates
Kateřina Tomanová , Adéla Suchá, Eva Mihóková , Lenka Procházková, Ivo Jakubec, Rosana M. Turtos,

Stefan Gundacker, Etiennette Auffray, and Václav Čuba

Abstract— We fabricate thin films of lead halide perovskite
nanocrystals on glass substrates and cerium-doped LYSO
substrates (lutetium-yttrium oxyorthosilicate, LuxY2−xSiO5:Ce)
using spin-coating and drop-casting methods, respectively.
We study their structural and optical properties. The lumines-
cence and scintillation are monitored in both steady-state and
time-resolved regimes. We focus on the possibility to exploit these
structures in designing a detection system with ultrafast time
resolution.

Index Terms— Fast timing, luminescence, nanocrystals, per-
ovskites, scintillators, thin films.

I. INTRODUCTION

LEAD halide perovskite quantum dots (QDs) with chem-
ical formula CsPbX3 (X = Cl, Br, and I) were first

reported in bulk CsX crystals doped by Pb2+ [1]–[3].
To the best of our knowledge, not much investigation was
carried out on this material after that, until 2015, when
Protesescu et al. [4] developed a synthetic method for obtain-
ing colloidal CsPbX3 nanocrystals. Consequently, an enor-
mous increase in attention to this type of nanomaterial was
initiated and it became an immediate success in the field of
photovoltaics (the photovoltaic cell efficiency was increased
from ∼6% for CsPbBr3 [5] to ∼17% for iodides [6] in just
three years).

Nevertheless, photovoltaics is not the only field of interest
in these QDs. Among applications in displays as well as in
LEDs [7] and lasing [8], their potential as scintillators has also
been thoroughly studied [9], [10]. Thanks to their excellent
luminescent properties (high light yield, narrow emission

Manuscript received January 27, 2020; accepted February 28, 2020. Date
of publication March 5, 2020; date of current version June 19, 2020. This
work was supported in part by the Crystal Clear Collaboration, in part by the
Czech Science Foundation under Grant GA20-06374S, in part by the Ministry
of Education Youth and Sports through the Project “Center for Advanced
Applied Science,” under Grant CZ.02.1.01/0.0/0.0/16_019/0000778, and in
part by the Grant Agency of the Czech Technical University in Prague, under
Grant SGS17/195/OHK4/3T/14.
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bands, and fast response [4], [10]), CsPbX3 nanocrystals are
currently among the top candidates for future fast detector
development for time-of-flight positron-emission tomography
(TOF PET) or high-energy physics [11].

New concepts of the fast detector buildup [12] are, among
other possibilities, considering replacing the usual bulk scin-
tillator pixel by a hybrid structure combining the standard
dense scintillator with an ultrafast nanoscintillator. In this
configuration, the recoil electron from a photoelectric con-
version created in the dense scintillator can eventually reach
an ultrafast emitting layer composed of nanoscintillators [13].
The fast material is driving the timing improvements, and the
heavy/standard scintillator provides the stopping power and
energy resolution [14].

To follow this concept, the colloidal solution of nanopar-
ticles first needs to be processed. One possibility is to cast
the nanocrystals as a thin film on a standard heavy scintil-
lator substrate. lutetium-yttrium oxyorthosilicate (LYSO):Ce
is a well-established bright scintillator with general formula
LuxY2−x SiO5:Ce3+ that is already in use in commercial PET
scanners [15]. The CdSe-based semiconductor nanoplatelets
drop-casted on LYSO:Ce have been shown to achieve 80-ps
coincidence time resolution on a hybrid functional pixel [14].

In this article, we fabricated CsPbBr3 thin films on
small cerium-doped LYSO substrates using a drop-casting
method. We characterized the films with main focus on
their luminescent properties including the decay kinetics.
To demonstrate the applicability of thin films on a larger scale
as well as to provide a thin film on a nonscintillating material
for at least a qualitative comparison, we demonstrated a
spin-coating technique on larger glass substrates. The spin-
coating technique can be upscaled to substrates up to 20 cm
in diameter in our setup.

II. MATERIALS AND METHODS

A. Chemicals

The following chemicals were used for the preparation
of CsPbBr3 nanocrystals: CsBr (99.999%, Sigma-Aldrich),
PbBr2 (99.999%, Sigma-Aldrich), N, N–dimethylformamide
(DMF, anhydrous, 99.8%, Sigma-Aldrich), oleic acid (OA,
99%, Sigma-Aldrich), oleylamine (OAm, 70%, Sigma-
Aldrich), and toluene (anhydrous, 99.8%, Sigma-Aldrich). All
chemicals were used as received without further purification.

B. Thin-Film Substrates

The glass substrate was a glass slide for microscopy (18 mm
× 18 mm × 0.17 mm, Hirschmann). The LYSO:Ce was
purchased from Crystal Photonics Inc., and the substrate had
dimensions 3 mm × 3 mm × 0.2 mm.

0018-9499 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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C. CsPbBr3 Preparation

The nanocrystals were synthesized by the supersaturated
recrystallization method at room temperature and air
atmosphere, as presented by Li et al. [16]. In short,
0.4 mmol of PbBr2 and 0.4 mmol of CsBr were dissolved
in 10 mL of DMF, and after the addition of 1 mL of OA and
0.5 mL of OAm, 4 mL of the solution was quickly added to
40 mL of toluene. The precipitated material was collected by
centrifugation for future processing and characterization. The
supernatant was characterized immediately after the synthesis
as well for comparison.

D. Thin-Film Fabrication

The precipitate after centrifugation was dispersed in a
small amount of toluene and was spin-coated on a glass
slide using a WS-650MZ-23NPPB-UD3 spincoater (Laurell)
or drop-casted on a small LYSO:Ce plate. The static spin-
coating method at 4000 rpm and the volume of 100 µL of the
toluene dispersion was used to fabricate one layer of perovskite
nanocrystals on the glass substrate. To fabricate more layers,
the static method was repeated. The volume used for the drop-
casting method on the smaller LYSO:Ce plate was 3 µL.
All the abovementioned procedures were carried out at room
temperature and atmospheric pressure at air atmosphere. The
resulting thin films were stored in a desiccator filled with silica
gel. Over the course of one week, we did not observe either
any changes in luminescence or increase in mass under these
storage conditions.

E. Characterization

X-ray powder diffraction (XRPD) was measured using
a Rigaku Miniflex 600 diffractometer equipped with a Cu
X-ray tube (average wavelength Kα1,2 0.15418 nm, voltage
40 kV, and current 15 mA). Data were collected with a speed
of 2◦/min and compared with the ICDD PDF-2 database,
version 2013. The transmission electron microscopy (TEM)
was obtained using an EM201 microscope (Philips). The radi-
oluminescence (RL) and photoluminescence (PL) spectra were
collected using a 5000M spectrofluorimeter (Horiba Jobin
Yvon) with a monochromator and a TBX-04 photodetector.
The excitation source for RL measurements was the Seifert
X-ray tube (40 kV and 15 mA). The following excitation
sources were used for PL measurements: deuterium lamp
[results displayed in Fig. 1(a)] and laser-driven Xe pressure
lamp, EQ-99XFC Laser-Driven Light Source (LDLS) (used for
other PL measurements). The time-resolved PL spectra were
obtained under laser excitation (PiLAS, 372 nm) using the
Hamamatsu C10910 streak camera with 18-ps time resolution
for detection. The RL decay measurements were performed
in the time-correlated single-photon counting regime using a
pulsed tungsten X-ray tube and a fast hybrid photomultiplier
tube (PMT) from Becker & Hickl with a full-width at half-
maximum (FWHM) of around 55 ps. Photons were integrated
over the filter spectral range 514.5 nm ± 10 nm with no further
discrimination. The impulse-response function (IRF) of the
whole setup (laser + X-ray tube + photodetector + electronic

Fig. 1. (a) Absorption (orange) and PL (blue) spectra of the separated
supernatant (300 nm excitation). (b) Photograph under UV excitation (365 nm)
light of the supernatant and the precipitate right after the centrifugation.
(c) PL spectrum (300-nm excitation) of thin film spin-coated on the glass
substrate (15 mm × 15 mm × 0.17 mm, green line) in comparison with the
PL spectrum of the supernatant (blue line). The inset in (c) is the photograph of
the spin-coated thin film on the glass substrate under UV excitation (365 nm).

Fig. 2. TEM images of (a) supernatant and (b) precipitate [see Fig. 1(b)].
(c) SAED image of the area in (b). (d) Analysis of the SAED using the ICDD
PDF-2 database (version 2013). The SAED was analyzed with the help of the
ProcessDiffraction software [18].

readout) was obtained by means of intraband luminescence
present in Li2MoO2 crystals with a final FWHM of around
130 ps. For more details, please refer to [17].

III. RESULTS AND DISCUSSION

The precipitated material in toluene was centrifuged and
then the precipitate (solid phase) and the supernatant (liquid
phase) were characterized separately (see Section II). Fig. 1(b)
shows a photograph taken under 365-nm UV excitation of
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Fig. 3. XRPD pattern of the solid precipitated material separated by centrifugation. The material was compared with the rhombohedral Cs4PbBr6 phase
from the ICDD PDF-2 database.

those two phases immediately after centrifugation. Note that
the luminescence of the supernatant is turquoise, while the
precipitate emits green light. The blue-shift of the supernatant
emission is caused by the quantum confinement effect in
the remaining nanocrystals that are significantly smaller than
the precipitated ones and, therefore, could not be centrifuged
completely. Unfortunately, the supernatant could not be used
for the fabrication of the blue-emitting thin films as the
concentration of the nanocrystals there was too low.

The concentration of the nanocrystals in the supernatant
could be increased by solvent evaporation or centrifugation,
but the nanocrystals tend to agglomerate fast at higher con-
centration, which results in a red-shift of both the absorption
and luminescence spectra to the green spectral region. See [10]
for more details.

Another evidence of the bimodal size distribution can be
seen in the TEM images [Fig. 2(a) and (b)]. Fig. 2(a) shows
the TEM image of the supernatant containing spherical QDs
of the size of roughly about 10 nm, and Fig. 2(b) shows the
TEM image of the precipitate containing large nanoplatelets
up to 40-nm thick with various lengths up to 200 nm with
some of the spherical QDs from the supernatant attached to
their surface.

To investigate the crystal structure of those nanocrystals,
we analyzed the selected area electron diffraction (SAED)
presented in Fig. 2(c) of the area shown in Fig. 2(b) using
the ProcessDiffraction software [18]. Despite the high back-
ground, the plot shows several peaks that we compared
with the ICDD PDF-2 database (version 2013). They can
be attributed to both CsPbBr3 and Cs4PbBr6 phases [see
Fig. 2(d)].

The XRPD analysis of the separated precipitated solid phase
after centrifugation (Fig. 3) confirms only the presence of the
Cs4PbBr6 nanocrystals. We assume that the reason why the
CsPbBr3 phase is not observable in this diffraction pattern is
that the QDs are too small and their amount in the precipitate
is too low, falling below the detection limit of the method.

The presence of CsPbBr3 nanocrystals is further evidenced
by the optical properties (see Fig. 1). The bandgap of the
Cs4PbBr6 bulk crystal is ∼3.7 eV [19], [20], and therefore,
any excitonic emission in the visible spectral region must be

Fig. 4. Normalized RL and PL [as in Fig. 1(c)] spectra of thin film casted
on the glass substrate (15 mm × 15 mm × 0.17 mm) using a spin-coating
technique (five layers).

attributed to the CsPbBr3 phase or the CsPbBr3-like aggregates
as studied in [2]. This phase can be present either as the QDs
on the surface of Cs4PbBr6 [as in Fig. 2(b), with the cor-
responding SAED analysis in Fig. 2(c) and (d)], or as the
nanocrystals embedded inside the Cs4PbBr6 crystals as in [21].

The good spectral overlap of the Cs4PbBr6 emission (emis-
sion band centered at 375 nm [19], [22]) and CsPbBr3 absorp-
tion [absorption edge at around 500 nm; see Fig. 1(a)] suggests
that the efficient energy transfer between the phases can be
expected. Further investigation of this phenomenon is required
for better understanding of the luminescent properties of this
family of scintillators. However, it is not trivial to synthesize
either the pure CsPbBr3 phase or the pure Cs4PbBr6 by the
supersaturation precipitation method used in this work to allow
a thorough comparison of their decay profiles.

The PL spectrum of the supernatant in Fig. 1(a) shows
a narrow excitonic emission band centered at 506 nm. It is
blue-shifted compared with the bulk emission (540 nm [23]),
which confirms the presence of quantum-confined CsPbBr3
nanocrystals. The Stokes shift of this material is rather small,
but we did not expect serious issues with self-absorption, as we
were producing thin films in this preliminary study to test
the system performance. However, the practical applications
of this system would require thicker films, where the self-
absorption would become more significant. To overcome this
issue, future efforts may be concentrated on dispersing the
nanocrystals in a suitable matrix.
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Fig. 5. (a) PL (laser excitation, 372 nm) and (b) RL decay curves of the thin film on the glass substrate consisting of five spin-coated layers. Blue dots are
experimental data, the red line is the two (three)-exponential fit with the rise time τr and decay-time τd components reported in the figure, the green line is
a moving average of the experimental data, and the black dotted line is representing the IRF of the whole detection system.

Fig. 6. RL of the thin film on the LYSO:Ce substrate (drop-casted) compared
with the thin film on glass (spin-coated, five layers).

A. Thin Films on the Glass Substrate

By dispersing the precipitated solid phase separated by
centrifugation in a small amount of toluene, we obtained a
concentrated suspension that could be used for a thin-film
fabrication. In Fig. 1(c), we present a PL spectrum of such
a thin film on the glass substrate in comparison with the PL
spectrum of the supernatant [as presented in Fig. 1(a)]. The
emission spectrum of the supernatant (smaller nanoparticles)
is blue-shifted compared with the thin film fabricated using
the precipitate (larger nanoparticles). This is further evidence
of the bimodal size distribution in the as-prepared samples.

The interesting feature in Fig. 1(c) is the presence of weak
emission band in the spectrum of thin film in the blue spectral
region that is not present in the spectrum of supernatant.
We assume that, in solution, the emission originated in the
fraction of the smallest nanocrystals is reabsorbed by larger
nanocrystals (such a mechanism was suggested to explain the
PL properties of the colloidal carbon QDs [24]). This emission
is, therefore, observable only in the thin film where such
reabsorption is much less likely.

Fig. 4 shows the normalized RL spectrum of the thin
film consisting of five layers spin-coated on a glass substrate
in comparison with the normalized PL spectrum presented
in Fig. 1(c). The overall shape of the spectra, namely, the pres-
ence of two emission bands in the blue and green spectral
regions, is similar, except for the red-shift of the RL spectrum
with respect to the PL spectrum.

The red-shift of the RL spectrum is most likely due to a dif-
ferent excitation mechanism of RL with respect to that of PL.
Larger particles emitting in longer wavelengths with respect
to smaller ones can be more preferably excited. Furthermore,
some degree of reabsorption of the light emitted by smaller
particles by larger ones can also contribute to the observed
red-shift. The broadening of the RL spectrum is caused by a
larger slit on the emission monochromator used for the RL
measurement with respect to the PL measurement.

The PL and RL decays of five spin-coated layers on the
glass substrate are displayed in Fig. 5. The fast subnanosecond
component is present in both cases (unfortunately it is the
weakest component). The PL decay time analysis in the 100-
ns window showed the presence of a long tail with the decay
time value around 100 ns (not presented). The scintillation
decay features a very long tail with the decay time of 520 ns.
However, as the light output of the samples is still rather low
(and, therefore, the dynamic range of the decay curves is poor),
future experiments are required for more accurate scintillation
decay profile analysis.

B. Thin Films on the Scintillating LYSO:Ce Substrate

The LYSO:Ce substrate was chosen because of its high
light yield and high stopping power for ionizing radiation. The
position of the emission band of LYSO:Ce does not overlap
with the emission band of the CsPbBr3 nanocrystals. This
allows distinguishing the emissions from both materials in
order to investigate the optical properties in more detail.
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Fig. 7. (a) PL (laser excitation, 372 nm) and (b) RL decay curves of the thin film drop-casted on the LYSO:Ce substrate. Blue dots are experimental data,
the red line is the two (three)-exponential fit with the rise time τr and decay time τd components reported in the figure, the green line is a moving average
of the experimental data, and the black dotted line is representing the IRF of the whole detection system.

The thin films on the LYSO:Ce substrates were fabricated
using a drop-casting method, because the size of the substrate
(3 mm × 3 mm × 0.2 mm) did not allow the usage of the
spin-coating technique.

Fig. 6 shows the qualitative comparison of the RL spectra
of the drop-casted film on LYSO:Ce and the spin-coated film
on glass. Quantitative comparison of the light output cannot be
made due to the different size and nature of the samples (i.e.,
different thicknesses of the thin films that were prepared by
different casting methods on the substrates of different sizes
using different amounts of nanocrystals). Note that most of
the light emitted from the thin film drop-casted on LYSO:Ce
is in the green region, i.e., by the CsPbBr3 nanocrystals.

The red-shift of the RL spectrum compared with that of
PL, probably due to some self-absorption as seen in Fig. 4,
was observed also on the thin film on the LYSO:Ce substrate
(PL spectrum was not presented, and emission maximum was
at 521 nm compared with that of 530 nm in the RL spectrum).

The timing performance analysis is summarized in Fig. 7.
The subnanosecond component is present in both cases. The
PL decay curve in the 100-ns window showed again the long
tail of ∼100-ns decay time (not presented) that is also present
in the scintillation decay profile of the drop-casted film on
LYSO:Ce. Nevertheless, the contribution of the fast decay
(τd1) is rather weak compared with that of τd2 (which is
possibly attributed to LYSO:Ce), in contrast to a much stronger
CsPbBr3 RL with respect to that of LYSO:Ce in Fig. 6. This is
likely due to some reabsorption of LYSO:Ce emitted light by
CsPbBr3. However, as mentioned above, the dynamic range of
the timing measurement [Fig. 7(b)] is rather poor and future
investigation of better quality samples is required.

IV. CONCLUSION

We fabricated thin films of lead bromide perovskites on
LYSO:Ce substrates and studied their characteristics with a
perspective of their usage in fast timing applications. Thin
films casted on glass substrates were also studied to provide

some qualitative comparison. The ultrafast subnanosecond
decay component of the perovskites is preserved in both PL
and RL decays of the thin films. Its contribution is rather weak;
however, future improvement on the quality of thin films and
scintillation yield is expected.

Preliminary results presented definitely show a potential of
hybrid structures made of lead halide perovskite nanocrystals
combined with classical heavy scintillators to build up a fast
detection system. Compared with the currently used detectors,
while LYSO:Ce provides the stopping power and energy
resolution, the halide perovskite part would improve the timing
characteristics. Such detection systems of a new generation are
paving the way to achieve ultimately real-time imaging in PET.
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1

!"#!$%&'(!
!"#$%&'
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Abstract: CsPbBr3 nanocrystals have been identified as a highly promising material for various
optoelectronic applications. However, they tend to coexist with Cs4PbBr6 phase when the reaction
conditions are not controlled carefully. It is therefore imperative to understand how the presence of
this phase affects the luminescence performance of CsPbBr3 nanocrystals. We synthesized a mixed
CsPbBr3-Cs4PbBr6 sample, and compared its photo- and radioluminescence properties, including
timing characteristics, to the performance of pure CsPbBr3 nanocrystals. The possibility of energy
transfer between the two phases was also explored. We demonstrated that the presence of Cs4PbBr6
causes significant drop in radioluminescence intensity of CsPbBr3 nanocrystals, which can limit
possible future applications of Cs4PbBr6-CsPbBr3 mixtures or composites as scintillation detectors.

Keywords: nanocrystals; lead halide perovskites; luminescence; scintillation detectors

1. Introduction

Cesium lead halide perovskite quantum dots of the CsPbX3 (X = Cl, Br, I) formula
have been first identified by Nikl et al. group as nanoinclusions in CsX host doped by
Pb2+ ions [1–3]. However, they have not been studied extensively since the introduction of
their colloidal synthesis in 2015 [4]. They were immediately identified as highly promising
materials for various applications, mostly for solar cells [5], LEDs [6], or displays [7]. Their
excellent luminescent properties, such as high quantum efficiency, narrow emission lines,
and fast decay times, are also highly desirable for scintillator manufacture. Recently, a
body of studies on the lead halide perovskites has also been focused on their application in
X-ray detection [8–14].

Nevertheless, this material also has some drawbacks; in particular its poor chemical
stability on air [15,16]. An obvious solution would be provided by encapsulation of CsPbX3
in various inert matrices such as SiO2 [17–19], TiO2 [20], or organic polymers [8,21,22].
Many studies also proposed an interesting composite material CsPbBr3@Cs4PbBr6 which,
besides enhanced stability, also passivates CsPbBr3 nanocrystals, i.e., suppresses non-
radiative recombinations on surface defects [23–25]. Various CsPbBr3-Cs4PbBr6 mixtures
in the form of two different nanocrystal population were also prepared [26,27].

Cs4PbBr6 is a material often referred to as a “zero-dimensional perovskite”, while
CsPbBr3 is called a “three-dimensional perovskite”. CsPbBr3 consists of corner sharing
PbBr6

4� octahedra, whereas in Cs4PbBr6 those octahedra are isolated (see Figure S1 in
Supplementary Information). Cs4PbBr6 continues to be somewhat controversial material;
there is still an ongoing debate on whether or not it is a source of bright green luminescence
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and, if so, what the origin of that luminescence is [28]. There is also a question how the
presence of Cs4PbBr6 affects the luminescent properties of CsPbBr3 and vice versa.

The debate was initiated by some early reports on pure Cs4PbBr6 crystals with su-
perior green luminescence without any profound considerations about the origin of such
luminescence [29,30]. The origin of the green luminescence was questioned, and two major
opinions appeared in research community; one strong opinion is that CsPbBr3 nanoinclu-
sions are, in fact, present in Cs4PbBr6 crystals [25,31–33], as the bright green emission is
associated with CsPbBr3 nanocrystals. It has already been stated in 1999 by Nikl et al. that
it is difficult to suppress the presence of CsPbBr3 in Cs4PbBr6 completely [34]. This point
of view is further supported by many studies on non-luminescent Cs4PbBr6 that can be
easily transformed into bright CsPbBr3 [35–39].

The other strong opinion proposes that the green luminescence is due to point defects
in Cs4PbBr6 structure. Some possible defects that may cause green luminescence were
identified, for example the Br vacancy [40–42]. For more details, please refer to review
papers published on this subject, for example the most recent, [28], which supports the
opinion based on the presence of nanoinclusions, and provides persuasive arguments
rebutting the Br vacancy concept.

Understanding of the role of CsPbBr3 and Cs4PbBr6 phases in the luminescence
of cesium lead bromides is particularly important when considering applications and
future needs to scale-up the production for manufacturing. CsPbBr3 nanocrystals have
been recently identified as highly prospective scintillators for applications requiring fast
response, for example a new generation of time-of-flight positron emission tomographs
(TOF-PET), or new detectors for high energy physics [43,44]. However, these considerations
are important regardless the target application. It is clear that CsPbBr3 and Cs4PbBr6 phases
tend to coexist. Therefore, it is evident that this tendency may become a serious issue in a
scale-up of the synthesis for industrial production. In order to manufacture a material of
the best performance, it is imperative to know how detrimental a contamination of CsPbBr3
nanocrystals by Cs4PbBr6 phase can be, if at all. There have already been some arguments
raised in the recent literature against the possible applicability of CsPbBr3@Cs4PbBr6
composite as a scintillator [45].

The band gap energy of Cs4PbBr6 and CsPbBr3 was calculated to be 3.9 eV and
2.3 eV, respectively [46]. This allows an energy transfer from Cs4PbBr6 to CsPbBr3. This
transfer can be both radiative and/or non-radiative. Excitation in Cs4PbBr6 phase results in
formation of self-trapped excitons that radiatively recombine while emitting UV photons.
This emission can radiatively excite CsPbBr3. The band alignment in the core-shell structure
CsPbBr3@Cs4PbBr6 is of the type I, which means that the valence band maximum and the
conduction band minimum are fully within the Cs4PbBr6 band gap. This also allows a
non-radiative energy transfer from Cs4PbBr6 to CsPbBr3 by hopping [46].

However, when the energy transfer does not occur, the presence of Cs4PbBr6 may hin-
der the luminescence from CsPbBr3. In a theoretical model of 80 nm slab of CsPbBr3 below
10 µm of CsPbBr3@Cs4PbBr6 composite, the escaping emission spectrum was calculated
to be 100⇥ attenuated compared to the launched spectrum from the CsPbBr3 slab [38].
The attenuation coefficient of Cs4PbBr6 is higher than that of CsPbBr3 [47], therefore the
incident energy will be preferably deposited in the Cs4PbBr6 phase.

This study intends to contribute to an intense and important debate about the CsPbBr3
vs. Cs4PbBr6 issue, and also to shed some light on the (radio)luminescence properties of
CsPbBr3 and Cs4PbBr6 mixtures, which should help to better understand the dynamics
of the abovementioned CsPbBr3@Cs4PbBr6 composite and its applicability in the field of
scintillation detectors. In particular, analysis of radioluminescence decays of our materials
might provide a valuable set of data on the light and/or energy transfer between the two
phases. We reiterate that, unlike rather extended literature on PL properties of materials in
question, data on scintillation properties, especially scintillation decays, are scarce.

We synthesized CsPbBr3 nanocrystals using the hot injection method (HI) [4] and
their mixture with Cs4PbBr6 crystals using the room-temperature precipitation method
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(RTP) [48]. The RTP method is, by its nature (simple mixing of two solutions without
any heating), the best candidate for potential scaling up. The HI is the most widely used
method, which proves its robustness and reproducibility. We found out that the HI method
usually leads to high quality pure CsPbBr3 nanocrystals, while RTP protocol resulted in
various CsPbBr3-Cs4PbBr6 mixtures. We studied and compared luminescent properties
of all samples in detail (both photoluminescence and radioluminescence, including decay
kinetics) with respect to their composition, structure, and morphology. We found out that
the presence of Cs4PbBr6 phase significantly deteriorates CsPbBr3 scintillation light output,
which can limit the application potential of CsPbBr3-Cs4PbBr6 mixtures as scintillation
detectors.

2. Materials and Methods

2.1. Chemicals
This study utilizes the following chemicals: CsBr (99.999%, Merck, Darmstadt, Ger-

many), PbBr2 (99.999%, Merck, Darmstadt, Germany), Cs2CO3 (99.9%, Merck, Darmstadt,
Germany), oleylamine (OAm, 70%, Merck, Darmstadt, Germany), oleic acid (OA, 90%,
Merck, Darmstadt, Germany), 1-octadecene (90%, Merck, Darmstadt, Germany), n-hexane
(anhydrous, 98%, Merck, Darmstadt, Germany), toluene (99.8%, Merck, Darmstadt, Ger-
many), and N,N–dimethylformamide (DMF, anhydrous, 99.8%, Merck, Darmstadt, Ger-
many). All chemicals were used as received, without further purification, unless stated
otherwise.

2.2. Hot Injection (HI) Synthesis of Pure CsPbBr3

The procedure introduced by Protesescu et al. was used [4]. In short, 0.752 mmol
of PbBr2, 20 mL of 1-octadecene (ODE), 2 mL of oleylamine (OAm), and 1.78 mL of oleic
acid (OA), were mixed in 100 mL 3-necked flask and degassed at 110 �C under vacuum
for 1 h. After that, 0.5 mL of dried pre-synthesized cesium oleate solution (0.4 M) was
injected at 170 �C under argon atmosphere. Solid product was separated from ODE
solution by centrifugation and redispersed in hexane. For narrowing the size distribution
and enhancing colloidal stability, one more centrifugation step was preformed, and the
supernatant was collected.

The synthesis of cesium oleate was modified according to the study by Lu [49], which
provides a complete conversion of cesium salt to cesium oleate, resulting in better repro-
ducibility of synthesis, and in complete solubility of cesium oleate at room temperature
by reacting 5 molar equivalents of oleic acid with respect to Cs. The amount of OA added
during the CsPbBr3 synthesis was adjusted to match the molar ratios from [4].

For more details on both syntheses, please refer to Supplementary Information.

2.3. Room-Temperature Precipitation (RTP) Synthesis of CsPbBr3-Cs4PbBr6 Mixture
The procedure introduced by Li et al. [48] as supersaturation recrystallization (cur-

rently called room-temperature precipitation) was used with slight modifications for better
reproducibility. In short, 0.4 mmol of PbBr2 and 0.4 mmol of CsBr were dissolved in 10 mL
of dimethylformamide (DMF) and 1 mL of OA and 0.5 mL of OAm were added. Then,
1 mL of the solution was quickly added to 10 mL of toluene. Solid product was collected
by centrifugation, both the supernatant and the precipitate were characterized. For more
details, please refer to Supplementary Information.

2.4. Characterization
X-ray powder diffraction (XRPD) was measured using a Rigaku Miniflex 600 diffrac-

tometer equipped with the Cu X-ray tube (average wavelength K↵1,2 0.15418 nm, voltage
40 kV, current 15 mA). Data were collected with a speed of 2�/min and compared with
the ICDD PDF-2 database, version 2013. The transmission electron microscopy (TEM) was
obtained using an EM201 microscope (Philips, Amsterdam, Netherlands). Absorption
spectra were collected using a Cary 100 spectrophotometer (Varian, Palo Alto, CA, USA).

  



P3 

 86 

Nanomaterials 2021, 11, 1935 4 of 13

Photoluminescence (PL) excitation and emission spectra were collected using a FluoroMax
spectrofluorometer (Horiba Jobin Yvon, Kyoto, Japan). Radioluminescence (RL) spectra
were collected using a 5000 M spectrofluorometer (Horiba Jobin Yvon, Kyoto, Japan) with
a monochromator and TBX-04 (IBH Scotland, Glasgow, Scotland) photodetector, the excita-
tion source was a Seifert X-ray tube (40 kV, 15 mA). Spectrofluorometer 5000 M (Horiba
Jobin Yvon, Kyoto, Japan) was used for measuring PL decay curves using the pulsed
nanoLED sources (IBH Scotland, Glasgow, Scotland, excitation wavelengths 310 nm and
389 nm, 80 kHz repetition rate) as the excitation sources. The detection part of the setup
involved a single-grating monochromator and a photon counting detector TBX-04 (IBH
Scotland, Glasgow, Scotland). RL decay curves were collected using hybrid picosecond
photon detector HPPD-860 and Fluorohub unit (Horiba Scientific, Kyoto, Japan). Decays
were recorded in both the long and short time windows, as the short time window is
relevant for the fast timing applications. Samples were excited by picosecond (ps) X-ray
tube N5084 from Hamamatsu, operating at 40 kV. The X-ray tube was driven by the ps light
pulser (Hamamatsu, Hamamatsu City, Japan) equipped with a laser diode operating at
405 nm. The instrumental response function FWHM of the setup is about 76 ps. Convolu-
tion procedure was applied to all decay curves to determine true decay times (SpectraSolve
software package, Ames Photonics, Hurst, TX, USA). The contribution of a component
expressed as a percentage (often referred to as a light sum, LS) was calculated as:

LSn =
Antn

Â Aiti

where An and tn denotes amplitude and decay time of the nth component.
XRPD, RL spectra, and RL/PL decays were measured on solid samples, i.e., precip-

itates after the first centrifugation step. In case of supernatant of sample prepared by
RTP, XRPD was measured on drop-casted film. Samples for TEM characterization were
obtained by drop-casting the final toluene/hexane solutions on TEM grid. Absorption and
PL excitation/emission spectra were also collected on final toluene/hexane solutions.

3. Results and Discussion

XRPD patterns of all samples are presented in Figure 1 and compared to ICDD PDF-2
database records for orthorhombic CsPbBr3 (#01-072-7929) and rhombohedral Cs4PbBr6
(#01-077-8224) phases. The sample prepared by the hot injection (HI) method (red line)
was identified as pure CsPbBr3 sample. The diffraction lines are significantly broadened,
suggesting that this phase consists of very small crystallites. Halder–Wagner method of
determining linear size of crystallites (using Scherrer constant value 0.94) revealed their
mean size as (13 ± 1) nm. A slightly elevated background under 40�, suggesting the
presence of an amorphous phase, can be attributed to a small excess of organic ligands
(oleic acid and oleylamine) present in the measured sample.

Two diffractograms were recorded for the sample prepared by the room-temperature
precipitation method (RTP); precipitated solid sample (green line in Figure 1) and su-
pernatant from centrifugation (blue line). The pattern of the precipitate shows only the
presence of Cs4PbBr6 phase and elevated background under 40� (i.e., an amorphous phase
is present). A higher amount of an amorphous phase suggests a large excess of free organic
ligands in this sample. Narrow peaks indicate that this phase has much larger crystallites
than those of CsPbBr3 phase identified in the pure (HI) sample.

To prove the expected presence of CsPbBr3 nanocrystals in this sample (which was
strongly indicated by blue/green luminescence of the sample, see below and also [3,25,31,47]),
we also measured a drop-casted film of this sample’s supernatant (blue line in Figure 1).
Narrow peaks of much lower intensity than in centrifuged sample remain present in this
diffractogram. In addition, two broad peaks are present at around 15� and 30� (indicated
by red stars). Detailed analysis revealed that the first peak can be attributed to two CsPbBr3
diffractions from (002) and (110) lattice planes, and the second peak can be attributed
to CsPbBr3 diffractions from (004) and (220) lattice planes. This clearly indicates prefer-



P3 

 87 

Nanomaterials 2021, 11, 1935 5 of 13

ential orientation of nanocrystalline phase in this direction, suggesting the presence of
nanoplatelets. As we have demonstrated, this type of synthesis is indeed capable of pro-
ducing CsPbBr3 nanoplatelets in the supernatant [50]. Nevertheless, Figure 1 still provides
only a partial evidence of the CsPbBr3 nanocrystals present in the centrifuged sample, as
there are many CsPbBr3 diffraction lines missing in the pattern.

Figure 1. (From top to bottom) XRPD pattern of a precipitate of the sample prepared by the hot
injection method (HI, red line) compared to the ICDD PDF-2 database record for CsPbBr3; XRPD
pattern of a supernatant of the sample prepared by the room-temperature precipitation method (RTP,
blue line), red stars denote positions of the most intense CsPbBr3 diffraction double lines; and XRPD
pattern of a precipitate of the sample prepared by the RTP method (green line) compared to the ICDD
PDF-2 database record for Cs4PbBr6.

To provide a stronger evidence of the CsPbBr3 presence, we performed TEM and
analyzed selected area electron diffraction (SAED) patterns of the corresponding micro-
graphs (see Figure 2). TEM in Figure 2a shows that the sample prepared by the HI
method (identified by XRPD in Figure 1 as a pure orthorhombic CsPbBr3 sample with
nano-sized crystallites), indeed consists of nanocrystals of cubic shape with the mean size
of (19.1 ± 0.2) nm. This value is in good agreement with the calculated mean crystallite size
from XRPD pattern in Figure 1. The small discrepancy may be caused by an inaccuracy of
determining the FWHM (full width at half maxima) of CsPbBr3 orthorhombic double peaks
and the fact that diffractions at larger angles are partially hidden in the background. TEM in
Figure 2b shows that the sample prepared by the RTP method (identified as rhombohedral
Cs4PbBr6 by XRPD in Figure 1), is clearly a mixture of larger hexagonal crystals (crystal
size around 110 nm), and small nanocrystals of roughly cubic shape with the mean size of
(9.8 ± 0.2) nm. SAED analysis in Figure 2e–g shows that, in both cases, the cubic nanocrys-
tals can be attributed to the CsPbBr3 phase, while the hexagonal phase was confirmed as
that of Cs4PbBr6. We conclude that the sample prepared by RTP method is, in fact, a mixed
sample containing both the CsPbBr3 nanocrystals and the larger Cs4PbBr6 crystals.
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Figure 2. (a) TEM micrograph of the pure sample; (b) TEM micrograph of the mixed sample; (c) size distribution of
100 crystals presented in (a), the mean size is (19.1 ± 0.2) nm; (d) size distribution of 100 crystals presented in (b), the
mean size is (9.8 ± 0.2) nm; (e) integrated radial intensity profile from a SAED pattern (in the inset) of the pure sample
(corresponding micrograph in the inset) compared to the ICDD PDF-2 record for CsPbBr3 #01-072-7929; (f) integrated radial
intensity profile from a SAED pattern (in the inset) of large hexagonal crystals present in the mixed sample (corresponding
micrograph in the inset) compared to the ICDD PDF-2 record for Cs4PbBr6 #01-077-8224; and (g) integrated radial intensity
profile from a SAED pattern (in the inset) of small cubic crystals present in the mixed sample (corresponding micrograph in
the inset) compared to the ICDD PDF-2 record for CsPbBr3 #01-072-7929. Sizes of nanocrystals were measured using an
ImageJ software [51] and SAED patterns were integrated using the ProcessDiffraction software [52].

The reason we cannot see the CsPbBr3 phase on XRPD clearly (only partially in the
supernatant sample) is that Cs4PbBr6 crystals are one order of magnitude larger than
CsPbBr3 nanocrystals. In this case, XRPD is not capable of distinguishing the CsPbBr3
phase present in minority, especially when consisting of smaller particles. We estimate that
the amount of CsPbBr3 phase in this sample was less than 5%. Any reflections from CsPbBr3
nanocrystals are in this case destined to be lost in the background. CsPbBr3 reflections
were observable only on the supernatant sample, as the majority of large Cs4PbBr6 crystals
were separated by centrifugation. However, due to the preferential orientation, which
resulted from the drop-casting process, this XRPD analysis was not conclusive enough.
When in any doubt, it is crucial to exploit more sensitive methods, such as SAED, which
was performed in this work, or for example using the synchrotron radiation for XRPD
analysis, to avoid any misleading preliminary conclusions.

Based on the XRPD analysis, we denote the HI-prepared sample as “the pure sample”
and the RTP-prepared sample as “the mixed sample”.

Absorption spectra of all samples are presented in Figure 3a. Spectrum of pure
CsPbBr3 sample (green line) features typical CsPbBr3 absorption edge at 515 nm. Absorp-
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tion band peaking at 261 nm can be attributed to an excess of surfactants (this peak tends
to diminish with lower concentration of nanocrystals, see the Supplementary Information
Figure S2 for detailed explanation and additional spectra).

Figure 3. (a) Absorption spectra of both the supernatant (blue line) and precipitate (red line) of the mixed sample (in toluene)
and that of the pure sample (green line, in hexane), in the inset: absorption spectrum of toluene; (b) PL characteristics of the
pure sample (green lines) and the mixed sample (red lines), excitation spectra, collected at the emission maxima, are in
dashed lines, emission spectra in solid lines, excitation wavelength was 300 nm in both cases; and (c–f) PL decay curves of
both the pure (c,d) and mixed (e,f) samples, excited at 310 nm (c,e) and 389 nm (d,f). Black dots represent the experimental
data, red line is the best fit (3-exponential function), and blue line is the instrumental response function (IRF).

Absorption spectrum of the mixed sample (red line) has a very high background
caused by the light scattering at large Cs4PbBr6 crystals. We can identify broader absorption
band peaking between 305–330 nm, which may be attributed to the bulk absorption of
Cs4PbBr6 crystals [10,34,53]. Any possible CsPbBr3-related absorption edge is hidden in
the background. The spectrum rapidly drops down below 283 nm; this is caused by the
toluene cut-off (see the toluene absorption spectrum in the inset). The same artefact can be
observed in the absorption spectrum of the supernatant of the mixed sample, but not in the
spectrum of the pure sample, which is dispersed in hexane.

Absorption spectrum of the supernatant of the mixed sample is presented as a blue
line in Figure 3a. This spectrum features two CsPbBr3-related absorption maxima at
449 nm and 385 nm, both significantly blue-shifted compared to the absorption of the pure
sample. As discussed above (XRPD characterization), CsPbBr3 nanocrystals present in this
sample are probably in the form of nanoplatelets. Strong blue shift of absorption spectrum
indicates that at least one dimension is below the exciton Bohr diameter (~4–7 nm) [4,50],
which further supports the nanoplatelets hypothesis. Based on this consideration, we may
attribute the 385 nm and 449 nm absorption features to the light hole-electron and heavy
hole-electron transitions, respectively. Another feature in this spectrum is an absorption at
310 nm, which can be attributed to absorption of Cs4PbBr6 crystals [34,54].

Figure 3b shows photoluminescence (PL) emission and excitation spectra of both
samples. Spectra of the mixed sample’s supernatant are presented in Supplementary
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Information Figures S3–S5. Emission maximum of the mixed sample is blue shifted from
the maximum of the pure sample by 6 nm, which is caused by the size difference of CsPbBr3
nanocrystals. Excitation spectrum of the pure sample follows its absorption spectrum up
to its maximum at 329 nm. However, excitation spectrum of the mixed sample features a
significant drop in its intensity at 314 nm, which matches the Cs4PbBr6 absorption (similarly
as in [55]).

Cs4PbBr6 has larger band gap than CsPbBr3, therefore an energy transfer is theoreti-
cally possible. The drop in the mixed sample excitation spectra does not go all the way to
zero intensity, so it does not rule out this possibility as well. We tested the following hy-
pothesis (see Figure 4): Is it possible that the incident radiation excites the Cs4PbBr6 phase,
and then the energy is either radiatively or non-radiatively transferred to the CsPbBr3
phase? TEM shows that both phases are in a very close proximity, so both mechanisms are,
in principle, possible, even if the radiative transfer has in this case generally much higher
probability.

Figure 4. Schematic illustration of the energy-transfer hypothesis; path 1: non-radiative energy
transfer from Cs4PbBr6 excited state to the excited state of neighboring CsPbBr3 nanocrystal; path 2:
radiative energy transfer, ultraviolet photon emitted by scintillation process in Cs4PbBr6 is absorbed
by CsPbBr3 nanocrystal.

In order to investigate the possible energy transfer between these two phases, we
recorded PL decays at two excitation wavelengths for both the pure and the mixed sample.
One wavelength (310 nm) was selected to excite mostly the Cs4PbBr6 phase, and the second
(389 nm) to excite the CsPbBr3 phase exclusively.

Decay curves of the pure sample are shown in Figure 3c,d. They are almost identical,
featuring 6 ns fast decay component. Panels (e) and (f) show decay curves of the mixed
sample. Again, they are almost identical, therefore no energy transfer from Cs4PbBr6 to
CsPbBr3 was confirmed. Moreover, compared to the pure sample, the fast components
are roughly similar, only the slowest component seems to be faster in the mixed sample.
Additionally, the contribution of the fastest component is significantly higher in the mixed
sample.

This acceleration of the decay time in the mixed sample is probably caused by the
presence of smaller CsPbBr3 nanocrystals. One factor may be the quantum confinement
effect, but it can also be caused by the luminescence quenching on various defects. It is
well known that, in smaller nanocrystals with higher surface to volume ratio, more surface
defects are present, which can be responsible for significant quenching. Nevertheless,
the presence of Cs4PbBr6 phase seems to have no effect on PL temporal characteristics of
the CsPbBr3 nanocrystals, which might also be due to severe thermal quenching of the
emission of the former at room temperature [34].

Due to the nature of the samples, it is challenging to guarantee the same concentration
of the solid phase in both mixed and pure samples to reliably assess the quantitative effect
of the Cs4PbBr6 presence on the CsPbBr3 PL intensity. This is also the reason we present
only normalized (to a maximum) PL spectra in Figure 3b. However, we can ensure the same
thickness of the centrifuged solid samples for radioluminescence (RL) characterization, and
thus provide the quantitative comparison in this set of data (cf. Figure 5). Moreover, as the

  



P3 

 91 

Nanomaterials 2021, 11, 1935 9 of 13

target application of our investigation is the high energy radiation detection, quantitative
changes in scintillation (unlike PL) parameters are those of real interest.

Figure 5. (a) Radioluminescence (RL) spectra of the pure sample (red line) and of the mixed sample (blue line) compared to
the RL spectrum of Bi4Ge3O12 (BGO) powder (grey line); (b–e) scintillation decay curves for both the pure (b,c) and mixed
(d,e) samples, recorded in both the short (b,d) and long (c,e) time windows. Black dots represent the experimental data, red
line is the best fit (4-exponential function), and blue line is the instrumental response function (IRF).

Figure 5 summarizes RL characterization of both samples with powder Bi3Ge4O12
(BGO) standard scintillator used for a comparison. Steady state RL spectrum in panel (a)
shows that intensity of the pure sample is one order of magnitude larger than that of the
mixed sample. One factor contributing to such difference may be the abovementioned
higher concentration of surface defects resulting from the smaller CsPbBr3 nanocrystals
present in the mixed sample. However, this alone would not cause such a strong effect.
Furthermore, it can be expected that CsPbBr3 nanocrystals prepared at room temperature
by rapid precipitation process would have poorer crystallinity, more crystallographic
defects, and, subsequently, lower PLQY, compared to nanocrystals precipitated at elevated
temperatures during the hot injection process. However, we have never encountered any
evidence in the literature about CsPbBr3 nanocrystals prepared by the precipitation method
and compared to CsPbBr3 nanocrystals prepared by the hot injection in the same lab to
have such poor photoluminescence properties that could result in one order of magnitude
difference in scintillation light output.

On the other hand, the presence of Cs4PbBr6 crystals in the sample is capable of
significantly deteriorating the bright luminescence of CsPbBr3 nanocrystals due to the
emission dumping effect at Cs4PbBr6 caused by its strong quenching [34]. Figure 3b
shows a significant drop in the excitation spectrum of CsPbBr3 emission resulting from
the Cs4PbBr6 absorption. Neither PL decay measurements in Figure 3, nor scintillation
decay measurements in Figure 5, indicate any form of energy transfer from Cs4PbBr6 to the
CsPbBr3 phase (due to thermal quenching of its emission). Therefore, all the energy that
is deposited in Cs4PbBr6 crystals is lost to the scintillation process in CsPbBr3. Moreover,
Cs4PbBr6 crystals are one order of magnitude larger than CsPbBr3 nanocrystals in the
mixed sample, therefore they are more capable of efficient stopping the incident X-ray
radiation. In addition, they are diluting the CsPbBr3 concentration in this sample, which
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further reduces the probability of effective deposition of incident radiation energy in the
CsPbBr3 phase.

Furthermore, incident radiation generates excitons, or self-trapped electrons and holes,
in the Cs4PbBr6 lattice. When localized charge carriers diffusing through Cs4PbBr6 en-
counter large and fairly even offset at the conduction and valence band edges (Cs4PbBr6 vs.
CsPbBr3), they will likely dissociate, and it may serve to concentrate carriers in CsPbBr3 [46].
Smaller Cs4PbBr6 particles would trigger shorter diffusion length and consequently higher
probability of dissociation and charge transfer to CsPbBr3, again resulting in better effi-
ciency and yield of green emission.

The larger the Cs4PbBr6 crystals, the more prominent the above-described effects
reducing the overall RL intensity.

Therefore, we conclude that the presence of Cs4PbBr6 crystals alongside CsPbBr3
nanocrystals significantly reduces their scintillation light output.

This conclusion supports theoretical prediction published in the recent Perspective [45].
They considered a CsPbBr3@Cs4PbBr6 quantum-dot-in-host-like composite, and calculated
a PL spectrum escaping from 10 µm depth within the sample. They found that, compared
to the launched PL spectrum, the escaping one is 100⇥ attenuated and red-shifted by
20 nm. Our experiments qualitatively confirm this weakening of CsPbBr3 light output
in the presence of Cs4PbBr6 phase. Our systems were not identical, but in both cases, it
was the CsPbBr3 nanocrystalline phase surrounded by a larger amount of Cs4PbBr6 phase
in some form, therefore we believe that this comparison is justified. We also confirm a
significant red shift (15 nm) between the PL spectrum of colloidal sample (i.e., “launched”
spectrum) and RL spectrum of precipitated powder (i.e., “escaping” spectrum from within
the sample). This red shift also occurs in the pure sample, where it is even larger (23 nm)
due to the higher concentration of absorbing CsPbBr3 nanocrystals (Cs4PbBr6 phase does
not absorb the 517 nm light).

Scintillation decay curves of both samples are similar within the uncertainty given by
the 4-exponential approximation. They all feature two sub-nanosecond components (50 ps
and 400 ps), which is a crucial property for the intended fast timing applications.

The presence of Cs4PbBr6 phase does not affect luminescence properties of the sample,
other than the scintillation light output. Therefore, for most optoelectronic applications,
its presence does not hinder successful implementation. It can even prove beneficial in
protecting CsPbBr3 nanocrystals from a deteriorative effect of air oxygen and humidity,
as in [23–25]. However, for applications such as scintillation detectors for fast timing, the
drop in the CsPbBr3 radioluminescence intensity can become detrimental.

4. Conclusions

We synthesized and characterized CsPbBr3 nanocrystals prepared by the hot injection
method (HI) and their mixture with Cs4PbBr6 crystals using the room temperature precipi-
tation method (RTP), which we compared and evaluated with respect to possible future
optoelectronic applications. Our RTP protocol yields high amount of Cs4PbBr6 phase,
which allowed us to study its possible effect on the CsPbBr3 luminescence properties.

We demonstrated that the Cs4PbBr6 crystals have significant negative impact on the
CsPbBr3 scintillation light output, most probably due to strong thermal quenching of their
luminescence, but do not affect timing properties in any way. This conclusion supports
theoretical predictions in [45] even if our system was not identical. We believe that this is
another step towards better understanding of such materials regarding their scintillation
characteristics. Moreover, our study did not provide any sufficient evidence of an energy
transfer between those two phases.

We conclude that the presence of Cs4PbBr6 phase should be a concern for any optoelec-
tronic application requiring high scintillation light output, such as scintillation detectors for
fast timing applications. In this case, much attention needs to be paid to characterization
of the material prepared by the RTP process to rule out the possible presence of Cs4PbBr6
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phase, especially when thinking of upscaling for large batches for possible future industrial
production.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11081935/s1, Figure S1: Structure of CsPbBr3 and Cs4PbBr6 drawn with VESTA software
[S1], details on syntheses, Figure S2: Absorption spectra of the pure sample dispersed in hexane in
three different concentrations; absorption spectra of the surfactants in the inset, Figure S3: Emission
spectrum (excited at 300 nm) of the mixed sample and corresponding excitation spectra for each
emission band, Figure S4: Gaussian decomposition of the mixed sample emission spectrum, and
Figure S5: Comparison of PL of both samples excited by the 365 nm UV light. Reference [56] is cited
in the supplementary materials.
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Abstract: Lead halide perovskite nanocrystals of the formula CsPbBr3 have recently been identi-
fied as potential time taggers in scintillating heterostructures for time-of-flight positron emission
tomography (TOF-PET) imaging thanks to their ultrafast decay kinetics. This study investigates the
potential of this material experimentally. We fabricated CsPbBr3 thin films on scintillating GGAG:Ce
(Gd2.985Ce0.015Ga2.7Al2.3O12) wafer as a model structure for the future sampling detector geome-
try. We focused this study on the radioluminescence (RL) response of this composite material. We
compare the results of two spin-coating methods, namely the static and the dynamic process, for
the thin film preparation. We demonstrated enhanced RL intensity of both CsPbBr3 and GGAG:Ce
scintillating constituents of a composite material. This synergic effect arises in both the RL spectra
and decays, including decays in the short time window (50 ns). Consequently, this study confirms
the applicability of CsPbBr3 nanocrystals as efficient time taggers for ultrafast timing applications,
such as TOF-PET.

Keywords: lead halide perovskites; nanocrystals; thin films; heterostructure; scintillator; fast timing;
TOF-PET

1. Introduction

Lead halide perovskite nanocrystals of the formula CsPbX3 (X = Cl, Br, I) were first
reported more than 20 years ago [1–3], but have only been studied thoroughly since
2015, when their colloidal synthesis was introduced [4]. There are a large body of papers
published on this topic, but the majority of work focuses on their luminescent properties
and applications such as LEDs, displays, photovoltaics, or lasers [5–7].

However, their properties such as fast decay times, narrow emission bands, and high
light yield are also desirable for scintillation detectors. Some papers have been published
on this topic [8–14], but not nearly as many.

Moreover, in contrast with, e.g., CsPbBr3 single crystals [11], CsPbBr3 nanocrystals
show negative thermal quenching (increase of radioluminescence intensity with increasing
temperature) leading to scintillation light yield of 24,000 ± 2100 MeV�1 at 300 K under
662 keV excitation, which is one order of magnitude higher than other nanocrystals in this
family, namely FAPbBr3 and CsPbI3 [15].

The application of any nanocrystals as prospective scintillators has some common is-
sues, among which the most serious is their poor stopping power. Simple calculation shows
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that the half-value layer of CsPbBr3 for Cu K↵ line is ~7.5 µm and for Bremsstrahlung gen-
erated in X-ray tube operating at 40 kV the half-value layer is ~100 µm (see Supplementary
Information for details and used values). This means that nanocrystals must be in the form
of a sufficiently thick film to stop at least some of the incident radiation. Moreover, these
values represent only the lower limit of a rough estimate, because they do not take into
consideration the reduction of density due to the presence of surface ligands and the lower
density of nanomaterials compared to their bulk counterparts. Therefore, real half-values
will be even larger.

To fabricate high quality thin films of such thicknesses is not an easy task by itself.
Moreover, in such thick films one can expect serious issues with self-absorption, because
semiconductor nanocrystals have generally small Stokes shifts and CsPbX3 nanocrystals
are no exception. Small Stokes shift can be overcome by introducing a wavelength shifter
to the mixture [16], but it will inevitably lead to longer rise and decay times, which is
undesirable for some applications requiring fast response, such as time-of-flight positron
emission tomography (TOF-PET) or high energy physics.

It has been proposed and explored before, that a sandwich-like structure combining the
bulk scintillator with high stopping power and semiconductor nanocrystals with ultrafast
decay times is highly promising for TOF-PET detectors [17,18]. The bulk scintillator serves
as a stopping medium and provides the energy resolution and nanocrystals serve as
time taggers.

In this work we fabricate similar, but much simpler composite materials; CsPbBr3 thin
films on GGAG:Ce (Gd3(Al,Ga)5O12:Ce) scintillating wafer. GGAG:Ce is a modern scintil-
lator that possesses high stopping power (effective atomic number Zeff = 54) and high light
yield, slightly under 60,000 MeV�1 when optimized [19,20]. We use lower energy X-rays
to characterize this nanocomposite as the first step towards future study of CsPbBr3 on
GGAG:Ce sandwich pixel under 511 keV gamma-rays excitation. We show an enhancement
effect between these two materials that leads to improved radioluminescence intensities
(higher than a simple sum of individual emissions), while preserving the sub-nanosecond
decay components of CsPbBr3 nanocrystals both in photo- and radioluminescence decays.

2. Materials and Methods

2.1. Chemicals

Cs2CO3 (99.9%, Sigma-Aldrich, Saint Louis, MO, USA), PbBr2 (99.999%, Sigma-
Aldrich), oleylamine (OAm, 70%, Sigma-Aldrich), oleic acid (OA, 90%, Sigma-Aldrich),
1-octadecene (90%, Sigma-Aldrich), toluene (99.8%, Sigma-Aldrich), didodecyldimethylam-
monium bromide (DDAB, 98%, Sigma-Aldrich), and ethylacetate (p. a., PENTA, Prague,
Czech Republic). All chemicals were used as received without further purification, unless
stated otherwise.

2.2. Wafers for Thin Films

We used two types of wafers for thin films deposition: a commercially available
glass slide as a non-scintillating wafer (square, 18 mm ⇥ 18 mm ⇥ 0.17 mm, Hirschmann,
Eberstadt, Germany) and GGAG:Ce as a scintillating wafer (circle, ~15 mm in diameter
and 0.2 mm thick). The GGAG:Ce (Gd2.985Ce0.015Ga2.7Al2.3O12) was grown at the Czech
Academy of Sciences.

2.3. CsPbBr3 Synthesis

To synthetize CsPbBr3 nanocrystals, the standard hot-injection (HI) procedure intro-
duced by Protesescu et al. was used [4]. The preparation of cesium oleate was modified
to increase Cs:OA ratio in the reaction to 1:5 according to the study by Lu et al. [21]. In
short, 0.752 mmoL of PbBr2, 20 mL of 1-octadecene (ODE), 2 mL of oleylamine (OAm), and
1.78 mL of oleic acid (OA), were mixed in 100 mL 3-neck flask and degassed at 110 �C under
vacuum for 1 h. After that, 0.5 mL of dried pre-synthesized cesium oleate solution (0.4 M)
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was injected at 170 �C under argon atmosphere. More details on the CsPbBr3 synthesis can
be found in our previous publication [22].

Ligand exchange reaction was performed following the procedure presented by Imran
et al. [23], and all exchange reactions were performed at room temperature in air. The crude
reaction mixture from HI synthesis was mixed with 55 mM DDAB toluene solution (volume
ratio 3:2) and vigorously stirred for 2 min. Thereafter, NCs were precipitated by addition of
ethyl acetate (15 mL per 3 mL of crude reaction mixture) and isolated by centrifugation for
10 min at 4800⇥ g. Final CsPbBr3 solution was obtained by redispersion in toluene.

For preparation of CsPbBr3 thin films, the solution concentration was adjusted to
45�50 mg·mL�1. The NC concentration was determined from the solution absorbance at
400 nm according to Maes et al. [24].

2.4. Thin Film Fabrication

CsPbBr3 thin films were fabricated using the spin-coating technique, two different
processes of repeated spin-coating were developed to prepare thicker films.

In the static process the solution was repeatedly deposited on stationary wafer fol-
lowed by rotation at 2000 rpm for 1 min. Films on the glass wafer were prepared by
depositing 40 µL of solution 40⇥ (to compare with the dynamic process) or 50⇥ (for the
rest of experiments), the film on scintillating wafer was fabricated by deposition of 20 µL
repeated 50⇥. Smaller amount of solution (20 µL) was used because GGAG:Ce wafer is
smaller than the glass wafer.

In the dynamic process the solution was deposited dropwise on constantly rotating
substrate. Spacing between individual drops was 45 s, rotation rate was 2000 rpm. To
fabricate the CsPbBr3 film on the glass slide, 600 µL of the solution was used; the thin film
on scintillating wafer was prepared using 500 µL of the solution.

2.5. Characterization

X-ray powder diffraction (XRPD) was measured using a Rigaku Miniflex 600 diffrac-
tometer equipped with the Cu X-ray tube (average wavelength K↵1,2 0.15418 nm, voltage
40 kV, current 15 mA). Data were collected with a speed of 2�/min and compared with the
ICDD PDF-2 database, version 2013. The Halder–Wagner method with Scherrer constant
value 0.94 was used for the determination of the linear crystallite size. The scanning electron
microscopy (SEM) was obtained using an FEI XL30 ESEM microscope with home-build
cathodoluminescence setup for measurement spectrally and spatially resolved cathodolu-
minescence. It consists of optical system for light collection, single-grating monochromator,
and photomultiplier tube Hamamatsu H7711-13. Width of slits enable better than 20 nm
spectral resolution. Absorption spectra were collected using a Cary 100 spectrophotometer
(Varian, Palo Alto, CA, USA). Photoluminescence (PL) excitation and emission spectra
were collected using a FluoroMax spectrofluorometer (Horiba Jobin Yvon, Kyoto, Japan).
Radioluminescence (RL) spectra were collected using a 5000M spectrofluorometer (Horiba
Jobin Yvon) with a monochromator and TBX-04 (IBH, Glasgow, Scotland) photodetector,
the excitation source was a Seifert X-ray tube (40 kV, 15 mA). RL decay curves were col-
lected using the hybrid picosecond photon detector HPPD-860 and Fluorohub unit (Horiba
Scientific, Kyoto, Japan). Samples were excited by the picosecond (ps) X-ray tube N5084
from Hamamatsu, operating at 40 kV. The X-ray tube was driven by the ps light pulser
(Hamamatsu, Hamamatsu City, Japan) equipped with a laser diode operating at 405 nm.
The instrumental response function FWHM of the setup is about 76 ps. Convolution proce-
dure was applied to all decay curves to determine true decay times (SpectraSolve 3.01 PRO
software package, Ames Photonics, Fort Worth, TX, USA). The contribution of a component
expressed as a percentage (often referred to as a light sum, LS) was calculated as:

LSn =
Antn

Â Aiti
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where An and tn denote the amplitude and decay time of the nth component. All lumi-
nescence measurements were performed using similar configuration, the emission was
detected from the same surface where excited.

3. Results and Discussion

CsPbBr3 samples used for the thin film fabrication were analyzed using the X-ray
powder diffraction (XRPD), photoluminescence emission (PL), and excitation (PLE) spectra,
as well as absorption spectra (see Figure 1).

Nanomaterials 2022, 12, 14 4 of 11 
 

 

LS  
𝐴 𝜏

∑ 𝐴 𝜏
 

where 𝐴  and 𝜏  denote the amplitude and decay time of the nth component. All lumi-
nescence measurements were performed using similar configuration, the emission was 
detected from the same surface where excited. 

3. Results and Discussion 
CsPbBr3 samples used for the thin film fabrication were analyzed using the X-ray 

powder diffraction (XRPD), photoluminescence emission (PL), and excitation (PLE) spec-
tra, as well as absorption spectra (see Figure 1). 

 
Figure 1. (a) XRPD pattern (red line) of synthesized material used for spin-coating. Identified phase 
according to ICDD PDF-2 database was orthorhombic CsPbBr3 no. 01-072-7929 (blue lines). (b) PL 
emission (red line), excitation (green line), and absorption (blue line) spectra of synthesized solution 
used for spin-coating. 

XRPD analysis in Figure 1 shows that synthesized nanocrystals were pure ortho-
rhombic CsPbBr3 phase with the mean crystallite size of (13.8 ± 0.6) nm, which is consistent 
with the value obtained by XRPD and TEM analysis in our previous paper [22]. The phase 
purity is further confirmed by the PLE spectrum in Figure 1b lacking the dip at 310 nm, 
and absorption spectrum lacking the peak at the same wavelength, which are both char-
acteristic of the Cs4PbBr6 impurity [22,25,26]. The PL spectrum shows a single excitonic 
peak at 515 nm. More detailed characterization of the same type of samples prepared be-
fore can be found in our recently published work [22]. 

CsPbBr3 for the thin film fabrication had to be surface modified using a ligand ex-
change procedure of oleic acid and oleylamine for dioleyldimethylammonium bromide 
(DDAB) [23]. Without the ligand exchange, thicker films with higher radioluminescence 
(RL) intensity could not be prepared, see Figure S1 in Supplementary Information. DDAB 
capping allowed repeated spin-coating process in order to increase the film thickness, see 
Figures S2–S4 in Supplementary Information. Figure 2 shows two optimized processes for 
fabrication of thin films with sufficient thickness. 

Figure 1. (a) XRPD pattern (red line) of synthesized material used for spin-coating. Identified phase
according to ICDD PDF-2 database was orthorhombic CsPbBr3 no. 01-072-7929 (blue lines). (b) PL
emission (red line), excitation (green line), and absorption (blue line) spectra of synthesized solution
used for spin-coating.

XRPD analysis in Figure 1 shows that synthesized nanocrystals were pure orthorhom-
bic CsPbBr3 phase with the mean crystallite size of (13.8 ± 0.6) nm, which is consistent
with the value obtained by XRPD and TEM analysis in our previous paper [22]. The phase
purity is further confirmed by the PLE spectrum in Figure 1b lacking the dip at 310 nm, and
absorption spectrum lacking the peak at the same wavelength, which are both characteristic
of the Cs4PbBr6 impurity [22,25,26]. The PL spectrum shows a single excitonic peak at
515 nm. More detailed characterization of the same type of samples prepared before can be
found in our recently published work [22].

CsPbBr3 for the thin film fabrication had to be surface modified using a ligand ex-
change procedure of oleic acid and oleylamine for dioleyldimethylammonium bromide
(DDAB) [23]. Without the ligand exchange, thicker films with higher radioluminescence
(RL) intensity could not be prepared, see Figure S1 in Supplementary Information. DDAB
capping allowed repeated spin-coating process in order to increase the film thickness, see
Figures S2–S4 in Supplementary Information. Figure 2 shows two optimized processes for
fabrication of thin films with sufficient thickness.
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Figure 2. Schematic representation of the synthesis and spin-coating processes; hot injection (HI)
synthesis, ligand exchange of oleic acid (OA) and oleylamine (OAm) for dioleyldimethylammonium
bromide (DDAB) and static and dynamic spin-coating processes.

Figure 3 displays RL spectra of CsPbBr3 films prepared by both methods. It is clear
that the dynamic process yields the film with higher RL intensity. Even better, this film was
prepared with significantly lower amount of material (0.6 mL for the dynamic process vs.
1.6 mL for 40 layers of the static process), which significantly reduces its cost. On the other
hand, the static process yields the film of much higher homogeneity even to the naked eye
as evidenced by the photographs in the inset of Figure 3.
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Figure 3. RL spectra of CsPbBr3 thin films on glass prepared by using 0.6 mL of CsPbBr3 solution
in the dynamic process (green line) and by stacking 40 layers in the static process (red line). Inset:
Photographs under UV illumination of the film prepared by the dynamic process (top) and static
process (bottom).

Please note that the RL spectra of thin films are red-shifted compared to the PL
spectrum of CsPbBr3 nanocrystals in Figure 1b. This shift is probably caused by different
excitation process under X-rays, and also by reabsorption inevitably occurring in the
CsPbBr3 layer due to its small Stokes shift, as discussed in the Introduction section.

A question to be answered is whether a good homogeneity of the thin film is that
important for the intended application in TOF-PET, where crucial requirements are the
high light output and fast response (i.e., fast rise and decay times) [18]. To find the answer,
both processes were used to prepare films on scintillating GGAG:Ce wafer and both RL
spectra and decays were measured.
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The mean measured thickness of the film prepared by the static process was ~3 µm
(5 spots, 2.4 µm–3.7 µm) and for the dynamic process it was also ~3 µm, but with much
wider distribution (12 spots, 1.08 µm–5.58 µm) (see Figures S4 and S5 in Supplementary
Information for relevant SEM images).

Figure 4 shows RL spectra of CsPbBr3 films prepared by both processes compared
to a pure GGAG:Ce plate and pure CsPbBr3 film on glass prepared by the static process.
CsPbBr3 films on GGAG:Ce prepared by both methods show significantly larger RL inten-
sity than both pure GGAG:Ce and pure CsPbBr3 on glass, even if part of the GGAG:Ce
emission (below ~530 nm) is absorbed by the CsPbBr3 layer (cf. absorption spectrum in
Figure 1). Please note that the quantitative comparison to the film on glass is not entirely
appropriate because of the size difference in the wafers. The glass wafer is larger, therefore
its luminescence intensity is actually overvalued, which further illustrates the relatively
low RL intensity of the pure CsPbBr3 film on glass wafer.
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The enhancement of the GGAG:Ce emission can be explained by analyzing SEM pic-
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Figure 4. RL spectra of prepared CsPbBr3 films on glass by the static process (purple line) and on
GGAG:Ce by the static process (red line) and the dynamic process (green line), compared to the
pure GGAG:Ce wafer (blue line). Graph in the inset: Integrated RL intensities of presented spectra.
Photograph in the inset, from left to right: CsPbBr3 film on GGAG:Ce prepared by the static process,
pure GGAG:Ce wafer, CsPbBr3 film on GGAG:Ce prepared by the dynamic process. Note that UV
illumination intensity is not homogeneous among the samples.

The overall intensity of the nanocomposite is in both cases (the static and the dy-
namic processes) higher than a simple sum of the two individual emissions. The shape
of the RL spectra indicate that both CsPbBr3 and GGAG:Ce emissions are enhanced. The
CsPbBr3 emission is probably enhanced by the absorption and subsequent reemission
of the GGAG:Ce emission. However, the enhancement of GGAG:Ce emission cannot be
explained easily.

Interestingly, in contrast to previous results in Figure 3, there is not much difference in
RL spectra of CsPbBr3 films prepared by different methods on GGAG:Ce wafer. At this
point, it seems that the answer to our question is that the homogeneity of the fabricated
film does not play a significant role in the overall RL intensity of the final nanocomposite.

The enhancement of the GGAG:Ce emission can be explained by analyzing SEM pic-
tures and cathodoluminescence data, see Figure 5. Micrographs at very low magnification
(78⇥, Figure 5a,b) confirm that the thin film prepared using the dynamic process has poor
homogeneity and very large cracks. SEM image in Figure 5c shows the static thin film at
higher magnification (625⇥), which reveals that this film also has cracks, but much thinner.
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Figure 5d (cathodoluminescence image) shows that the 560 nm light, which is emitted
solely by GGAG:Ce, is shining with high intensity through the cracks. This phenomenon
can explain the enhancement of the wafer’s RL response in Figure 4; the cracks probably
serve as a light guide for its emission. Similar effect has been observed before [27] and is
even investigated as a way for deliberate increase of light extraction [28].
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Figure 5. SEM images of the CsPbBr3 film on GGAG:Ce prepared by the static (a) and dynamic (b)
methods at very low magnification (78⇥). SEM image (c) and cathodoluminescence (CL) image (d)
of the film prepared by the static method at larger magnification (625⇥). Red color in the CL image
represents the 560 nm light (which is emitted from GGAG:Ce) and blue color the 520 nm light (which
is emitted mostly by CsPbBr3).

Figure 6 shows scintillation decay times of CsPbBr3 films prepared by both methods on
GGAG:Ce wafers with comparison to the film prepared by the static method on glass and
the pure GGAG:Ce wafer. All the decays were recorded in both short (50 ns, Figure 6a,b)
and long (2 µs, Figure 6c) time windows. Decays in the short time window are of great
importance for the target application in TOF-PET, because even the fastest sub-nanosecond
decay components are well resolved.
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Figure 6. (a) Scintillation decay of the pure CsPbBr3 film prepared by the static process (50 layers) on
glass. (b) Scintillation decays in the short time window of CsPbBr3 films on GGAG:Ce prepared by
the static process (grey diamonds, red line) and the dynamic process (light blue circles, purple line)
compared to the scintillation decay of pure GGAG:Ce wafer (black triangles, green line). (c) Scintilla-
tion decays in the long time window of the CsPbBr3 film on GGAG:Ce prepared by the static method
(grey diamonds, red line) compared to the scintillation decay of the pure GGAG:Ce (black triangles,
green line). Blue line represents the instrumental response function (IRF) in all graphs.

Scintillation decay in the panel (a) in Figure 6 was measured for a qualitative com-
parison of the pure CsPbBr3 film on glass to films on GGAG:Ce. It demonstrates the
applicability of CsPbBr3 films as ultrafast scintillators, because more than 50% of the scin-
tillation light is emitted within the sub-nanosecond time gate. Scintillation decays in the
panel (b) demonstrate that the ultrafast CsPbBr3 emission is preserved even if the film
is fabricated on the scintillation wafer, as well as the slow emission on GGAG:Ce (this
component is resolved only in the long time window in Figure 6c).

The comparison of static and dynamic processes confirms the trend already observable
in RL spectra (Figure 4), namely, that the static process results in the film with higher
overall RL intensity when combined with the GGAG:Ce scintillator. Similarly as in RL
spectra in Figure 4, we also observed significant enhancement of GGAG:Ce emission on
the sample prepared by the static process caused by the light-guiding effect on cracks, as
discussed above and demonstrated in Figure 5. Interestingly, this enhancement is no longer
observable in the sample prepared by the dynamic process. This phenomenon requires
more thorough study in the future, but our preliminary conclusion and the answer to our
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question is that some level of film homogeneity, which ultimately was not achieved by the
dynamic process, is probably needed for the light-guiding effect.

Figure 6c shows the scintillation decay of pure GGAG:Ce compared to the sample
prepared by the static process. It displays the long GGAG:Ce decay component and further
confirms the enhancement of the GGAG:Ce emission thanks to the CsPbBr3 film prepared
by the static process. Decay of the sample prepared by the dynamic process is not presented
because it completely overlaps with both presented decays but can be found in Figure S6
in the Supplementary Information along with the fit parameters of both CsPbBr3 films on
GGAG:Ce.

Summary of the fit rise and decay times can be found in Table 1. Fit parameters of the
pure CsPbBr3 film on glass can be found in Figure 6a.

Table 1. Summary of fit rise times and decay times of pure GGAG:Ce measured in the long time
window and CsPbBr3 films on GGAG:Ce prepared by both static and dynamic processes in the short
time window. Long components of GGAG:Ce could not be resolved in the short time window.

Sample Rise Time Decay Time Light Sum

GGAG:Ce 8 ns
200 ns 63%
660 ns 37%

Static process 50 ps
80 ps 1%

700 ps 1%
long 98%

Dynamic process 30 ps
120 ps 3%
770 ps 2%
long 95%

4. Conclusions

We prepared CsPbBr3 films on both the glass and GGAG:Ce scintillating wafers with
the target application in TOF-PET. We compared two methods for the film preparation, the
static and the dynamic processes. While the dynamic process is more effective in terms of
material waste, the static process yields much more homogeneous films. This was found
important for the intended application because the sample on GGAG:Ce exhibited higher
intensity in RL spectra and especially in scintillation decays.

Moreover, we demonstrated a synergic effect by combining CsPbBr3 nanoscintillator
and GGAG:Ce bulk scintillator. The resulting composite exhibited enhanced RL intensity
while preserving the ultrafast CsPbBr3 decay. Consequently, the thin nanocomposite
layer is able to perform as an efficient time tagger in a sampling detector geometry. We
can conclude, that presented material combination is indeed a potential candidate in the
sandwich detector for ultrafast timing applications, such as TOF-PET.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano12010014/s1, Calculation of the half-value layers, Figure S1: RL spectra of CsPbBr3 thin
films capped with oleic acid and oleylamine on the glass wafer with increasing number of depositions
(1–40 layers), Figure S2: RL spectra of CsPbBr3 thin films capped with didodecyldimethylammonium
bromide on the glass wafer with increasing number of depositions (1–40 layers), Figure S3: Linear
dependence of the RL intensity in Figure S2 on the number of layers deposited by the static spin-
coating process, Figure S4: SEM images of the CsPbBr3 thin film edge. Sample was prepared on the
GGAG:Ce wafer, 50 layers deposited by the static process, Figure S5: SEM images of the CsPbBr3 thin
film edge. Sample was prepared on the GGAG:Ce wafer, 0.6 mL deposited by the dynamic process,
Figure S6: Scintillation decays in the long time window of CsPbBr3 thin films on GGAG:Ce prepared
by the static process (left) and the dynamic process (right). Black circles represent experimental data,
red line represents the fit and blue line is the instrumental response function (IRF). Reference [29] is
cited in the Supplementary Material.
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K.D., J.K., F.H., P.P., V.B., E.M. and V.Č. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Czech Science Foundation, grant number GA20-06374S, the
Ministry of Education Youth and Sports, project “Center for advanced applied science,” grant number
CZ.02.1.01/0.0/0.0/16_019/0000778 and by the Grant Agency of the Czech Technical University in
Prague, grant number SGS20/185/OHK4/3T/14.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this study are available on request from the corre-
sponding author.

Acknowledgments: We thank Martin Nikl and Pavel Boháček from the Czech Academy of Sciences for
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Nanomaterials like CsPbBr3, benefiting from quantum confinement effects to feature ultra-fast decay
time and tunable emission, are paving the way for the next generation of fast timing detectors.
However, an ongoing challenge is to exploit their favorable properties in a full detector, given their size
and instability. Embedding halide perovskite nanocrystals in solid matrices like organic polymers can
provide the required stability and, in the case of high nanoparticle filling factor with little aggregation,
results in a flexible scintillator featuring sub-ns decay times.
In this work, we present the production, characterization, and - for the first time - time resolution
measurements of CsPbBr3 nanocrystals embedded in polystyrene, using two different surface ligands
(OA+OAm, DDAB) and three different filling factors of up to 10 %.
The samples were characterized by spectroscopic methods, namely photo- and radio-luminescence
as well as transmittance, while scintillation decay kinetics was measured in a time correlated single
photon counting setup upon X-ray excitation. The characterization results suggest that, for both
ligands, a 10% filling factor with little to no aggregation can be manufactured.
In addition, the time resolution of these materials was measured with a novel setup coupled to analog
Silicon Photomultipliers and low energy pulsed X-ray excitation. When comparing with the state of
the art inorganic (LYSO:Ce) crystal, more than twofold time resolution improvement was obtained,
despite the lower light transport and small energy deposition. These first promising results represent
the starting point for the optimization of CsPbBr3 nanocrystals embedded in polymer matrices and
their application in fast timing detectors for TOF-CT, TOF-PET and high energy physics.

1 Introdcution
Lead halide perovskite nanocrystalline phosphors with the for-
mula CsPbX3 (X = Cl, Br, I) have captured significant attention of
the scientific community in the last few years, mostly due to their
high light output, fast decay times, and narrow, tunable emission
bands with wide application potential in optoelectronics1–4. Re-
cently, the attention shifted toward their implementation as scin-
tillation detectors as well5–10, specifically for fast timing appli-
cations. Indeed, the capability of ultra-fast detection of X-rays,
511 keV gamma-rays, and high energy particles has triggered in-
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terest in high energy physics11,12 and medical imaging applica-
tions, such as time-of-flight positron emission tomography (TOF-
PET)13,14 and computed tomography (TOF-CT)15. Among many
concepts to boost the production of ultra-fast photons - such as
Cherenkov emission16, hot intraband luminescence17, or cross-
luminescence18 - quantum confinement effects in nanocrystals
result in a unique combination of fast emission with relatively
high light output10,19,20. As a rough estimate, the timing capabil-
ity of a material scales with the square root of the ratio of effective
decay time and light output21, justifying the increasing interest in
nanocrystalline materials as ultra-fast radiation detectors.

Despite their excellent fast emission, several drawbacks have
to be addressed for halide perovskite nanocrystals to be effec-
tively used as radiation detectors. Among them, limited stability
against air moisture and oxygen22 and nanometer size, with con-
sequent low energy deposition upon particle interaction, are the
main ones. Both issues can be partially overcome by the immobi-
lization of nanocrystals in solid matrices such as glass or organic
polymers, or in other composites such as silica/alumina mono-
lith23. The first two techniques are already well established: glass
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matrices guarantee better radiation hardness24,25, while polymer
matrices are much more cost-effective. Further, the applicability
of CsPbBr3 embedded in polystyrene has already been demon-
strated, with encouraging results about radiation hardness as
well.6. The main drawback of polymer matrices for ionizing radi-
ation detectors is the low stopping power, but the incorporation of
dense nanocrystals, such as CsPbBr3, will automatically enhance
it. Moreover, concerning TOF-PET applications, encouraging re-
sults on heterostructured scintillators made of alternating layers
of a dense inorganic material (e.g. BGO whose density is 7 g/cm3)
and fast organic polymers (e.g. BC422 and EJ232 whose decay
time is about 1.5 ns) have been published in the last years26–28.
Lead halide perovskites embedded in polystyrene constitute an al-
ternative candidate as fast material for heterostructures with po-
tentially better time resolution than BC422 or EJ232 as a result
of faster scintillation decay kinetics and higher light yield (about
24 ph/keV29 instead of 8.4 ph/keV30).

This study represents the first step toward the characteriza-
tion and development of lead halide perovskites based scintilla-
tor suitable for radiation detectors. For the first time, we provide
time resolution measurements of nanocrystal based samples upon
pulsed X-ray irradiation. While the scintillation decay kinetics of
these samples was already accessible using laser or X-ray irradi-
ation, the time resolution measurements are investigating a dif-
ferent physical quantity; it encompasses not only the simple scin-
tillation decay kinetics, but also the scintillation light yield21,31.
The coincidence time resolution (CTR) is already an established
quantity usually measured using higher energy sources, like 22Na
emitting 511 keV g-rays. Due to low detection efficiency, the stan-
dard characterization procedure is not possible for these sam-
ples, therefore we used a novel experimental setup32,33 allowing
to measure the time resolution of scintillators upon low energy
(about 10 keV) X-ray irradiation.

In this study, we explore CsPbBr3 nanocrystals capped with dif-
ferent surface ligands embedded in a polystyrene matrix with
various weight filling factors (up to 10 %). The chosen lig-
ands were the standard combination of oleic acid and oleylamine
(OA+OAm) and DDAB (didodecyldimethylammonium bromide),
which was reported to exhibit better surface passivation capa-
bility compared to OA+OAm, resulting in higher light yields of
CsPbBr3 nanocrystals34,35. We characterize them focusing on
their potential for fast timing applications. Therefore, we provide
time resolution measurements upon X-ray excitation and discuss
integration aspects for the applicability as radiation detectors.

2 Experimental section

2.1 CsPbBr3@PS composite fabrication

CsPbBr3 nanocrystals were synthesized using the standard hot in-
jection procedure 1. DDAB capped nanocrystals were prepared by
a ligand exchange method. The size of nanocrystals used for the
nanocomposite fabrication was determined to be 10±1 nm. For
more information, please refer to the Electronic Supplementary
Information (ESI) †.

For the polystyrene (PS) nanocomposite samples, about 210 mg
of PS pellets were dissolved in toluene in a Petri dish of 5 cm

diameter. Then, the calculated amount of CsPbBr3 solution was
pipetted to achieve the desired final concentration in PS, namely
1 %, 5 %, and 10 %. For example, for 1 % filling factor, 40 mL of
52.5 mg/mL CsPbBr3 solution was pipetted. The viscous solution
was thoroughly mixed until homogenized completely. Finally, the
toluene was left to evaporate in air at room temperature. After
one week, the already solid samples were taken out of the Petri
dishes and the residual toluene was left to evaporate in air at
room temperature for another week.

Before characterization, all samples were cleaned with cellu-
lose swab soaked in hexane, finally resulting in 5 cm diameter
discs with a thickness of 100 mm, as measured by a caliper with
20 mm resolution.

Ultimately, two sets of samples were obtained, each with three
different filling factors - 1 %, 5 %, and 10 % - giving a total of
six samples. In the first set CsPbBr3 nanocrystals were capped
with oleic acid and oleylamine (OA+OAm), while in the second
one the nanoparticles were capped with DDAB. All samples are
summarized and shown in Table 1. Note that the transparency is
good even for 10 % filling.

Table 1 Photographs of the samples and their respective Petri dishes

after removing the sample.

CsPbBr3 OA + OAm CsPbBr3 DDAB

Photograph Petri dish Photograph Petri dish

2.2 Characterization

Before embedding CsPbBr3 nanocrystals in the polystyrene ma-
trix, X-ray powder diffraction, PL, and RL spectra were measured.
After the embedding, RL, and transmission spectra, as well as
scintillation decay kinetics and time resolution under X-ray exci-
tation were measured for all samples.

X-ray powder diffraction (XRPD) was measured using a Rigaku
Miniflex 600 diffractometer equipped with a Cu X-ray tube (Ka1,2
average wavelength 0.15418 nm, voltage 40 kV, current 15 mA).
Data were collected with a speed of 2 °/min and compared with
the ICDD PDF-2 database, version 2013. The Halder-Wagner
method with the Scherrer constant value of 0.94 was used to de-
termine the linear crystallite size.

Transmission spectra, PL excitation, and emission spectra were
collected using a FluoroMax spectrofluorometer (Horiba Jobin
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Yvon). RL spectra were collected using a 5000M spectrofluorom-
eter (Horiba Jobin Yvon) with a monochromator, a TBX-04 (IBH
Scotland) photodetector, and a Seifert X-ray tube (40 kV, 15 mA)
as an excitation source.

The decay time was measured in time correlated single pho-
ton counting (TCSPC) mode36. The samples were excited with a
Hamamatsu pulsed X-ray tube and the emission light was col-
lected by a Hybrid Photomultiplier Tube (HPMT). The overall
instrumental response function (IRF), which takes into account
the HPMT together with the laser used to excite the X-ray tube
and the tube itself, was estimated to be 160 ps full-width-at-half-
maximum (FWHM). To select only the perovskite emission, a
bandpass filter centered at 530 nm with 40 nm FWHM was used.

The scintillation decays were fitted with the convolution of the
system IRF and the intrinsic scintillation decay function. Since a
(semi-)prompt component was observed for all samples, we de-
cided to model the intrinsic scintillation function as the sum of
three exponential functions and a Dirac-delta function, in anal-
ogy to what was done in37 to model Cherenkov photons. Before
opting for this model, others were tested using only exponen-
tial components (between two and five). However, these did not
properly account for the ultra-fast decay component, which is the
one of utmost importance for fast timing radiation detectors. We
finally chose the model that allowed us to fit all the samples well
enough, particularly in the fastest part of the decay, while main-
taining the lowest number of components. In the fit procedure,
the rise-time was fixed at 0 ps since it was well below the time
resolution of the system. This allowed better stability of the fit for
the decay part.

The detector time resolution (DTR) - also known as single
time resolution (STR), as opposed to coincidence time resolution
(CTR) which takes into account a pair of detectors - was measured
with a novel experimental setup using low energy X-ray irradia-
tion developed purposely for the characterization of low-stopping
power scintillators32,33. The setup includes a Hamamatsu pulsed
X-ray tube, excited by a picosecond diode laser whose external
trigger is used as the start signal for the DTR measurement. The
stop signal instead is given by the output of the SiPM, used for
collecting the scintillation light emitted by the sample following
the X-ray excitation. The DTR was evaluated as the FWHM of the
time delay (time difference between start and stop) peak.

For these measurements, 3⇥3 mm2 plates were cut from the
5 cm discs to match the active area of the SiPM (3⇥3 mm2,
S13360-3050CS from Hamamatsu), operated about 10 V above
the breakdown voltage. The optical coupling was done with Melt-
mount glue (refractive index n = 1.58) and no reflective material
was used to wrap the samples to avoid X-ray absorption from this
material.

3 Results

3.1 Transmission

CsPbBr3 samples capped with DDAB have generally better trans-
parency, as visible in the photographs in Table 1 and then con-
firmed by transmission spectra shown in Figure 1 (OA+OAm (a)
DDAB (c)). CsPbBr3@PS (1%) capped with OA and OAm have

50% transmittance at 800 nm, while CsPbBr3@PS (1%) capped
with DDAB have 56% transmittance. The difference is even more
pronounced for higher filling factors, as it can be observed in Fig-
ure 1(a,c).

From Figure 1(a,c), it is also clear that samples with 1 % fill-
ing factor have good transparency even at lower wavelengths
than the absorption edge of CsPbBr3 (around 510–530 nm), un-
like those with higher filling factors.

3.2 Radioluminescence

Figure 1(b,d) shows the RL spectra of the two sets of samples.
The RL intensity - calculated by integrating the spectrum between
470–630 nm - of the OA+OAm 10 % sample is 2× higher com-
pared to the OA+OAm 5 % sample, while the intensity of the
DDAB 10 % sample is 2.5× higher compared to the correspond-
ing 5 % sample.

The positions of RL emission bands were obtained by fitting
the curve around its maximum with a quadratic function to re-
duce the effect of noise. The errors were estimated by taking into
account both the precision of the chosen fitting procedure and the
systematic error of the setup. For more details and examples of
such curves, see Figure S3 in ESI †.

The positions of RL emission bands of samples with higher fill-
ing factors are increasingly red-shifted from 528 ±1 nm for 1 %
filling factor up to 533±0.5 nm for the 10 % filling factor us-
ing OA+OAm ligands and from 526±1 nm (1 % filling factor) to
531±0.5 nm (10 % filling factor) using the DDAB ligand. This
red-shift is even more pronounced in the PL emission, as shown
in Figure S4 in ESI †.

All samples have very weak emission centered at 325 nm which
originates from the polystyrene itself, as shown by the ⇥100 mag-
nification in Figure 1(b,d).

The samples were stored at ambient conditions and the RL
spectra were measured three times over the course of one month.
No significant changes in the RL intensity were observed (see Fig-
ure S5 in ESI †).

3.3 Decay time under X-ray excitation

Figure 2 shows an example of a measured scintillation decay to-
gether with its fit. The fitted scintillation decays of all six samples
can be found in the ESI † (see Figure S6 and Figure S7). The
results are summarized in Table2. For all samples, we observe
an ultra-fast decay time component (modeled with a Dirac-delta
function) of about 20 % weight and another sub-ns decay time
component, also with around 20 % contribution. Those ultra-fast
decay time components are of utmost importance to boost the
timing capability of the material. For samples belonging to the
OA+OAm set, it can be observed that the slowest decay com-
ponent (td3) and its corresponding weight (R3) progressively in-
crease together with the filling factor, at the expense of the fastest
exponential decay component (td1). On the contrary, for the
DDAB samples, no clear trend is observable.

The effective decay time (td,eff), defined as the weighted har-
monic mean of the exponential components, was chosen as figure
of merit to summarize the three exponential decay components
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Fig. 1 (a)Transmission spectra and (b) RL spectra of samples from the OA+OAm set, (c) transmission spectra and (d) RL spectra of samples from

the DDAB set, with various filling factors. Blue, green and red lines represent 1 %, 5 % and 10 % filling factors, respectively. The RL spectra were

multiplied by the factor of 100 in the interval 250 nm – 400 nm to reveal the weak polystyrene emission.

Table 2 Fit results of all scintillation decays. G is the weight of the delta function used to model the ultra-fast component, td1, td2 and td3 are the

exponential decay components with the respective weights (R1, R2 and R3), and td,eff is the effective decay time.

Sample td1 [ns] R1 [%] td2 [ns] R2 [%] td3 [ns] R3 [%] G [%] td,eff
1[ns]

O
A
+
O
A
m

1% 0.76 ± 0.02 24 ± 4 3.0 ± 0.3 27 ± 3 11 ± 1 31 ± 7 18 ± 2 1.9 ± 0.2
5% 0.68 ± 0.02 18 ± 3 3.4 ± 0.3 30 ± 4 18 ± 2 28 ± 5 24 ± 3 2.0 ± 0.2

10% 0.69 ± 0.02 14 ± 2 4.1 ± 0.4 28 ± 4 26 ± 3 42 ± 7 16 ± 2 2.9 ± 0.3
D
D
A
B

1% 0.92 ± 0.03 18 ± 3 3.9 ± 0.4 29 ± 4 21 ± 3 37 ± 7 16 ± 2 2.9 ± 0.3
5% 0.79 ± 0.02 17 ± 3 3.5 ± 0.3 35 ± 4 18 ± 2 28 ± 5 20 ± 2 2.4 ± 0.2

10% 0.79 ± 0.02 17 ± 3 3.9 ± 0.4 27 ± 3 15 ± 2 36 ± 6 20 ± 2 2.6 ± 0.2
1 The fit function was normalized so that the weights of the four components add up to one (Â3

i=1 Ri +

G = 1), but the effective decay time was calculated with re-normalized ratio: Rn,i =
Ri

Âi Ri
and 1

td,eff
=

Âi
tdi
Rn,i

.

in only one parameter, simplifying the comparison between the
samples21. The obtained values are reported in the last column of
Table 2 and confirm what was previously observed. For this calcu-
lation, a re-normalization was applied to omit the almost prompt
contribution for better comparison. For a final evaluation, both
parameters td,eff and G, the weight of prompt component, need
to be considered simultaneously.

3.4 Time resolution under X-ray excitation

Time resolution results are presented in Table 3. One can observe
that overall, the samples capped with DDAB showed slightly bet-

ter timing capability. The time delay distribution of all samples
can be consulted in the ESI † (see Figure S8).

To give a better idea about the timing performance of this
material, a comparison with two well-known scintillators -
LYSO:Ce and EJ232 plastic scintillator - with similar geometry
(3⇥3⇥0.2 mm3) is shown as well in Table 3. LYSO:Ce was chosen
as the state-of-the-art inorganic scintillator for TOF-PET: it has
high density and high effective atomic number (7.1 g/cm3 and
66, respectively), hence good stopping power and photofraction,
intrinsic light yield of about 40 ph/keV, and effective decay time
of about 40 ns21. On the other hand, EJ232 was chosen as an
ultra-fast plastic scintillator: it shows similar properties to BC422
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Fig. 2 Scintillation decay of CsPbBr3 10 % sample capped with DDAB.

The scintillation decay is shown in semi-logaritmic scale over the whole

range (⇡ 150 ns). The blue dots are the measured data points, the green

line is their average, and the red curve is the fit function. Inset: detail of

the ultra-fast component in linear scale. The dotted gray line represents

the system IRF.

Table 3 Measured DTR values of all six samples, compared to those of

EJ232 and LYSO:Ce.

DTR (FWHM) [ps]
Filling Factor OA + OAm DDAB
1 % 305 ± 9 308 ± 9
5 % 330 ± 10 309 ± 9
10 % 319 ± 9 295 ± 8
LYSO:Ce 695 ± 21
EJ232 332 ± 10

plastic scintillator (effective decay-time of ⇡ 1.7 ns, rise time of
⇡ 35 ps, intrinsic light yield of about 10 ph/keV21) but it can be
produced in very thin layers with better surface state. For the
aforementioned reasons, EJ232 is one of the favorite materials in
preliminary studies27,28 about heterostructures.

The respective time delay distribution is shown in Figure 3 in
comparison to the best performing CsPbBr3 sample (10 % filling
factor, DDAB set). All CsPbBr3 samples perform twofold better
than LYSO:Ce and similarly or slightly better than EJ232. This
is explained by the scintillation decay kinetics of the considered
samples (1.5 ns effective decay time for CsPbBr3 samples and
EJ232 instead of 40 ns for LYSO) and by the low irradiation en-
ergy.

4 Discussion
Two sets of CsPbBr3@PS samples with various nanocrystal fill-
ing factors were prepared. One set using CsPbBr3 nanocrys-
tals capped with OA+OAm (OA+OAm set), the second set using
CsPbBr3 capped with DDAB after the ligand exchange procedure
(DDAB set). First, free nanocrystals were characterized (XRPD,

Fig. 3 Comparison of the time delay distribution for the CsPbBr3 10%

sample capped with DDAB (red) and standard scintillators EJ232 (blue)

and LYSO (green). Inset: sketch of the measurement condition of pulsed

X-ray tube exciting the tested sample and the evaluation of the DTR from

the time difference of start and stop signal.

PL and RL spectra) then transparency, RL emission spectra, de-
cay times, and time resolution of fabricated nanocomposites of
CsPbBr3 in polystyrene of both sets were determined.

4.1 Basic optical characterization

Generally, samples from the DDAB set exhibited superior trans-
parency compared to those from the OA+OAm set. Together with
the fact that 10 % filling factor was achieved only in this set (c.
f. the CsPbBr3 residue in the 10 % OA+OAm sample Petri dish in
Table 1), we conclude that also for the embedding, the DDAB lig-
and is a better choice than the standard OA+OAm combination.
Since already 10 % filling factor could not be achieved completely
in the OA+OAm set, we did not explore higher filling factors in
this study.

The better transparency of the DDAB set is probably a result of
its better surface passivation capability. By careful analysis of the
scintillation decay components in Table 2, we concluded that it
effectively suppresses aggregation, because no trend of gradually
slower decay times was observed in this set. On the contrary, in
the OA+OAm set we observed this trend in the third exponential
decay component td3. We reason that when larger crystals are
formed by aggregation, the scintillation response is slowed down
due to the quantum confinement effect.

However, since the transparency of the samples from the DDAB
set still decreases slightly with increasing filling factor, we expect
that clustering occurs to some extent in this set. We distinguish
the simple clustering - i.e. nanocrystals forming larger clusters but
preserving their shape and size - from the real aggregation - i.e.
nanocrystals forming bigger particles with their neighbors. Nat-
urally, the aggregation can be understood as an extreme case of
simple clustering (first, nanocrystals undergo the clustering pro-
cess and then the aggregation may occur). As a result of this phe-
nomenon, we observe a gradual speed-up of scintillation response
in the first exponential decay component td1. This is probably
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caused by increased self-absorption and subsequent luminescence
quenching within those clusters (a similar trend is also observed
in the OA+OAm set).

Both phenomena could have caused the observed red-shifts in
the RL spectra; both the formation of larger nanocrystals by ag-
gregation and the increased self-absorption within the clusters
can result in this shift. Since this article is mainly focused on
the timing capability of the produced samples, a more in-depth
discussion of all the above-mentioned phenomena and observed
red-shifts in the RL spectra can be found in the ESI † (Section S3).

4.2 Timing performance

Timing performance of the prepared nanocomposite samples is
the crucial characteristic for the target application. TCSPC mea-
surements revealed the ultra-fast scintillation decay kinetics of
these samples: in all of them we observed a (semi-)prompt com-
ponent which has been modeled with a Dirac-delta function, and
a second sub-nanosecond component (between 700 and 900 ps).
Summing up the contributions, almost 50 % of light is emitted
within the first nanosecond. This contributes to the increasing in
the initial photon time density, which, taking into account both
scintillation decay kinetics and intrinsic light yield, is the main
contribution to time resolution21. The presence of the ultrafast
components can be explained by luminescence quenching or the
formation of biexcitons38–40.

The ultra-fast decay kinetics of these samples explains the two-
fold better time resolution of CsPbBr3@PS compared to LYSO at
10 keV. This is a significant result since LYSO is the currently used
scintillator in commercial TOF-PET scanners. Our nanocomposite
is therefore a viable candidate for fast timing applications.

Since LYSO is a high density crystal, we also compared the tim-
ing performances of CsPbBr3@PS to EJ232 plastic scintillator, be-
ing one of the favorite options as fast material for heterostruc-
tured scintillators which we aim to substitute with CsPbBr3@PS.
CsPbBr3@PS proved to have even faster decay kinetics than
EJ232 (similar effective decay time but with a more significant
contribution from the prompt component, see Table 2), never-
theless, at this moment, the time resolution improvement with
respect to EJ232 is not significant. This is probably due to less
efficient energy conversion as a result of still too low filling fac-
tor. Despite the similar density and atomic number of the two
samples, the polymer matrix of CsPbBr3@PS does not contribute
to the overall scintillation intensity significantly. Therefore, scin-
tillating photons are produced almost exclusively when X-rays in-
teract directly with nanocrystals, and with filling factors between
1 and 10 % the probability for this happening is quite low. Such a
not-optimized energy conversion further results in a lower num-
ber of produced photons and typically the timing capability scales
with the inverse square root of the light yield.

Comparing the time resolution of all synthesized samples, no
significant difference was observed with increasing filling factor,
for either of the two sets. These results can give some insight into
the effective light output of these samples with increasing filling
factor. From the optical measurements, we saw that samples with
higher filling factor show higher PL and RL, but also significantly

lower transmittance. The absence of a clear trend in DTR with the
filling factor suggests that these two effects balance each other.
This also suggests that an optimum could exist, and it will be
investigated in future studies with a denser scan of filling factors.
Moreover, future experiments will be also dedicated to achieving
higher filling factors while maintaining as good transparency of
the nanocomposites as possible.

Comparing the time resolution of the two sets, samples from
the DDAB one resulted to perform slightly better, in agreement
with previously discussed results on the optical properties of these
samples.

4.3 Applications and Outlook

From an application point of view, even a time resolution in the
order of 300 ps will reduce the amount of scattered photons for
TOF-CT. While in this study a pulsed X-ray tube with a mean
energy of 10 keV was used, for X-ray and CT examinations typi-
cally higher energies are used (20-120 keV). To put the measured
time resolution into perspective, already at 90 keV sub-100 ps

(295ps ·
q

10keV
90keV ) time resolution can be expected. Such a value

allows to remove most of the scattered photons for TOF-CT and
thus results in better image quality32 or a lower required dose for
the same examination.

A corresponding calculation can be done for TOF-PET work-
ing with 511 keV gamma-rays. Selecting at the 340 keV Comp-
ton edge, a coincidence time resolution of 35 ps FWHM is re-
ported with a bulk plastic scintillator which is similar to the used
EJ23241. Such simple approximations highlight the promising
R&D avenue of lead halide perovskite nanocrystals, in line with
the ongoing 10 ps challenge for TOF-PET14.

All arguments above must be considered in light of the fact
that in this manuscript we have only presented preliminary mea-
surements for TOF-CT and TOF-PET with certainly not optimized
samples. There are several paths to improve the performance
and applicability. For instance, by a careful choice of the sur-
face ligands and the embedding procedure, 60 % filling factor for
Cd(Zn)S/ZnS core-shell nanocrystals was reported while keep-
ing the nanocomposite monolith transparent42. Moreover, the
introduction of a wavelength-shifter to the matrix can be used
to suppress the self-absorption, as successfully shown in the just
mentioned study. Increasing the filling factor while enhancing the
transparency automatically leads to a higher number of detected
photons and thus an improvement in the timing capabilities. An-
other important question, in particular for TOF-PET and high en-
ergy physics detectors, is how to ensure high stopping power and
sufficient energy deposition in the nanomaterials. One approach
is to integrate it into a composite structure27 with heavy inor-
ganic scintillators like BGO43 or GAGG:Ce,Mg41,44.

5 Summary and Conclusion
In this work, we presented the fabrication and complete char-
acterization of CsPbBr3 nanocrystals with two different surface
ligands (OA+OAm and DDAB) embedded in polystyrene with
various particle filling factors, up to 10 %. The characterization
spanned from optical properties (transmission, PL, RL) to timing
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properties under X-ray irradiation (scintillation decay kinetics and
time resolution).

The optical characterization highlighted a drop in transmission
with an increasing filling factor. These effects resulted less pro-
nounced for CsPbBr3 samples capped with DDAB which, com-
pared to OA+OAm, is known to better passivate the surface of
nanocrystals.

Decay time measurements in TCSPC revealed the presence of a
(semi-)prompt component - modeled with a Dirac-delta function
- contributing by 20% and three exponential decay components.
The scintillation decay kinetics of CsPbBr3 samples capped with
DDAB were not affected by increasing concentration of nanopar-
ticles, while for samples capped with OA+OAm an increase in
the value of the slowest component itself and its weight was ob-
served, at the expense of the fastest exponential component. Con-
sequently, we can conclude that the DDAB ligand better prevents
nanocrystals from aggregating.

Presented time resolution measurements confirm the appli-
cability of this material to be used in radiation detector sys-
tems where fast timing is required. Already with non-optimized
CsPbBr3@PS a more than twofold better timing capability with
respect to LYSO:Ce was achieved at low X-ray energy.

This study represents a promising starting point for the opti-
mization of CsPbBr3 nanocrystals embedded in polymer matrices
toward their use in time-based radiation detector systems.
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IEEE Transactions on Nuclear Science, 2020, 67, 933–938.

20 R. Turtos, S. Gundacker, S. Omelkov, E. Auffray and P. Lecoq,
Journal of Luminescence, 2019, 215, 116613.

21 S. Gundacker, R. M. Turtos, N. Kratochwil, R. H. Pots,
M. Paganoni, P. Lecoq and E. Auffray, Physics in Medicine &

Biology, 2020, 65, 025001.
22 Z. Zhu, Q. Sun, Z. Zhang, J. Dai, G. Xing, S. Li, X. Huang and

W. Huang, Journal of Materials Chemistry C, 2018, 6, 10121–
10137.

23 Z. Li, L. Kong, S. Huang and L. Li, Angewandte Chemie, 2017,
129, 8246–8250.

24 C. Wang, H. Lin, Z. Zhang, Z. Qiu, H. Yang, Y. Cheng, J. Xu,
X. Xiang, L. Zhang and Y. Wang, Journal of the European Ce-

ramic Society, 2020, 40, 2234–2238.
25 Y. Tong, Q. Wang, H. Yang, X. Liu, E. Mei, X. Liang, Z. Zhang

and W. Xiang, Photonics Research, 2021, 9, 2369–2380.
26 R. M. Turtos, S. Gundacker, E. Auffray and P. Lecoq, Physics in

Medicine & Biology, 2019, 64, 185018.
27 F. Pagano, N. Kratochwil, M. Salomoni, M. Pizzichemi,

M. Paganoni and A. E, under review in Physics in Medicine &

Biology, 2022.
28 G. Konstantinou, P. Lecoq, J. M. Benlloch and A. J. Gonzalez,

IEEE Transactions on Radiation and Plasma Medical Sciences,
2021.

29 F. Maddalena, A. Xie, X. Y. Chin, R. Begum, M. E. Witkowski,
M. Makowski, B. Mahler, W. Drozdowski, S. V. Springham,
R. S. Rawat et al., The Journal of Physical Chemistry C, 2021,
125, 14082–14088.

30 Eljen technology EJ232 datasheet,
https://eljentechnology.com/products/plastic-
scintillators/ej-232-ej-232q, 2021.

31 S. Vinogradov, Nuclear Instruments and Methods in Physics Re-

search Section A: Accelerators, Spectrometers, Detectors and As-

sociated Equipment, 2018, 912, 149–153.
32 F. Pagano, N. Kratochwil, M. Salomoni, I. Frank, S. Gun-

dacker, M. Pizzichemi, M. Paganoni and A. E, IEEE Nuclear

Science Symposium and Medical Imaging Conferences (20th Oc-

tober), Yokohama, Japan (remote), 2021.
33 F. Pagano, N. Kratochwil, M. Salomoni, I. Frank, S. Gun-

dacker, M. Pizzichemi, M. Paganoni and A. E, under review

in Frontiers in Physics, 2022.
34 L. Zhang, W. Liang, L. Xu, M. Zhu, X. Wang, J. Su, L. Li,

N. Liu, Z. Zhang and Y. Gao, Chemical Engineering Journal,
2021, 417, 129349.

35 M. Imran, P. Ijaz, L. Goldoni, D. Maggioni, U. Petralanda,
M. Prato, G. Almeida, I. Infante and L. Manna, ACS Energy

Letters, 2019, 4, 819–824.
36 L. Bollinger and G. E. Thomas, Review of Scientific Instruments,

1961, 32, 1044–1050.
37 S. Gundacker, R. Turtos, E. Auffray and P. Lecoq, Nuclear In-

struments and Methods in Physics Research Section A: Accelera-

tors, Spectrometers, Detectors and Associated Equipment, 2018,
891, 42–52.

38 N. Yarita, H. Tahara, T. Ihara, T. Kawawaki, R. Sato,
M. Saruyama, T. Teranishi and Y. Kanemitsu, The journal of

physical chemistry letters, 2017, 8, 1413–1418.
39 M. N. Ashner, K. E. Shulenberger, F. Krieg, E. R. Powers, M. V.

Kovalenko, M. G. Bawendi and W. A. Tisdale, ACS Energy Let-

ters, 2019, 4, 2639–2645.
40 R. Turtos, S. Gundacker, S. Omelkov, B. Mahler, A. Khan,

J. Saaring, Z. Meng, A. Vasil’ev, C. Dujardin, M. Kirm et al.,
npj 2D Materials and Applications, 2019, 3, 1–10.
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