
 
 

Delft University of Technology

Intrinsic Scintillators
The Scintillating Search for and Exploration of Small Bandgap Scintillators
van Blaaderen, J.J.

DOI
10.4233/uuid:85b77254-03f5-43c3-aa0b-6217ed92198f
Publication date
2025
Document Version
Final published version
Citation (APA)
van Blaaderen, J. J. (2025). Intrinsic Scintillators: The Scintillating Search for and Exploration of Small
Bandgap Scintillators. [Dissertation (TU Delft), Delft University of Technology].
https://doi.org/10.4233/uuid:85b77254-03f5-43c3-aa0b-6217ed92198f

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:85b77254-03f5-43c3-aa0b-6217ed92198f
https://doi.org/10.4233/uuid:85b77254-03f5-43c3-aa0b-6217ed92198f


Intrinsic Scintillators
The Scintillating Search for and Exploration 
of Small Bandgap Scintillators

J. Jasper van Blaaderen





Intrinsic Scintillators
The Scintillating Search for and Exploration 

of Small Bandgap Scintillators

Jacob Jasper VAN BLAADEREN





Intrinsic Scintillators
The Scintillating Search for and Exploration 

of Small Bandgap Scintillators

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology

by the authority of the Rector Magnificus Prof. dr. ir. T. H. J. J. van der Hagen
chair of the Board of Doctorates

to be defended publicly on
Thursday 13 March 2025 at 15:00 o’clock

Master of Science in Chemical Engineering
Delft University of Technology, the Netherlands

born in Amsterdam, the Netherlands

Jacob Jasper VAN BLAADEREN



This dissertation has been approved by the promotors.

Composition of the doctoral committee:

Rector Magnificus,		  chairperson
Prof. dr. P. Dorenbos		  Delft University of Technology, promotor
Dr. E. van der Kolk		  Delft University of Technology, promotor

Independent members:

Prof. dr. A. J. Houtepen		  Delft University of Technology
Prof. dr. K. W. Krämer		  University of Bern, Switzerland
Prof. dr. A. Meijerink		  Utrecht University
Dr. V. O. Ouspenski		  Saint-Gobain Research, France
Dr. ir. T. J. Savenije		  Delft University of Technology
Prof. dr. E. H. Brück		  Delft University of Technology, reserve member	
	

Copyright © 2024 Jacob Jasper van Blaaderen	

ISBN:  978-94-6518-004-5

An electronic version of this thesis is freely available at: 
https://repository.tudelft.nl

Key words: 	 scintillator, small bandgap scintillators, intrinsic scintillators, 	
		  halides, single crystals, photon counting detectors

Printed by: 	 Ipskamp

Cover:		  Artistic interpretation of a pulse of scrintillation photons leaving 	
		  a crystal visualised by a climbing wall symbolising both the 	
		  mental and physical challenges of a PhD, and the need 		
		  to balance them.



Scintillatoren moeten loodzwaar zijn

- P. Dorenbos
April 2021

vii



viii



Table of Content
Chapter 1: Introduction							       2

Chapter 2: The Temperature Dependent Optical and Scintillation 
Characterisation of Bridgman Grown CsPbX3 
(X = Br, Cl) Single Crystals						      18

Chapter 3: Photoluminescence and Scintillation Mechanism 
of Cs4PbBr6								        38

Chapter 4: Temperature Dependent Scintillation Properties and 
Mechanisms of (PEA)2PbBr4 Single Crystals				    68

Chapter 5: (BZA)2PbBr4: A Potential Scintillator for Photon-Counting 
Computed Tomography Detectors					     90

Chapter 6: Scintillation and Optical Characterisation of CsCu2I3 
Single Crystals from 10 to 400 K						     104

Chapter 7: The search for and Selection of Scintillators for Photon 
Counting Detectors							       122

Summary						      		  184

Samenvatting								        190

Acknowledgements 							       196

Supervised Thesis Projects						      202

List of Publications							       203

Curriculum Vitae							       204 

ix



1 2

Chapter 1

1



1 2

1

Introduction

1



3 4

On a daily basis you, the reader, is bombarded by ionising radiation. This              
cataclysmic fact might sound scary to the average reader. Let me reassure you, 
it is not. Ionising radiation and its detection is used in many modern day applica-
tions. This does raise the question: "How to visualise the invisible?".

As suggested by the title, this thesis deals with the scintillating search for and 
exploration of small bandgap scintillators. A scintillator is a material which can 
absorb ionising radiation and convert it into a flash of light, in other words vis-
ualising the invisible. In this chapter we will first explore the broader context of 
radiation detection and some of the theory behind the scintillation process. The 
main goal will be to answer the question: ”Why did you work on small bandgap 
scintillators?”.

1. Visualising the Invisible
Three of the most commonly used types of ionising radiation detectors are: gas-
eous ionisation detectors, semiconductor detectors, and scintillation detectors. 
Gaseous ionisation detectors utilise the ionisation of gas molecules or atoms to 
creat an ion-electron pair. There are three general categories of gas filled detec-
tors. In ionisation chamber based detectors, the created charges are collected 
due to the application of an electric field resulting in either a continuous current 
or current pulses, the latter is referred to as operating in pulse mode [1]. This 
type of detector is commonly used as a hand held radiation detector. Proportional 
counter based detectors always operate in pulse mode and utilise the phenom-
enon of gas multiplication to amplify the signal of the freed electrons [2]. This 
requires proportional counters to operate at a higher voltage compared to ion-
isation chambers. The gas multiplication effect increases the amplitude of the 
created current pulses enabling these detectors to determine the energy of the 
incident radiation making them suitable for spectroscopy of low energy X-rays 
and charged particles. A Geiger-Müller counter based detector also utilises gas 
multiplication. However, Geiger-Müller counters operate at a higher voltage, com-
pared to a proportional counter, creating a chain reaction of multiplication events 
[3]. The chain reaction always stops after approximately the same number of 
events resulting in current pulses with a similar amplitude. All information regard-
ing the energy of the incident radiation is thus lost. Geiger-Müller counter based 
detectors are often used for the detection of γ- and X-ray photons.

Semiconductor detectors are a form of solid state detectors. Upon absorption 
of ionising radiation electron-hole pairs are created in the depletion layer of the 
semiconductor which, due to an electric field, creates a current pulse propor-
tional to the deposited energy [4]. This has some analogy to the ion-electron 
pair created in gaseous ionisation detectors. Examples of commonly used sem-
iconductor materials in these detectors are: Silicon (Si), high purity germanium 
(HPGe), cadmium telluride (CdTe), cadmium zinc telluride (CZT), mercury iodide 
(HgI), thallium bromide (TlBr) and more recently metal-halide perovskites [5–10]. 
HPGe based detectors are commonly used for gamma spectroscopy due to their 
low energy resolution, reaching values of 0.3% at 662 keV [11]. One of the down 
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sides of HPGe however, is the need to actively cool the detectors in order to 
reduce electronic noise. This problem is mitigated in CdTe and CZT based de-
tectors, which can operate at room temperature, reaching energy resolutions of 
0.6% at 662 keV [12]. One of the main challenges of these materials however, is 
the production of low defect density crystals of sufficient size [13,14].

Scintillation detectors are another commonly used type of solid state detectors. 
It should be noted however, that scintillation detectors can also be based on a 
low pressure gas [15] or liquid [16]. A scintillator is a material which produces a 
flash of light, or scintillation flash, upon absorbing ionising radiation. In a detector, 
this material is mounted on a photo sensor which converts the flash of light into 
a current pulse. Before the invention of the photomultiplier tube however, scinti-
lation flashes were observed using the naked eye or a microscope. The number 
of scintillation photons in the scintillation flash scales with the energy of the in-
cident radiation and so will the amplitude of the current pulse produced by the 
photo sensor. Examples of commonly used scintillators are: NaI:Tl+, LaBr3:Ce3+, 
and (Lu,Y)2SiO5:Ce3+. One of the first scintillators, NaI:Tl+, was discovered by 
Hofstadter in 1948 and is still one of the most famous scintillators up to this day 
[17–19]. Scintillation detectors are used in many different applications, for exam-
ple medical imaging [20], high-energy physics [21–23], space exploration [24], 
and nuclear security.

2. The Interaction of Radiation with Matter
In order to better understand the interaction of radiation with a scintillator, a dis-
tinction should be made between different types of ionising radiation. Heavy 
charged particles, like α-particles and protons, interact with electrons in the scin-
tillator crystal via Coulomb forces. Direct interaction with the nucleus, Rutherford
scattering, can often be ignored [25]. Upon entering the scintillation crystal, these 
particles will start to slow down by transferring their energy to electrons. This   
creates an ionisation track consisting of hot free charge carriers. Both protons 
(p+) and α-particles (2He2+) are significantly more heavy compared to electrons 
and will create very linear ionisation tracks [25].

Another type of charged particles that needs to be considered are β−-particles 
or electrons. Upon entering the scintillator β−-particles will lose their energy via 
electron-electron interactions, producing an ionisation track consisting of hot free 
charge carriers. Compared to the heavy charged particles, β−-particles will create
longer and less linear ionisation tracks because electron-electron interaction     
involve two particles of the same mass.

The interaction of γ- and X-ray photons with matter is significantly different from 
the interactions described above. Photons, or electromagnetic radiation, do not 
have a charge nor mass. The three most important interaction mechanisms of 
γ- and X-ray photons with matter are: photo-electric absorption, Compton scat-
tering, and pair production. The dominant interaction process depends on the 
energy of the gamma photons and the effective atomic number of the scintillator. 

4
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In photo-electric absorption, a γ-photon interacts with an atom, transferring all its 
energy to an electron from one of the inner shells. This results in the production 
of a photo-electron which, similar to a β−-particle, will create an ionisation track 
consisting of hot free charge carriers. The vacancy created in the K shell of the, 
now ionised, absorber atom can be filled by an electron from a higher shell, emit-
ting a characteristic X-ray photon in the process.

When a γ-photon undergoes Compton scattering, it interacts with an electron, 
transferring only a portion of its energy, thus producing a recoil electron and a 
lower energy scattered γ-photon. The energy distribution between the recoil elec-
tron and scattered γ-photon is determined by the scatering angle.

When the energy of the γ-photon exceeds twice the rest-mass energy of an elec-
tron (1.02 MeV), it is also possible for pair production to take place. In pair pro-
duction the γ-photon disappears and an electron-positron pair is created. The 
excess energy of the γ-photon above 1.02 MeV is distributed among the positron 
and electron in the form of kinetic energy. The created positron will, after slowing 
down, annihilate and produce two 511 keV annihilation photons which will lose 
their energy due to one of the other interaction mechanisms. It should be noted 
that the probability of pair production is zero until the incident γ-photons reach 
energies of 1.02 MeV. All interaction mechanisms described above result in the 
production of highly energetic electrons that will produce hot electrons and holes 
along their ionisation track.

3. Scintillator Properties
The influence of the different interaction mechanisms of γ-photons with a scin-
tillator can be observed in a pulse height spectra. Commonly, pulse height               
spectra are recorded using the 662 keV γ-photons from 137Cs, making photo-elec-
tric absorption and Compoton scattering the dominant interaction mechanisms. 
An example of a pulse height spectrum, recorded using a commercial LaBr3:Ce3+ 
is shown in Figure 1. A pulse height spectrum can be seen as a histogram of the 
number of scintillation photons produced in a scintillation flash, i.e., a histogram 
of the size of the scintillation flash. The peak on the right side of the spectrum, 
labelled 1 in Figure 1, is referred to as the full absorption, or photopeak, and 
corresponds to the complete absorption of the energy of the incident γ-photon.

The second feature that can be observed is the Compton continuum, labelled 2 
in Figure 1. This is the direct result of a Compton scattering event where the inci-
dent γ-photon has created a recoil electron and where the scattered γ-photon has 
escaped the scintillator crystal. This means that only a part of the energy of the 
incident γ-photon is deposited. The Compton edge, labelled 3 in Figure 1, rep-
resents the maximum amount of energy which can be transferred in a Compton 
scattering event. For 662 keV γ-photons the separation between the Compton 
edge and photopeak is 184 keV. In the limit that the incident γ-photon is very 
large, hν >  m0c2 the separation becomes 256 keV [16].>
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Figure 1: Example of a pulse height spectrum of a commercial LaBr3:Ce3+,Sr2+ 
crystal mounted on a photomultiplier tube (scintiblock 25 S 25 Bril 380 coupled to 
a AS 20 Saint-Gobain Crystals & Detectors) recorded using the 662 keV γ-pho-
tons of 137Cs.

The third feature that can be observed is the backscatter peak, labelled 4 in    Fig-
ure 1. This peak results from the detection of scattered γ-photons from a Comp-
ton scattering event in the material surrounding the scintillator. For excitation with 
662 keV γ-photons, the back scatter peak is located at 184 keV. This is equal to 
the spacing between the photopeak and the Compton edge. It is the smallest 
amount of energy the scattered γ-photons can retain when the maximum amount 
of energy is transfered to the primary electron. In fact, the backscatter peak is 
acually a Compton spectrum extending to higher energies, overlapping with the 
Compton edge present due to γ-photons scattering in the scintillator.

Two of the most important properties that can be obtained from a pulse height 
spectrum are the light yield of the scintillator and its energy resolution. The light 
yield of a scintillator corresponds to the number of scintillation photons produced 
per unit of deposited energy, i.e. photons/MeV or photons/keV. It can be calcu-
lated based on the position of the photopeak [26]. The energy resolution of a 
scintillator can be calculated according to Equation 1.

Here ∆E represents the full width at half maximum of the photopeak and E its            
position.

R =
∆E
E (1)∙ 100%

1
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Next to the light yield and energy resolution there are many more material         
properties that are important for the performance of a scintillator:

 • Proportionality of the light yield
 • Emission wavelength
 • Decay time
 • Afterglow
 • Density
 • Effective atomic number
 • Intrinsic activity
 • Radiation hardness
 • Crystal structure
 • Material cost

The importance of these properties will change depending on the application of 
the scintillation detector. Hence, it is more effective to design a scintillator for a 
specific application in stead of developing a perfect scintillator. The trivial exer-
cise of imagining the impact of the "perfect" scintillator on the world is left to the 
reader.

4. A Theoretical Approach
The energy resolution of a scintillation detector can be broken down into three 
contributions, as shown in Equation 2 [27–30] .

Here Rstat represents the standard deviation in the number of detected scintillation 
photons (Ndp) and Rnp the contribution of the non-proportionality of the scintillator. 
All other contributions like non-uniform dopent distributions and light collection 
efficiency are summarised in Rin. The dependence of Rstat on Ndp is given in Equa-
tion 3 and is a characteristic of the detection system, the combination of both 
scintillator and photodetector.

The statistical limit of the energy resolution can only be reached when the other 
contributions, Rnp and Rin, are negligible. The current record energy resolution of 
2%, measured by Alekhin et al. in 2013, was measured` using LaBr3:Ce3+,Sr2+ 
[32].

R2
 = Rstat + Rnp + Rin (2)2 2 2

Rstat     2.35 ∙ (3)

R =
∆E

E
· 100% (1)

Here ∆ E represents the full width at half maximum of the photopeak and E its position.

Next to the light yield and energy resolution there are many more material properties that are important
for the performance of a scintillator:

• Proportionality of the light yield

• Emission wavelength

• Decay time

• Afterglow

• Density

• Effective atomic number

• Intrinsic activity

• Radiation hardness

• Crystal structure

• Material cost

The importance of these properties will change depending on the application of the scintillation detector.
Hence, it is more effective to design a scintillator for a specific application in stead of developing a perfect
scintillator. The trivial exercise of imagining the impact of the ”perfect” scintillator on the world is left to
the reader.

4 A Theoretical Approach

The energy resolution of a scintillation detector can be broken down into three contributions, as shown in
Equation 2 [27–30] .

R2 = R2
stat +R2

np +R2
in (2)

Here Rstat represents the standard deviation in the number of detected photons (Ndp), Rnp the contribution
of the non-proportionality of the scintillator. All other contributions like non-uniform dopent distributions
and light collection efficiency are summarised in Rin. The dependence of Rstat on Ndp is given in Equation
3 and is a characteristic of the detection system, the combination of both scintillator and photodetector.

Rstat ∝ 2.35 ·

√
1

Ndp
(3)

The statistical limit of the energy resolution can only be reached when the other contributions, Rnp and Rin,
are negligible. The current record energy resolution of 2%, measured by Alekhin et al. in 2013, was measured

4
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This value approaches the statistical energy resolution of 1.5%, calculated based
on the detection of 24.000 photons from a scintillation pulse originating from 
the photopeak. This means that the contributions of Rnp and Rin are very small 
and that the energy resolution is mainly determined by the number of detected       
photons.

The 2% energy resolution of LaBr3:Ce3+,Sr2+ can only be surpassed when the 
number of detected scintillation photons is increased. This can be done in one of 
two ways. Either by increasing the detection efficiency of the photodetector or by 
developing scintillators with higher light yields. Scintillation photons are usually  
detected with a photomultiplier tube which has a typical detection efficiency lower 
than 40%. Higher detection efficiencies can be reached when switching to an 
avalanche photodiode or silicon photomultipliers which compared to a photomul-
tiplier tube will have their own challenges and problems that need to be dealt with.

The theoretical maximum number of scintillation photons created upon absorp-
tion of γ-photons with energy Eγ can be estimated according to Equation 4.

Here, Eg represents the band gap of the scintillator. The factor β takes into ac-
count the momentum conservation of electron-electron interactions and can be 
taken to be approximately 2.5 [31].

Equation 4 can be used to plot the theoretical limit of the light yield as function 
of the bandgap. This curve is shown in Figure 2, indicated by the dashed black 
line, with β taken to be 2.5. Additionally, data points are plotted of the experimen-
tally determined light yield of several scintillators. The experimentally determined 
light yield of some scintillators fall in close proximity to the dashed line, reach-
ing their maximum attainable light yield. Three examples of such compounds 
are LaBr3:Ce3+,Sr2+ [32], SrI2:Eu2+, and CsBa2I5:Eu2+ [33] for which light yields of 
70.000, 90.000, and 80.000 photons/MeV have been reported. The light yield of 
these compounds could in theory be surpassed by developing new scintillators 
with bandgaps smaller than 5 eV

At this point you, the reader, will probably think something along the lines of: 
"That sounds very simple, you just have to find a new small bandgap material and 
dope it with either Ce3+ or Eu2+". If the reader is familiar with the art of science this 
will probably change to something along the lines of: "It cannot be this simple — 
their must be something else".

Ndp =
1,000,000

βEg

(photons / MeV) (4)

1
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Figure 2: The theoretical limit of the light yield as function of the bandgap com-
pared to the measured light  yield of different scintillators.

5. The Nuances of Small Bandgap Scintillators
Since 1970 many scintillators have been developed based on the 5d- 4f emission 
of Ce3+ or Eu2+, and in a lesser degree based on the 5d- 4f emission of Pr3+, in 
halide based scintillators [27,35]. The degree to which the bandgap of a Ce3+, 
Eu2+, or Pr3+ doped scintillator can be reduced depends on the occurrence of the
5d- 4f emission. When the bandgap becomes too small, this type of emission will 
no longer be observed. Their are two criteria, formulated by Dorenbos [28], that 
need to be satisfied in order to have efficient room temperature 5d- 4f emission. 
1) the lowest energy 5d state needs to have sufficient spacing from the bottom 
of the conduction band. For Ce3+ and Eu2+, the distance needs to be at least 410  
and 490 meV, respectively [36]. 2) a Stokes’ shift of at least 0.5 eV for the high-
est energy emission band in order to prevent self absorption. Based on these 
criteria Dorenbos predicted that the smallest bandgaps in which 5d- 4f emission 
is present at room temperature are approximately 3.5, 3.3, and 5.5 eV for Ce3+, 
Eu2+, and Pr3+ [28].

For halide based scintillators the size of the bandgap is constrained by the need 
to have sufficient spacing between the conduction band minimum compared 
to the lowest energy 5d state and the position of the valance band maximum. 
The positions of the valance band maxima (VBM) and conduction band minima 
(CBM) for several selected Cl−, Br−, and I− compounds are shown in the stacked 
vacuum referred binding energy (VRBE) diagrams in Figure 3.
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Figure 3: Stacked vacuum referred binding energy (VRBE) diagram of, from top 
to bottom, a selection of Cl−, Br−, and I− based compounds, respectively. Next 
to each stacked VRBE a set of the lowest 5d level positions of Eu2+ and Ce3+ in   
materials with the same halogen composition is shown.

Next to each diagram three sets of data of are shown. The green points indicate 
the spread of the position of the VBM among Cl−, Br−, and I− compounds. The red 
and blue points represent the position of the lowest energy 5d level of Ce3+, Eu2+. 
The spread among these points is a direct result of the influence of crystal field 
splitting. The lowest energy 5d levels lay at approximately the same energy for 
Cl−, Br−, and I− compounds [37].
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From Figure 3 it can be observed that there is only a little spread in the position 
of the VBM among different Cl−, Br−, and I− compounds. Upon comparing CsCa-
Cl3, CsCaBr3, and CsCaI3 it can be observed that the band gap tends to become 
smaller upon going from Cl− to Br− to I−. The change in the bandgap in this case 
is mainly due to the upward shift of the VBM. Moreover, 5d- 4f emission of both 
Ce3+ and Eu2+ can be observed in these compounds because the emitting 5d lev-
el falls below the CBM. Upon comparing CsCaCl3  and CsPbCl3 the bandgap also 
changes significantly. However, the majority of the decrease in this case is due 
to the lowering of the conduction band minimum. This means that the required 
distance between the conduction band minimum and the lowest 5d level is no 
longer adequate; the 5d levels even lay within the conduction band and no emis-
sion is observed. Taking into account the minimal spacing needed between the  
conduction band minimum and the lowest 5d level, the smallest bandgap which 
still shows 5d- 4f emission is approximately 4 eV in iodide based compounds 
[38]. Further decreasing the bandgap, as explored by van Aarle [38], could po-
tentially be achieved by shifting from halide based compounds to chalcogenide 
based  compounds, like sulphites. Another approach is to develop small bandgap 
scintillators that no longer rely on 5d- 4f emission. In other words intrinsic, or 
self activated scintillators. Opening the marvellous world of small bandgap halide 
materials.

6. Research Objective and Dissertation Outline
The development of intrinsic small bandgap halide scintillators is a largely unex-
plored field. Small steps have been made by studying the scintillation properties 
of the lead halide perovskites i.e. CsPbX3 and MAPbX3 (MA = methylammonium 
and X = Cl, Br, I) [27]. The perovskite crystal structure, with stoichiometry ABX3, 
consists of a three dimensional network of corner sharing BX6 octahedra. These 
compounds mainly gained popularity for there use in optoelectronic applications 
[39–41]. One of the main problems of these materials however is their small 
Stokes shift [42].

The scintillation properties and problems of CsPbBr3 and CsPbCl3 are explored 
in Chapter 2. Several potential solutions have been suggested to solve the small 
Stoke shift problem, for example shifting to lower dimension crystal structures or 
doping. The dimensionality of the crystal structure, in this case, refers to connec-
tivity of the corner sharing BX6 octahedra network. In Chapter 3, the scintillation 
properties of Cs4PbBr6 are explored. Compared to the perovskite crystal struc-
ture (ABX3) Cs4PbBr6 has a zero dimensional crystal structure where the BX6 
octahedra are isolated and separated by the A cations. A comparison between 
the perovskite crystal structure and the crystal structure of Cs4PbBr6 is shown in 
Figure 4. This separation makes the optical behaviour of Cs4PbBr6 similar to the 
optical behaviour of isolated Pb2+ ions. In Chapter 4, the scintillation properties 
of (PEA)2PbBr4 ((phenethylammonium)2PbBr4) are explored. In this hybrid organ-
ic-inorganic compound, the A cat ion of the perovskite crystal structure is re-
placed with a large organic molecule, a comparison of the molecular structure of 
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PEA and MA is shown in Figure 5. This creates alternating layers of organic mole-
cules and sheets of corner connected PbBr6 octahedra, giving this material a two 
dimensional crystal structure, as shown in Figure 4. These materials often show 
fast room temperature near bandgap excitonic emission. In Chapter 5, the fast 
emission of the two dimensional organic-inorganic hybrid compound (BZA)2PbBr4 
((benzylammonium)2PbBr4) is explored for its use in a scintillator- Sillicon photon 
multiplier (SiPM) based photon counting detector (PCD). A comparison of the 
molecular structure of BZA and PEA is shown in Figure 5. Lead halide based 
compounds are not the only interesting intrinsic small bandgap compounds. In 
Chapter 6, the copper based compound CsCu2I3 is studied. It has a one dimen-
sional crystal structure consisting of ribbons of copper iodide tetrahedra which 
are separated by caesium ions. This leads to the formation of self trapped exci-
tons and emission with a large Stokes shift. In Chapter 7, the focus is shifted to 
the application of different scintillators in scintillator-SiPM based PCDs. In this 
chapter an overview of different classes of scintillators is presented in order to 
make a first assessment for their suitability to be used in a scintilator-SiPM based 
PCD.

Figure 4: Comparison of, from left to right, the three dimensional perovskite crys-
tal lattice, an example of the zero dimensional crystal lattice, and an example of a 
two dimensional crystal lattice of an organic inorganic hybrid compound. Adapted 
from Akkerman et al. [43].

Figure 5: Comparison of the molecular structure of, from left to right, methylam-
monium, benzylammonium, and phenethylammonium.
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2
The Temperature Dependent Optical 
and Scintillation Characterisation of 

Bridgman Grown CsPbX3 (X = Br, Cl) 
Single Crystals

The content of this chapter is based on: J. Jasper van Blaaderen, Daniel Biner, Karl W. Krämer, 
Pieter Dorenbos, Nuclear Instruments and Methods in Physical Research Section A: Accelerators, 
Spectrometers, Detectors and Associated Equipment 1064 (2024) 169322

Abstract
Lead halide perovskites are reportedly a very promising group of materi-
als for scintillation due to their fast sub-nanosecond exciton luminescence, 
small bandgaps, and high theoretical light yield. Unfortunately, they only 
show emission at cryogenic temperatures. In this work single crystals of 
CsPbBr3 and CsPbCl3 are studied at cryogenic temperatures. Upon compar-
ing the 10 K emission spectra measured under X-ray and UV-vis excitation, 
a new near-infrared emission was found for both CsPbBr3 and CsPbCl3 only 
present under X-ray excitation. The integral light yields of CsPbBr3 and CsPbCl3 at 
10 K are estimated to be 34,000 and 2,200 photons/MeV under 40 keV X-ray 
excitation, respectively. The main components of the light yield of CsPb-
Br3 at 10 K are the near bandgap free exciton emission that suffers from self-
absorption and the broad near-infrared emission that falls outside the typical 
detection range of a photomultiplier tube. Due to the combination of the two 
aforementioned effects it was not possible to measure a γ-ray pulse height 
spectrum for CsPbBr3 at 10 K. Despite all the suitable properties, like the fast 
decay, a small bandgap, and the positive prospects of 3D perovskite based 
scintillators, we conclude that these materials perform poorly as scintillation 
crystals
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1. Introduction
 
Lead based halide perovskites are studied and used in many different optoelec-
tronic applications [1–3]. Due to their fast excitonic emission, perovskites [4,5] 
and perovskite related compounds [6–10] gained interest in the field of scintilla-
tion. A clear distinction should be made between true perovskites and perovskite
related compounds, as elaborately discussed by Akkerman and Manna [11]. 
The small bandgap of these materials, around 3 eV, significantly increases their 
theoretical maximum light yield compared to traditional scintillators [4,12,13]. 
Based on Equation (1), the maximum possible light yield is estimated around 
130,000 photons/MeV.

Here Neh represents the number of electron-hole pairs created in the scintillator, 
β is taken to be ≈ 2.5, and Eg represents the bandgap. Lead halide perovskites 
differ from traditional impurity activated scintillators [12,14–17], by being intrin-
sic scintillators. Perovskites are defined by an ABX3 stoichiometry, consisting of 
a three dimensional corner sharing network of BX6 octahedra. Often they have 
been studied in the form of thin films and nanocrystals [18–20]. 

Lead halide perovskites, both organic-inorganic and completely inorganic com-
pounds, have also been explored for their use in direct radiation detection [21–26]. 
In this application, the energy deposited by X-rays and γ-photons is converted 
into a charge pulse. For indirect detection, or scintillation, the energy deposited 
by X-rays and γ-photons is first converted into a pulse of light. This requires the 
use of single crystalline materials. 

Unfortunately, perovskites show no room temperature emission, which is as-
cribed to thermal quenching of the exciton luminescence and a small Stokes 
shift [27–29]. Williams et al. [27] and Wolszscak et al. [28] have proposed several 
strategies to overcome these problems at room temperature. Examples are using 
nano materials, doping bulk crystals with activator ions, or utilising the formation 
of self trapped excitons in lower dimensional compounds. The difference between 
lower dimensional and nano-structured perovskites is discussed elaborately by 
Zhou et al. [30].

Another approach to utilise the small bandgap and fast exciton luminescence of 
perovskites for scintillation is to operate the detector system at cryogenic tem-
peratures. This approach has been explored by Mykhaylyk et al. using CsPbBr3 
and CsPbCl3 [5,31]. These inorganic compounds have a higher X-ray absorption 
and better chemical stability compared to their organic-inorganic counterparts 
used for direct detection. Mykhaylyk et al. performed low temperature X-ray ex-
cited emission and decay measurements, focusing on the fast excitonic emission 
[5,31]. 

Neh =
1,000,000

βEg

(e - h pairs / MeV) (1)
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In this work, single crystals of the inorganic perovskites CsPbBr3 (4.57 g/cm3) 
and CsPbCl3 (4.21 g/cm3) are characterised as function of temperature using a 
combination of X-ray excitation and UV-vis excitation techniques. Both exhibit an 
orthorhombic GdFeO3-type perovskite structure with corner-sharing PbX6/2 octa-
hedra at room temperature and down to 4 K [32,33]. In contrast, CsPbI3 adopts 
an orthorhombic (NH4)CdCl3-type structure with edge-sharing octahedra at room 
temperature [34]. Hence only the bromide and chloride based caesium lead per-
ovskites are studied. The goal of this work is to develop a better understanding of 
the low temperature scintillation and optical properties of CsPbBr3 and CsPbCl3 
single crystals grown from the melt.

2. Results
Figure 1a shows the photoluminescence and X-ray excited emission spectra of 
CsPbBr3 measured at 10 K. The photoluminescence spectrum contains three 
bands at 535, 544, and 568 nm. These bands were also observed by Nitsch et al. 
and Dendebera et al. for melt grown CsPbBr3 single crystals [35,36]. The 535 nm 
peak can be assigned to free exciton emission [36–40]. The origin of the 544 nm 
shoulder peak and 568 nm peak is still under debate. Explanations range from 
bound exciton emission, indirect radiative transitions from a Rashba minimum,  
donor-acceptor emission, to self trapped exciton emission [35,41–45].

The 10 K X-ray excited emission spectrum of CsPbBr3 contains four peaks at 
538, 555, 580, and 925 nm. The 538 nm peak is assigned to free exciton emis-
sion [5,37–40]. The origin of the 555 and 580 nm emissions, similar to the 544 
and 568 nm emissions in the photoluminescence spectrum, is still under debate 
[35,43–45]. 
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Figure 1: (a) X-ray excited emission (black line) and photoluminescence emis-
sion (red line, λex = 310 nm (4 eV)) of CsPbBr3 at 10 K. (b) X-ray excited emission 
(black line) and photoluminescence emission (red line, λex = 354 nm (3.5 eV)) of 
CsPbCl3 at 10 K. The inset shows a zoom in of both spectra.
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The presence and intensity of these emission peaks strongly depend on the used 
synthesis method, like whether it is grown from solution or from the melt [46,47]. 
The broad band 925 nm emission is only observed under X-ray excitation and 
has never been reported before.

Figure 1b shows the photoluminescence and X-ray excited emission spectra of 
CsPbCl3 measured at 10 K. The photoluminescence spectrum contains a sharp 
peak at 420 nm and a broad band around 625 nm. Peters et al., Sebastian et al., 
and Nikl et al. have suggested that the 420 nm peak is related to bound exciton
emission [40,48,49]. On the long wavelength side of the 420 nm peak, a shoulder 
centred around 435 nm is observed. It is ascribed to trapped exciton emission 
[31,48]. The 625 nm emission peak is ascribed to defect related emission [50,51]. 
Kobayashi et al. observed that the yellow colour of the crystals correlates with the
intensity of the 625 nm band [50].

The 10 K X-ray excited emission spectrum of CsPbCl3 contains a single sharp 
peak at 422 nm and a broad band at 710 nm. Similarly to the 420 nm emission 
observed in the photoluminescence spectrum, the 422 nm emission is attributed 
to bound exciton emission [40,48]. The shift of the 625 nm emission observed 
under UV-vis excitation to 710 nm under X-ray excitation has not been observed 
before.

To further study the new near infrared emissions observed under X-ray excitation, 
a series of photoluminescence emission spectra were recorded using excitation 
energies ranging from 3 to 10 eV at 10 K. The respective spectra for CsPbBr3 
and CsPbCl3 are shown in Figure 2a and 2b. The reported bandgaps of CsPbBr3 
and CsPbCl3 are 2.4 and 3 eV, respectively [57–59]. Hence the lowest excitation 
energy excites electrons just above the conduction band edge, while the highest 
excitation energy excites electrons far into the conduction band. The broad near 
infrared emission bands observed under X-ray excitation are absent within this 
excitation energy range.

The temperature dependent X-ray excited emission spectra and the respective 
quenching curves of the integrated peak intensities of CsPbBr3 are shown in 
Figure 3a and 3b. The 538, 555, and 580 nm emissions undergo strong thermal 
quenching below 100 K. The intensity of the 925 nm emission increases upon 
heating from 10 K, reaching its maximum at 60 K. Above 60 K the emission starts 
to quench. Based on the quenching curves, shown in Figure 3b, the tempera-
tures (T50) at which the intensity drops below 50 % of the maximum intensity are 
determined. T50 values of 35, 25, 25, and 135 K were determined for the 538, 
555, 580, and 925 nm emissions, respectively. The relative contributions of the 
different emissions to the total intensity at 10 K under X-ray excitation are deter-
mined to be 1, 0.7, 1.7, and 7.6 for the 538, 555, 580, and 925 nm emissions, 
respectively.
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Figure 2: (a) Photoluminescence emission spectra of CsPbBr3 at 10 K record-
ed using excitation energies from 3 to 10 eV. (b) Photoluminescence emission 
spectra of CsPbCl3 at 10 K recorded using excitation energies from 3.5 to 10 eV.

The temperature dependent X-ray excited emission spectra and quenching 
curves of the integrated peak intensities of CsPbCl3 are shown in Figure 3c and 
3d. The 422 nm emission shows strong thermal quenching below 100K. The      
intensity of the 710 nm emission shows similar behaviour as the 925 nm emis-
sion observed in CsPbBr3. Its intensity increases upon heating from 10 K, reach-
ing its maximum at 75 K. Above this temperature the emission starts to quench. 
Based on the quenching curves, shown in Figure 3d, T50 values of 45 and 105 
K were determined for the 422 and 710 nm emissions, respectively. The relative 
contributions of the 422 and 710 nm emissions to the total intensity at 10 K under 
X-ray excitation were determined to be 1 and 0.28, respectively.
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Figure 3: (a) Temperature dependent X-ray excited emission spectra of CsPbBr3 
measured from 10 to 300 K. (b) Temperature dependent integrated emission in-
tensities of the 538 nm, 555 nm 580 nm, and 925 nm emissions of CsPbBr3 (c) 
Temperature dependent X-ray excited emission spectra of CsPbCl3 measured 
from 10 to 300 K. (d) Temperature dependent integrated emission intensities of 
the 422 nm and 710 nm emissions of CsPbCl3.

The temperature dependent pulsed X-ray excited decay curves of the 538 nm 
emission of CsPbBr3 are shown in Figure 4a. Upon heating from 10 to 75 K, the 
decay time decreases from 440 to 330 ps. This matches with the measurements 
presented by Mykhaylyk et al. [5]. The decay curves shown in Figure 4b where 
recorded by placing a 550 nm long pass filter in front of the detector. Now the 
decay curve shows two components. The fast component is an artefact from part 
of the 538 nm emission leaking through the long pass filter. The slow component, 
with a life time of 36 ns, results from both the 555 and 580 nm emissions. The life
time of these emissions decreases to 22.5 ns at 25 K.
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Figure 4: (a) Temperature dependent pulsed X-ray excited decay curves of the 
538 nm emission of CsPbBr3 between 10 and 75 K. The inset shows the tem-
perature dependent change of the life time. (b) Temperature dependent pulsed 
X-ray excited decay curves of CsPbBr3 in which the 538 nm emission is filtered 
out by placing a 550 nm long pass filter in front of the detector. The inset shows 
the temperature dependent change of the life time. (c) Temperature dependent 
pulsed X-ray excited decay curves of the 422 nm emission of CsPbCl3 between 
10 and 75 K. The inset shows the temperature dependent change of the life time.

The temperature dependent pulsed X-ray excited decay curves of the 422 nm 
emission of CsPbCl3 are shown in Figure 4c. From 10 to 25 K the decay time 
increases slightly from 440 to 460 ps. Upon heating from 25 to 75 K the decay 
time decreases to 260 ps. A similar trend is observed in the quenching curves 
shown in Figure 3d. This behaviour matches the measurements presented by 
Mykhaylyk et al. [31]. 2
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3. Discussion
 
Upon exciting CsPbBr3 and CsPbCl3 with X-rays, as shown in Figure 1a and 
1b, near infrared emissions are observed at 925 nm and 710 nm, respective-
ly. These emissions are not present under UV-vis excitation, even upon using 
excitation energies of 3 to 4 times the bandgap energy. Upon excitation with 
an X-ray photon all energy is transferred to an electron. This so called primary 
electron subsequently excites secondary electrons, via electron-electron inter-
actions. This creates spatially separated electrons and holes, originating from 
states deep in the conduction and valence band, that need to meet each other 
to form electron-hole pairs. The free electrons, created under X-ray excitation, 
have a larger mobility compared to holes and diffuse further away from the initial 
ionisation track [52–55]. Moreover, X-rays create excitations in the bulk of the 
crystal. Upon excitation with UV-vis photons however, electron-hole pairs, or ex-
citons, are formed directly. The resulting exciton formation happens on a shorter 
time scale compared to the recombination of spatially separated electrons and 
holes. The excitons, upon excitation with UV-vis photons, are created close to the 
surface of the crystal.

Based on the different excitation mechanisms described above two potential ex-
planations can be formulated for the origin of the near infrared emissions based 
on the transport of the spatially separated electrons and holes. The free holes 
have sufficient lifetime to be trapped on a F centre or to self-trap. F centres are 
colour centres were an electron is trapped on a halide vacancy. After capturing a 
hole a F+ centre is created. Sequentially the F+ centre can trap a conduction band 
electron to form an excited F centre that emits a photon.

The other potential origin of the near-infrared emissions is self-trapping. This is 
an intrinsic effect where a free hole first forms a Vk centre. A conduction band 
electron can then recombine with the Vk centre to form a self-trapped exciton 
(STE) [56]. The 710 and 925 nm emissions observed under X-ray excitation of 
CsPbCl3 and CsPbBr3 have a full width at half maximum of 0.42 and 0.21 eV, 
respectively. Based on the respective bandgaps, 2.4 and 3 eV, the Stokes shifts 
are determined to be 1.25 and 1.06 eV [57–59]. These are typical values for both 
F-centre emission and STE emission [60,61].

We estimated the scintillation light yields of CsPbBr3 and CsPbCl3 at 10 K by 
comparing the intensity of their X-ray excited emission spectra, measured us-
ing an average X-ray energy of 40 keV, to that of CsCu2I3 [10]. The estimated          
integral scintillation light yields were determined to be 34,000 and 2,200 photons/
MeV for CsPbBr3 and CsPbCl3, respectively. These numbers are much lower 
than the theoretical maxima of 166,000 and 133,000 photons/MeV estimated 
based on the bandgaps of CsPbBr3 and CsPbCl3 with Equation 1, respectively. 
The contributions from the different emission to the total estimated light yields  
are calculated based on the relative intensities in Figure 1, as summarised in 
Table I. The estimated light yield of CsPbCl3 at 10 K is approximately 1.3% of its 
calculated maximum theoretical value. The main contribution is from its 422 nm 
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emission. For CsPbBr3 the estimated light yield at 10 K is approximately 25.5% 
of its calculated maximum theoretical value. The main contribution is from its 
925 nm emission. Both compounds have also been used to measure 662 keV 
γ-photon excited pulse height spectra at 10 K; a 662 keV photopeak could not be 
distinguished from the background.

The estimated light yields summarised in Table I were determined based on the 
X-ray excited emission spectra using an average X-ray energy of 40 keV. The 
calculated attenuation length for 40 keV photons in CsPbCl3 and CsPbBr3 are 
approximately 250 µm. The 662 keV γ-photon used in the pulse height measure-
ment on the other hand excite the bulk of the crystal.

Mykhaylyk et al. reported light yields of 109.000 and 47.000 photons/MeV for 
CsPbBr3 and CsPbCl3 at 7 K, respectively [5,31]. These numbers were estimated 
by comparing a pulse height spectrum, recorded under alpha excitation of 241Am 
at 7K, of CsPbBr3 and CsPbCl3 to that of LYSO. The later has a light yield of  
34.000 photons/MeV under γ-ray excitation. However, under α excitation LYSO 
is much less efficient. With an α/β ratio of 0.14, from Wolszczak et al. [62], an 
α-particle light yield of 4,760 photons/MeV occurs. This aspect was not taken into 
acount by Mykhaylyk et al. [5,31]. The α/β ratio and proportionality of CsPbBr3  
and CsPbCl3 is also not known. Mykhaylyk et al., in their publication on CsPbBr3, 
also estimated the light yield in a similar way as presented in this work, reporting 
50.000 photons/MeV [5].

The 10 K X-ray excited emission spectra of both compounds, combined with 
the typical photo-detection efficiency curve of a photo-multiplier tube (PMT), are 
shown in Figure 5. The detection efficiency of the PMT drops below 2% at wave-
lengths longer than 620 nm. This means that the 925 nm emission of CsPbBr3  
falls completely outside the detection range, drastically decreasing the number 
of photons available for detection. The 710 nm emission of CsPbCl3 only partial-

Table 1: Summary and comparison of the relative intensity of the emissions observed under X-ray excitation
and their respective contributions to the total light yield at 10 K, and the attenuation length at 40 keV and
400 keV for CsPbBr3 and CsPbCl3.

Relative intensity
Light yield
Photons/MeV

CsPbBr3 538 nm 1 3,100 Self-Absorption
555 nm 0.7 2,200 Useful yield
580 nm 1.7 5,200 Useful yield
925 nm 7.6 23,500 Outside PDE PMT
All 34,000

Theoretical 166,000
CsPbCl3 422 nm 1 1,700 Self-Absorption

710 nm 0.28 500 Outside PDE PMT
All 2,200

Theoretical 133,000

4 Conclusion

In this work, the inorganic perovskites CsPbBr3 and CsPbCl3 have been studied under X-ray and UV-vis
excitation at cryogenic temperatures. Upon comparing the emission spectra measured at 10K using the
different excitation methods, new broad near-infrared emissions were discovered in both compounds. Based
on the peak width, large Stokes shift, and red shift of the emission when going from CsPbCl3 to CsPbBr3
it is suggested that it originates from F-centres or self trapping. Both compounds show fast exciton related
emissions of approximatly 450 ps at 10 K. For CsPbBr3 an additional 36 ns component was measured related
to the 555 nm and 580 nm emissions. The light yields of CsPbBr3 and CsPbCl3 were estimated to be 34,000
and 2,200 photons/MeV. In CsPbBr3, the major part of the light yield is emitted in the 925 nm emission
band, which falls outside the detection range of a typical photo-multiplier tube. The other emissions suffer
from self-absorption. Hence no pulse height spectrum was observed under 662 keV γ-photon excitation at
10 K.

5 Experimental

CsPbCl3 and CsPbBr3 crystals were grown from stoichiometric amounts of the binary halides in sealed
silica ampoules by the vertical Bridgman technique. CsCl (Alfa, 5N) and CsBr (Fluka, >99.5%) were dried
in high vacuum at 200oC. PbCl2 and PbBr2 (both Alpha, 5N) were sublimed in a silica apparatus under
high vacuum for purification at 480oC and 375oC, respectively. Typical batch size was 5 g. The powder
was molten up at 30 K above the congruent melting point of CsPbCl3 at 615oC and CsPbBr3 at 570oC,
respectively. The temperature was kept for one day and then the crystal growth was started. The furnace
was moved upwards by ca. 15 mm/day; samples reached room temperature in about 10 days. Transparent
crystal pieces were cleaved from the boule and sealed in silica ampoules under He gas for the spectroscopic
characterisations. All handling of starting materials and products were done under dry conditions in glove
boxes or sealed sample containers. Powder X-ray diffraction patterns were measured with Cu Kα1 radiation
in reflection geometry at room temperature, see Figure S2 and S3 of supporting information. CsPbCl3 and
CsPbBr3 adopt the GdFeO3-type perovskite structure at room temperature [32].
The X-ray excited emission spectra were measured using a tungsten anode X-ray tube at an operation voltage
of 79 kV. The average X-ray energy from this tube is 40 keV. The low energy X-rays from the spectrum
produced by the tube are removed by placing a 3 mm aluminum filter in frony of the tube in order to
prevent radiation damage to the sample. The crystals were mounted on the cold finger of a closed cycle
helium cryostat operating below 10−4 bar. The crystal is excited and the emitted light is detected from the
same surface; the measurement is performed in reflectivity mode.
The estimated light yields were calculated by comparing the total spectral intensity of the 10 K X-ray excited
emission spectra of CsPbBr3 and CsPbCl3 to that of a CsCu2I3 crystal. The experimental conditions, sample

5

Table I: Summary and comparison of the relative intensity of the emissions ob-
served under X-ray excitation and their respective contributions to the total light 
yield at 10 K for CsPbBr3 and CsPbCl3.
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ly falls within the low side of detection efficiency. The other emissions, for both 
compounds, fall within the detection range of the PMT. However, as discussed 
by Williams et al. [27] and Wolszscak et al. [28], the exciton emissions close to 
the bandgap suffer from self-absorption. The bandgaps of both materials with 
respect to their emissions are represented in Figure 5 by the vertical dashed 
lines. Only the 555 and 580 nm emissions from CsPbBr3 have a potentially useful
contribution to the light yield. However, as shown in Figure 5, they emit in the 
spectral region where the PDE drops below 10%. In total these emissions con-
tribute approximately 7.000 photons/MeV, corresponding with less than 350 
detected photons/MeV. This number is further reduced by the presence of tail 
states, as shown in the room temperature absorbance spectra in Figure S1, and 
large penetration depth of 662 keV γ-photons increasing the chance of re-ab-
sorption. Due to the geometric restrictions needed to perform the measurement 
at 10 K, the sample could not be mounted directly on the entrance window of 
the PMT, reducing the light collection efficiency. The absence of a pulse height 
spectrum at 10 K is thus ascribed to a combination of self-absorption related 
problems, emission falling outside the PMT detection range, and sub-optimal 
experimental conditions.

It has been suggested by Stoumpos et al. that the defect related emissions on 
the long wavelength side of the free exciton emission could be suppressed by 
growing these materials from solution instead of the melt [46,47]. However, this 
will not solve any self-absorption related problems of the free exciton emissions 
[63]. The near infrared emissions, if originating from F-centres might also be 

200 400 600 800 1000

 (nm)

0.0

0.2

0.4

0.6

0.8

1.0

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

PMT PDE

CsPbBr3

CsPbCl3

0

20

40

60

80

100

 
P
D
E
 
%

Figure 5: X-ray excited emission spectra of CsPbCl3 (blue) and CsPbBr3 (red) 
measured at 10 K compared to the detection efficiency of a Hamamatsu Super 
Bialkali R6231-100 (SN ZE4500) (black dashed line). The vertical black dashed 
lines at 413 nm (3 eV) and 520 nm (2.4 eV) represent the bandgaps of CsPbCl3 
and CsPbBr3, respectively.
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suppressed when crystals are produced from solution. Self-trapping however, 
is an intrinsic effect and will thus not be influenced. Similar problems should be 
expected for the organic-inorganic methylamonium based perovskites, CH3N-
H3PbX3 (X = Cl, Br, I) which show similar near band-edge emission as the com-
pletely inorganic perovskites. Scintillation characterisations have been performed 
on CH3NH3PbBr3 [64,65]. Li et al. demonstrated that CH3NH3PbBr3 also shows           
self-absorption related problems, thus preforming poorly as a scintillator crystal 
[65].

4. Conclusion
 
In this work, the inorganic perovskites CsPbBr3 and CsPbCl3 have been studied 
under X-ray and UV-vis excitation at cryogenic temperatures. Upon comparing 
the emission spectra measured at 10K using the different excitation methods, 
new broad near-infrared emissions were discovered in both compounds. Based
on the peak width, large Stokes shift, and red shift of the emission when going 
from CsPbCl3 to CsPbBr3 it is suggested that it originates from F-centres or self 
trapping. Both compounds show fast exciton related emissions of approximately 
450 ps at 10 K. For CsPbBr3 an additional 36 ns component was measured relat-
ed to the 555 nm and 580 nm emissions. The light yields of CsPbBr3 and CsPb-
Cl3 were estimated to be 34,000 and 2,200 photons/MeV. In CsPbBr3, the major 
part of the light yield is emitted in the 925 nm emission band, which falls outside 
the detection range of a typical photo-multiplier tube. The other emissions suffer  
from self-absorption. Hence no pulse height spectrum was observed under 662 
keV γ-photon excitation at 10 K.

5. Experimental
 
CsPbCl3 and CsPbBr3 crystals were grown from stoichiometric amounts of the 
binary halides in sealed silica ampoules by the vertical Bridgman technique. CsCl 
(Alfa, 5N) and CsBr (Fluka, >99.5%) were dried in high vacuum at 200oC. PbCl2 
and PbBr2 (both Alpha, 5N) were sublimed in a silica apparatus under high vac-
uum for purification at 480oC and 375oC, respectively. Typical batch size was 
5 g. The powder was molten up at 30 K above the congruent melting point of 
CsPbCl3 at 615oC and CsPbBr3 at 570oC, respectively. The temperature was kept 
for one day and then the crystal growth was started. The furnace was moved 
upwards by ca. 15 mm/day; samples reached room temperature in about 10 
days. Transparent crystal pieces were cleaved from the boule and sealed in silica 
ampoules under He gas for the spectroscopic characterisations. All handling of 
starting materials and products were done under dry conditions in glove boxes 
or sealed sample containers. Powder X-ray diffraction patterns were measured 
with Cu Kα1 radiation in reflection geometry at room temperature, see Figure S2 
and S3 of supporting information. CsPbCl3 and CsPbBr3 adopt the GdFeO3-type            
perovskite structure at room temperature [32].
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The photoluminescence emission spectra were measured by exciting the sam-
ples either with the light of a 450 W xenon lamp passing through a Horiba Gemini 
180 monochromator or by exciting with a Hamamatsu L1835 deuterium lamp 
passing through an Action Research Corporation VM 502 monochromator. The 
emission light passed through a Princeton Instruments SpectraPro-SP2358 mon-
ochromator and was detected using a Hamamatsu C9100-13 EM CCD. The crys-
tals were mounted on the cold finger of a closed cycle helium cryostat operating 
below 10−4 bar.

The pulsed X-ray decay cures were measured by the time-correlated single pho-
ton counting method. A PicoQuant LDH-P-C440M pulsed laser, generating the 
start signal, directly excites a Hamamatsu N5084 light excited X-ray tube, creat-
ing a pulse of X-rays with an average energy of 18.2 keV and temporal resolution
of 200 ps. The scintillation photons are detected by an ID Quantique id100-50 
single-photon counter, which is used as the stop signal. An Ortec 567 time-to-am-
plitude converter was used to process the start and stop signals. An Ortec AD 144 
16K ADC was used to digitise the signal. The crystals were mounted on the cold
finger of a closed cycle helium cryostat operating below 10−4 bar. The crystal is 
excited and the emitted light is detected from the same surface; the measure-
ment is performed in reflectivity mode.

In order to record pulse height spectra at 10 K the samples were mounted on a 
parabolic stainless steel reflector covered with aluminium foil to improve the light 
collection efficiency. The reflector was mounted on the cold finger of a closed 
cycle helium cryostat operating below 10−4 bar. A Hamamatsu Super Bialkali  
R6231-100 (SN ZE4500) PMT was used to detect the scintillation photons. It was 
placed close to the window on the outside of the sample chamber. The distance 
between the sample and PMT was approximately 5 cm.

The X-ray excited emission spectra were measured using a tungsten anode 
X-ray tube at an operation voltage of 79 kV. The average X-ray energy from this 
tube is 40 keV. The low energy X-rays from the spectrum produced by the tube 
are removed by placing a 3 mm aluminium filter in front of the tube in order to  
prevent radiation damage to the sample. The crystals were mounted on the cold 
finger of a closed cycle helium cryostat operating below 10−4 bar. The crystal is 
excited and the emitted light is detected from the same surface; the measure-
ment is performed in reflectivity mode.

The estimated light yields were calculated by comparing the total spectral inten-
sity of the 10 K X-ray excited emission spectra of CsPbBr3 and CsPbCl3 to that of 
a CsCu2I3 crystal. The experimental conditions, sample alignment, X-ray fluence, 
and size of the samples were similar for all three measurements. The scintillation 
yield of CsCu2I3 has been determined in a separate experiment under 662 keV 
γ-photon excitation on an APD as described in Ref [10]. In Ref [10] the non-pro-
portionality of CsCu2I3 was also measured, showing only a 4% difference upon 
comparing the light yield determined at 60 and 662 keV. The spectral intensity is 
corrected for the detection efficiency.
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Figure S1: Room temperature absorbance spectra of (a) CsPbBr3 single crystal 
and (b) CsPbCl3 single crystal.
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Figure S2: Powder diffraction pattern of CsPbCl3 measured with Cu Kα1 radiation 
at room temperature. CsPbCl3 adopts the GdFeO3-type perovskite structure in 
very good agreement with the calculated pattern according to Linaburg et al. [1]. 
The three broad peaks below 30o 2-Theta originate from the Mylar window of the 
sample holder.
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Figure S3: Powder diffraction pattern of CsPbBr3 measured with Cu Kα1 radiation 
at room temperature. CsPbBr3 adopts the GdFeO3-type perovskite structure in 
very good agreement with the calculated pattern according to Linaburg et al. [1]. 
The three broad peaks below 30o  2-Theta originate from the Mylar window of the 
sample holder.
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3
Photoluminescence and 

Scintillation Mechanism of Cs4PbBr6

The content of this chapter is based on: J. Jasper van Blaaderen, Andries van Hattem, Jence T. 
Mulder, Daniel Biner, Karl W. Krämer, Pieter Dorenbos, Photoluminescence and Scintillation Mech-
anism of Cs4PbBr6, ACS The Journal of Physical Chemistry C 128 (2024) 46, 19921-19932

Abstract
Small bandgap scintillators have gained significant attention in recent years.     
Especially Cs4PbBr6 is a interesting material, mitigating the Stokes shift problem 
of perovskites like CsPbBr3. In this work optical and scintillation properties of 
Cs4PbBr6 single crystals are investigated as function of temperature, with a de-
tailed focus at 10 K. The Cs4PbBr6 single crystals where grown using the vertical 
Bridgman method. Due to incongruent melting, CsPbBr3 inclusions are formed  
generating a 540 nm emission band. Prepairing Cs4PbBr6 via solid state synthe-
sis yields CsPbBr3 inclusion free material, showing no green 540 nm emission 
band. In Cs4PbBr6 samples with and without CsPbBr3 inclusions, a new emis-
sion band at 610 nm, ascribed to an unknown defect, was found. Based on the 
presented experiments, an emission mechanism is proposed for Cs4PbBr6. This 
shows that both defects and CsPbBr3 inclusions play a role in the emission be-
haviour of Cs4PbBr6 but only the CsPbBr3 inclusions are responsible for the 540 
nm emission.
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1. Introduction
In the last 10 years, lead halide perovskites [1–3] and lead halide perovskite-re-
lated compounds [4, 5] have gained interest in the field of X-ray and gamma 
photon scintillation detection. A clear distinction should be made, as discussed 
by Akkerman and Manna, between true perovskites and perovskite-related com-
pounds [7]. The perovskite crystal structure, with stoichiometry ABX3, consists of 
a three dimensional network of corner sharing BX6 octahedra. The small band-
gap of lead halide perovskites, approximately 3 eV, increases their theoretical 
maximum light yield compared to larger bandgap traditional scintillators [1, 8, 9]. 
Using Equation 1 and a bandgap of 3 eV, it can be estimated that perovskites  
could surpass 100,000 photons/MeV scintillation photon yield. 

Here Neh represents the number of created electron-hole pairs, β is taken to be ≈ 
2.5, and Eg represents the bandgap of the sicntillator. Perovskite-based scintilla-
tors differ from traditional scintillators, often doped or co-doped, by being intrinsic 
scintillators [10–14].

One of the shortcomings of lead halide perovskite-based scintillators, however, is 
their small Stokes shift, which results in losses due to self-absorption [3, 15, 16]. 
This problem has been addressed in detail by Wolszczak et al. [15] and Williams 
et al. [16]. For other applications, like light emitting diodes, this is a significantly 
smaller problem; these applications often use either thin films or nanocrystals 
[17–19]. Potential solutions to deal with the small Stokes shift of perovskites are 
lower dimensional lead halide compounds or the introduction of a dopant to down 
shift the emission wavelength. Dimension, in this case, refers to the connectivity 
of the PbX6 octahedral network. In the genuine perovskite structure,  ABX3, the 
PbX6 network is connected in three-dimensions. The dimensionality decreases 
to two-dimensional in compounds like (PEA)2PbBr4 or zero-dimensional in com-
pounds like Cs4PbBr6. Lower-dimensional compounds often show self-trapped 
exciton emission which, compared to the near bandgap free exciton emission of 
perovskites, has a significantly larger Stokes shift [20–23].

Examples of lower-dimensional lead-based compounds that have been studied 
for their scintillation properties are the two-dimensional hybrid organic-inorganic 
perovskites phenethylammonium lead bromide ((PEA)2PbBr4), butylammonium 
lead bromide ((BA)2PbBr4), and 2,2-(ethylenedioxy)bis(ethylammonium) lead 
chloride ((EDBE)PbCl4) [1, 4, 24, 25]. In these compounds, the cation located on 
the A site is replaced with a relatively large ammonium ion, creating an alternat-
ing layered structure of PbX6 octahedra and organic layers.

Neh =
1,000,000

βEg

(e - h pairs / MeV) (1)
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In this work, the low temperature optical and scintillation properties of the zero 
dimensional lead halide compound Cs4PbBr6 are studied. Cs4PbBr6 crystallises 
in the K4CdCl6 structure with space group R3c [26, 27], has a density of 4.19 g/
cm3, and a 3.9 eV bandgap [28–30]. Compared to the corner-sharing network of 
BX6 octahedra in the perovskite crystal structure, the A4BX6 structure consists of 
isolated BX6 octahedra [31, 32]. This results in the formation of localised states, 
comprised of the 6s2 and 6s6p states of Pb2+, on the BX6 octahedra. This closely 
resembles low doping concentrations of Pb2+ in face-centred cubic (fcc) alkali hal-
ide crystals, also resulting in the formation of isolated [PbX6]4− octahedra [29, 33].

A general schematic of the energy levels of ions with a ns2 electronic configura-
tion, e.g., Tl+, Pb2+, and Bi3+, is shown in Figure 1. The energy levels of a free ns2 
ion shift and split due to a combination of electrostatic, exchange, and spin-orbit 
interactions [34, 35]. In a crystal field, the levels will split further forming three dis-
tinct absorption bands, labelled the A (1S0 → 3P1), B (1S0 → 3P2), and C (1S0 → 1P1) 
band, which correspond with transitions between the ns2 ground state and nsnp 
excited states [34, 35]. The 1S0 → 1P1 transition, or C-band, is allowed. The 1S0 
→ 3P0, 1S0 → 3P1 (A-band), and 1S0 → 3P2 (B-band) transitions are spin forbidden. 
The 1S0 → 3P1 transition, or A-band, becomes partially allowed due to the spin-or-
bit coupling mixing the 3P1 and 1P1 states [34]. The 1S0 → 3P2 transition, or B-band, 
can be induced due to vibrational coupling with the crystal lattice but it remains 
weak and often escapes observation [35, 36]. Additionally, a fourth band, labelled 
the D-band, corresponding to a metal to metal charge transfer state between the
ground state of Pb2+ and the conduction band is often observed [37, 38]. Emis-
sion typically takes place due to transitions from the 3P1 (excited) state to the 1S0 
(ground) state and is commonly referred to as A-band emission [34, 35].

Cs4PbBr6 has been studied in different morphologies: nanocrystals [28, 39–41], 
thin films [29, 30, 42], single crystals [27, 43, 44], and powders [45, 46]. Next to 
the potential interest of Cs4PbBr6 as a scintillator, it has also gained interest to be 
used in light emitting diodes (LEDs) [47, 48], luminescent solar concentrates [49], 
and UV detectors [50]. Additionally, Cs4PbBr6 has been explored as host matrix 
for the production of CsPbBr3 nanocrystals, an overview of which is presented 
by Akkerman et al. [50]. Cs4PbBr6 especially gained a lot of interest due to its 
intense green 540 nm emission in addition to its UV 380 nm emission. The ori-
gin of the 540 nm emission is sometimes still under debate. It was suggested to  
either originate from bromine vacancies [27, 41, 51–53] or CsPbBr3 nanocrystal 
inclusions [29, 30, 44, 54–58]. The latter is seen as the more favourable expla-
nation. This debate has recently been summarised in the review articles of Wang 
et al. [59], Biswas [60], and Akkerman et al. [50]. In general two different types 
of Cs4PbBr6 can be classified in literature: Cs4PbBr6 with CsPbBr3 inclusions, 
showing UV 380 nm and green 540 nm emission, and phase pure Cs4PbBr6, 
showing only UV 380 nm emission. The goal of this work is to propose a general 
emission mechanism for Cs4PbBr6, done by studying the low temperature optical 
and scintillation properties of Cs4PbBr6. The experiments are performed on a 
Cs4PbBr6 single crystal, grown using the vertical Bridgman method. One of the 
problems of producing single crystals from the melt, however, is the incongruent 
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Figure 1: Schematic energy level diagram of ions with an ns2 electronic ground 
state. Here F represents the shift of the energy levels due to electrostatic inter-
actions, G represents the shift due to exchange interactions. The final formation 
of the A-, B-, and C-band and the corresponding symmetries are shown for an 
octahedrally surrounded ns2 ion. The * indicates the mixing of the 3P1 and 1P1 
levels due to spin-orbit interaction.

melting of Cs4PbBr6 [61]. This results in the formation of CsPbBr3 inclusions [29, 
30]. Such inclusions have also been observed in CsBr crystals doped with Pb2+ 
[62–64]. Zhang et al. demonstrated that Cs4PbBr6 single crystals can be grown 
from solution without CsPbBr3 inclusions in the presence of an excess of Cs+ and 
Br− ions, which stabilise the formation of Cs4PbBr6 [55]. Akkermann et al. have 
demonstrated a similar approach for the production of Cs4PbBr6 nanocrystals 
[28]. We have chosen to use a solid state synthesis, next to the Bridgman grown 
single crystal, to produce a Cs4PbBr6 powder without CsPbBr3 inclusions. The 
solid state reaction between CsBr and PbBr2 takes place below the incongruent 
melting point of Cs4PbBr6 [61]. A slight excess of CsBr was chosen to prevent 
formation of CsPbBr3 inclusions. This approach has also been used for the syn-
thesis of Cs4PbI6 [65].
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Figure 2: Vacuum referred binding energy (VRBE) diagram and the processes 
taking place in Cs4PbBr6 on the left and the VRBE plus additional processes tak-
ing place in Cs4PbBr6 with CsPbBr3 inclusions on the right. Excitation and emis-
sion processes are represented by arrows and labelled using numbers. Energy 
transfer processes are indicated by dashed lines and labelled using letters. The 
label Xdef represents the defect related emission, the label xPb2+ represents Pb2+ 
ions with a perturbed coordination shell.

In order to aid the presentation of the results and discussion presented in this 
work, Figure 2 shows the vacuum referred binding energy (VRBE) diagram appli-
cable to Cs4PbBr6 on the left side and to CsPbBr3 on the right side. The valence 
band of Cs4PbBr6 consists of bromine 4p orbitals and lead 6s orbitals while the 
conduction band consists of bromine 5p orbitals and lead 6s6p orbitals [41, 55, 
66]. Vertical arrows represent excitation and emission transitions identified in the 
results section of this work. The horizontal dashed lines illustrate the energy and/
or charge carrier transfer routes proposed in the discussion section.
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Figure 3: (a) X-ray excited emission spectrum of a Cs4PbBr6 single crystal with 
CsPbBr3 inclusions recorded at 10 K. (b) Temperature dependent X-ray excited 
emission spectra of a Cs4PbBr6 single crystal measured from 10 to 300 K. The 
inset shows a zoom in of the 380 nm emission peak. (c) Temperature dependent 
integrated emission intensities of the 380, 540, and 630 nm emission bands.

2. Results
Cs4PbBr6 with CsPbBr3 Inclusions

Figure 3a shows the 10 K X-ray excited emission spectrum of the Cs4PbBr6 single 
crystal. The spectrum contains three emission bands at 380, 540, and 610 nm. 
These emission bands have also been observed by Kubota et al. [67] and Ding 
et al. [68]. Wu et al. only studied the emission at wavelengths longer than 400 nm 
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under X-ray excitation, hence only observing the 540 and 610 nm emissions [69, 
70]. The relative integral spectral intensity of the three emission bands are 1, 4.8, 
and 40.6, respectively. This means that the majority of the produced scitnillation 
photons is present in the 610 nm emission band. The 380 nm UV band can be 
assigned to the intrinsic emission of Cs4PbBr6 (arrow 2 in Figure 2) [28, 30, 55, 
67]. The powder X-ray diffraction pattern of the Cs4PbBr6 sample in Figure S1 
shows that the single crystal contains CsPbBr3 related impurities to which the 
540 nm emission can be ascribed (arrow 4 in Figure 2). It has been suggested 
by Kubota et al. that the 610 nm emission could be related to bromine vacancies 
(arrow 6 in Figure 2) [67–69].

The X-ray excited emission spectra, measured as function of temperature, are 
shown in Figure 3b. The integrated intensities of the 380, 540, and 610 nm bands 
are shown in Figure 3c. The 540 nm emission band is fully quenched above 100 
K. The intensity of the 610 nm emission shows a mild decrease until 75 K. Above 
75 K its intensity increases, reaching a maximum at 125 K and then starts to 
quench. Based on the integrated peak intensities, the temperature (T50) at which 
the intensity drops below 50% of its maximum intensity for the 380, 540, and 610 
nm emissions are 90, 30, and 150 K, respectively.

The 10K pulsed X-ray excited decay curve of the total emission spectrum of the 
Cs4PbBr6 single crystal is shown in Figure 4a. The inset shows the first 150 ns 
of the decay curve where two decay components of 0.66 and 16.5 ns can be 
observed. On longer time scales a significantly slower component of 770 ns can 
also be observed. The measurement was repeated by placing a 630 nm long 
pass filter in front of the photo-detector, removing the contribution of both the 380 
and 540 nm emissions. The resulting decay curve is shown in Figure 4b, with the 
inset showing the first 150 ns of the decay. The decay curve no longer contains 
the sub nanosecond decay component observed in Figure 4a. The decay con-
tains three decay components of 10, 140, and 790 ns. Nikl et al. have studied 
the decay behaviour of Cs4PbBr6 with CsPbBr3 inclusions under photo-excitation 
finding a sub nanosecond decay component for the 540 nm emission [30]. Ad-
ditionally the sub nanosecond decay component is similar to the decay curves 
measured on CsPbBr3 single crystals under pulsed X-ray excitation [3]. This sug-
gests that the sub nanosecond decay component observed in Figure 3a can be 
assigned to the 540 nm emission.

Figure 5 shows the room temperature absorbance spectrum of the Cs4PbBr6 
single crystal revealing two peaks at 260 nm (4.77 eV) and 315 nm (3.94 eV). 
An additional absorption edge is observed around 520 nm (2.38 eV). The 315 
nm absorption band can be ascribed to the A-band transitions of Pb2+ (arrow 1 
in Figure 2). Kondo et al. ascribed the 260 nm band to a combination of the C- 
and D-band transitions [29]. The overlap of these two transitions has also been 
observed in alkali halides doped with low concentrations of Pb2+ for example KBr 
which behaves similar to Cs4PbBr6 [71, 72]. Hence, the 260 nm absorption band 
will be labelled as C/D-band transition (arrow 5 in Figure 2). The observed ab-
sorption edge, in Figure 5, around 520 nm (arrow 8 in Figure 2) can be ascribed 
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Figure 4: (a) Pulsed X-ray excited decay curve of the total emission spectrum 
of a Cs4PbBr6 single crystal with CsPbBr3 inclusions at 10 K. (b) Pulsed X-ray 
excited decay curve, recorded by placing a 630 nm long pass filter in front of the 
detector, of a Cs4PbBr6 single crystal with CsPbBr3 inclusions at 10 K.
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Figure 5: Room temperature 
absorbance spectrum of a 
Cs4PbBr6 single crystal with 
CsPbBr3 inclusions, the inset 
shows a zoom-in of the feature 
observed between 500 and 
550 nm.

to the presence of CsPbBr3 inclusions [29, 30]. For comparison the absorption 
spectrum of a CsPbBr3 single crystal is shown in Figure S2, revealing a similar 
absorption edge around 520 nm. Based on these similarities and the powder dif-
fraction pattern of the Cs4PbBr6 single crystals, the 540 nm emission is ascribed 
to CsPbBr3 inclusions (arrow 4 in Figure 2).
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Figure 6: (a) Photoluminescence emission intensity of a Cs4PbBr6 single crystal 
with CsPbBr3 inclusions as function of excitation wavelength at 10 K. Photolu-
minescence excitation and emission spectra at 10 K measured at emission and 
excitation wavelengths of (b) 380 and 310 nm, (c) 675 and 250 nm, and (d) 545 
and 370 nm.

To further investigate the nature of the different absorption and emission bands, 
the photoluminescence emission of Cs4PbBr6 was measured as function of the 
excitation wavelength at 10 K. The resulting image plot is shown in Figure 6a. 
From this image plot, two emission spectra are extracted at excitation wave-
lengths of 310 and 250 nm, shown in Figure 6b and c, respectively. Upon exciting 
the A-band (arrow 1 in Figure 2) at 310 nm, as shown in Figure 6b, two emission 
bands are observed at 378 and 540 nm. The 378 nm emission can be assigned 
to the intrinsic A-band emission of Cs4PbBr6 (arrow 2 in Figure 2) [30], and the 
540 nm emission to the presence of CsPbBr3 inclusions (arrow 4 in Figure 2) [19, 
29, 30]. Analogous behaviour is observed in Cs4PbCl6 due to the presence 
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CsPbCl3 inclusions [73]. The excitation spectrum of the 378 nm A-band emis-
sion in Figure 6b shows two excitation bands at 250 and 310 nm. Similar to the 
absorbance spectrum shown in Figure 5, these are assigned to the C/D- and 
A-band transitions (arrows 1 and 5 in Figure 2), respectively. Note that the 310 
nm excitation band actually consists of two bands, at 310 and 317 nm, which is 
typical of the A-band and caused by a Jahn-Teller splitting [34, 35]. From the im-
age plot in Figure 6a, it can be observed that the 378 nm emission band excited 
via the A band-transition is the most intense emission band observed.

Upon exciting in the C/D-band (arrow 5 in Figure 2) at 250 nm, as shown in Figure
 6c, two main emission bands at 378 and 610 nm are observed (arrows 2 and 6 
in Figure 2). The 540 nm band is also present in the form of a shoulder on the 
shorter wavelength side of the 610 nm band. The 610 nm emission band has not 
been observed before under photo-excitation but is the dominant emission band 
under X-ray excitation, as shown in Figure 3a. The excitation spectrum, record-
ed at 675 nm, in Figure 6c shows an intense 250 nm C/D- and a weak 310 nm 
A-band, which are also observed in Figure 6b but with a much different intensity 
ratio. Additionally, a second Jahn-Teller split A-band, (arrow 7 in Figure 2) is ob-
served at 325 and 332 nm which is labelled as AX and there is also an excitation 
band at 370 nm, attributed to the CsPbBr3 inclusions [34, 35]. Upon exciting at  
370 nm (arrow 9 in Figure 2), two emission bands are observed at 540 and 610 
nm as shown in Figure 6d. The excitation spectrum recorded at 545 nm is also 
shown in Figure 6d.

The quenching behaviour under optical excitation is similar to the quenching be-
haviour under X-ray excitation. The T50 values for the 378, 540, 600 nm emis-
sions are approximately 110, 60, and 160 K. The temperature dependence of the 
different emission bands upon exciting at the 250 nm C/D-band, 310 nm A-band, 
and 370 nm CsPbBr3 inclusions is shown in Figure S3.

Cs4PbBr6 without CsPbBr3 Inclusions

Cs4PbBr6 without CsPbBr3 inclusions was synthesised using a solid state synthe-
sis. After the heat treatment of the CsBr:PbBr2 (4:1) mixture, a light grey powder 
was obtained. The X-ray diffraction pattern of the synthesised material only ex-
hibits diffraction peaks of Cs4PbBr6 and CsBr. The diffraction pattern is shown 
in Figure S4 and S5 together with a two-phase Rietveld profile refinement. The 
refinement yielded expected mass fractions of > 99% for Cs4PbBr6 and < 1% for 
CsBr. In contrast to the diffraction pattern of the Cs4PbBr6 single crystal, no peaks 
related to CsPbBr3 were observed.

To investigate the nature of the different absorption and emission bands of Cs4Pb-
Br6 without CsPbBr3 inclusions, the photoluminescence emission was measured 
as function of the excitation wavelength at 10 K. The resulting image plot, plotted 
on a log scale, is shown in Figure 7a. From the image plot, two emission spectra 
are extracted at excitation wavelengths of the 310 nm A-band and 250 nm C/D-
band, shown in Figure 7b and c, respectively. Upon exciting the A-band (arrow 1 
in Figure 2), two emission bands at 378 and 455 nm (arrows 2 and 3 in Figure 2) 
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Figure 7: (a) Photoluminescence emission intensity of Cs4PbBr6 without CsPbBr3 
inclusions as function of excitation wavelength at 10K, on a log scale. Photolumi-
nescence excitation and emission spectra at 10K measured at emission and ex-
citation wavelengths of (b) 380 and 310 nm and (c) 675 and 250 nm, respectively.

are observed. The 540 nm emission (arrow 4 in Figure 2), observed in Figure 6b 
and related to the CsPbBr3 inclusions, is no longer present. The excitation spec-
trum of the 378 nm A-band Pb2+ emission, in Figure 7b, shows the C/D band at 
250 nm and the strong Jahn-Teller split A-band at 310 and 317 nm [34, 35]. Upon 
exciting the C/D band (arrow 5 in Figure 2) both the 378 nm A-band emission 
and 610 nm emission (arrows 2 and 6 in Figure 2) are observed. The excitation 
spectrum recorded at 675 nm, in Figure 7c, contains the C/D band at 250 nm and 
the Jahn-Teller split AX-band at 320 and 332 nm.
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Figure 8 shows the 10 K X-ray excited emission spectrum of Cs4PbBr6 without 
CsPbBr3 inclusions. Two emission bands are observed at 380 and 610 nm with 
relative intensity of 1 and 25, respectively. The T50 temperature for both emission 
bands is 150 K as was obtained from temperature dependent behaviour of both 
bands, as shown in Figure S6a and S6b.

3. Discussion
Perturbed Pb2+ Coordination Sphere

Depending on the emission wavelength at which the excitation spectra are re-
corded, two different A-excitation bands are observed. A comparison of the two 
excitation bands for Cs4PbBr6 with and without CsPbBr3 inclusions is shown in 
Figure 9a and b, respectively. Figure 9c shows three emission spectra excited 
at 310 nm (only A-band transition, arrow 2 in Figure 2), 320 nm (mixed A- and 
AX-band transitions) and 332 nm (only AX-band transition, arrow 7 in Figure 2) 
of the Cs4PbBr6 sample without CsPbBr3 inclusions. Exciting only in the A-band 
yields two emission bands at 378 (strong) and 455 nm (weak). Exciting in the AX-
band yields three emission bands at 405, 455, and 610 nm. It is known that the 
presence of defects close to Pb2+ ions influences both the excitation and emis-
sion properties of Pb2+ ions [74]. This has been studied extensively in the alkali 
halides [75–82]. Based on these observations the A-band excitation and A-band 
emission (arrows 1 and 2 in Figure 2, respectively) are attributed to originate from 
a Pb2+ ion on an unperturbed site. The AX-band (arrow 7 in Figure 2) and the 405 
and 455 nm emission bands (arrow 3 in Figure 2) originate from a Pb2+ ion with a 
different or perturbed coordination shell. 
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Figure 8: X-ray excited emission spectrum of Cs4PbBr6 without CsPbBr3 inclu-
sions recorded at 10 K.
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Figure 9: Comparison of the A-band transitions of (a) Cs4PbBr6 with CsPbBr3 in-
clusions and (b) Cs4PbBr6 without CsPbBr3 inclusions. The two excitation spectra 
shown for both forms of Cs4PbBr6 are recorded at 380 and 675 nm. The A-band 
transition of Pb2+ ions with an unperturbed coordination sphere are labelled A 
and those of Pb2+ ions with a perturbed coordination sphere are labelled AX. (c) 
Emission spectra of Cs4PbBr6 without CsPbBr3 inclusions excited in the A- and 
AX-bands.

The presence of two additional emission bands points to at least two different 
perturbed coordination spheres of Pb2+. These could for example be a Pb2+ inter-
stitial, a bromine vacancy next to Pb2+, or Pb2+ on a Cs+ site.

After exciting the A-band transition, next to A-band emission, energy transfer to 
a Pb2+ ion with perturbed coordination sphere can take place, as evident from 
the 455 nm emission band in Figure 7b. Energy transfer can also take place to 
the CsPbBr3 inclusions, if present, as evident from the 540 nm emission band in 
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Figure 6b. After exciting the AX-band, next to the 405 and 455 nm emissions, the 
610 nm emission band can also be observed, as seen in Figure 9c.

Defect Related Emission

The 610 nm emission band is mainly observed upon exiting the C/D-band at 250 
nm, as evident from the intensities of the excitation bands shown in Figure 6c 
and 7c. It is also possible to observe the 610 nm emission upon exciting the AX-
band, excluding D-band emission [83–85] as potential explanation. The 610 nm 
emission excitation via the A-band is weak, excitation via the AX-band is signifi-
cantly stronger as shown in Figure 6c. This all suggests that the 610 nm emission 
originates from a defect in the vicinity of a Pb2+ ion, resulting in a perturbation 
of the coordination sphere of Pb2+ and the observation of the AX-band. The 610 
nm emission band cannot be excited directly. The defect seems to first need to 
trap a mobile charge carrier before it can become emissive. This can happen 
by exciting the C/D-band, upon which mobile charge carriers are created, or via 
excitation of a CsPbBr3 inclusion well above the band gap, at 370 nm (arrow 9 in 
Figure 2), or a Pb2+ ion with a perturbed coordination sphere, illustrated by energy 
transfer pathway d, h, and f in Figure 2, respectively. The excitation spectra of 
the 610 nm emission, Figure 6c and 7c, show that exciting the C/D band is the 
dominant pathway to excite the defects.

Inclusion Related Emission

The emission peak, linked to the CsPbBr3 inclusions, was located at 540 nm 
in the Cs4PbBr6 single crystals used in this work. The green CsPbBr3 inclusion 
emission in nanocrystals however is typically reported to be located from 515 
to 524 nm [50]. It has been demonstrated by Chen et al. and Almeida et al., in 
Cs4PbBr6 nanocrystals with CsPbBr3 inclusions, that the emission wavelength 
of the CsPbBr3 emission can be tuned by altering the synthesis and effectively 
changing the size of the CsPbBr3 inclusions [44, 86]. The 540 nm emission wave-
length observed in this work matches with the emission wavelength observed for 
bulk CsPbBr3 [3]. This suggests that during the synthesis process from the melt, 
CsPbBr3 domains are formed large enough to not be influenced by confinement 
effects and show bulk properties. When Cs4PbBr6 with CsPbBr3 inclusions is ex-
cited at wavelengths longer than 350 nm it is possible to directly excite the CsPb-
Br3 inclusions, as demonstrated in Figure 6d. The inclusions can also be excited 
by an energy transfer process from either the A-band, C/D-band, or a Pb2+ ion 
with a perturbed coordination sphere, illustrated by energy transfer pathway b, e, 
and g in Figure 2, respectively.

Excitation and Emission Mechanism

Based on the results and discussion, a vacuum referred binding energy diagram 
can be constructed to explain the observed emission processes. The resulting 
diagram is shown in Figure 2. Based on computational methods presented by 
Kang et al. [87] and information from He et al. [88] we tentatively placed the 
valence band (VB) top of Cs4PbBr6 at - 7 eV and that of CsPbBr3 1 eV higher. The 
optical bandgap of Cs4PbBr6, which equals the A-band transition energy, is 3.9 
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eV. This value has been determined experimentally [29, 89]. The bottom of the 
conduction band (CB) of Cs4PbBr6 is determined by adding the optical bandgap 
to the VRBE of the top of the VB. The CB-bottom of CsPbBr3 is determined by 
adding the emission energy to the VRBE of its VB-top; due to the small Stokes 
shift of CsPbBr3 it can be assumed that the emission energy is approximately 
equal to the optical bandgap. It is estimated that the error margins in placing 
the top of the VB are approximately ± 0.3 eV; essential is that the VB-top and 
CB-bottom of CsPbBr3 both fall well inside the bandgap of Cs4PbBr6. The C/D-
band transition energy is defined as the mobility bandgap, where mobile charge 
carriers are created upon excitation. The position of the A- and C/D-band transi-
tions is determined based on the excitation spectra shown in Figure 6b and 7b.

The diagram consists of two sections, on the left the processes taking place in 
Cs4PbBr6. On the right the additional processes taking place due to the presence 
of CsPbBr3  inclusions. The position of the AX-band transitions, labelled XPb2+ are 
determined using Figure 6c and 7c. The exact position of the defect-related en-
ergy levels, labelled Xdef in the diagram, is uncertain. The spacing between the 
levels is based of the emission wavelength of the defect related emission.

After exciting the A-band (arrow 1) three processes can take place: A-band emis-
sion (arrow 2), or energy transfer (pathways a and b) resulting in emission from 
a XPb2+ ion (arrow 3) or CsPbBr3 inclusions (arrow 4). After exciting the C/D-band 
(arrow 5) three different processes can take place: A-band emission (arrow 2), 
or energy and/or charge carrier transfer (pathways d and e) resulting in emission 
from a defect (arrow 6) or CsPbBr3 inclusions (arrow 4). It is also possible to 
excite a XPb2+ ion (arrow 7) after which three processes can take place: AX-band 
emission (arrow 3) or energy transfer (pathways f and g) resulting in emission 
from a defect (arrow 6) or CsPbBr3 inclusions (arrow 4). The CsPbBr3 inclusions 
can also be excited directly (arrows 8 and 9) after which two processes can take 
place: emission from the inclusion (arrow 4) or energy transfer (pathway h), if 
excited well above the band gap (arrow 9), resulting in emission from a defect 
(arrow 6).

X-ray Versus Optical Excitation

Under X-ray excitation, as shown in Figure 3a, the 610 nm emission band is 40.6 
times more intense compared to the A-band emission. Upon exciting the C/D-
band the intensity of the 610 nm emission is only 2.5 times stronger compared to 
the A-band emission. Moreover, it is completely absent upon exciting the A-band. 
The observed intensity difference can be explained based on the difference be-
tween X-ray excitation and optical excitation. Upon X-ray excitation all energy 
of the incident X-ray is transferred to a primary electron. This hot electron cre-
ates secondary excitations via electron-electron interactions along its ionisation 
track. This results in the formation of spatially separated electrons and holes. 
The electrons, due to their larger mobility, will diffuse further away from the initial 
ionisation track compared to the holes [90–93]. The separated electrons and 
holes first need to approach each other before emission can take place. Upon 
optically exciting the C/D-band transition, the formed electrons and holes stay in 
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closer proximity; emission can take place immediately. This happens on a shorter 
time scale compared to the recombination of the spatially separated electrons 
and holes formed upon X-ray excitation. The latter thus have more time to move 
through the crystal lattice and find a defect thus leading to a more intense 610 nm 
emission band upon X-ray excitation.

4. Conclusion
In this work the zero-dimensional caesium lead halide compound Cs4PbBr6 has 
been studied as function of temperature under both X-ray and UV-vis excitation. 
Cs4PbBr6 is studied with and without CsPbBr3 inclusions. Upon X-ray excitation 
most of the scintillation light is present in the 610 nm emission band for both 
forms of Cs4PbBr6. This is ascribed to the formation of spatially separated charge 
carriers reaching lattice defects. The pulsed X-ray excited decay curves show 
multiple decay components, the longest being approximately 800 ns. Upon ex-
citing the C/D-band at 250 nm, the 610 nm emission band was also found which 
has not been reported before. The excitation spectrum of the 610 nm emission 
band contains an excitation band, labelled AX, which is ascribed to Pb2+ ions with 
a perturbed coordination sphere. It is suggested that the 610 nm emission orig-
inates from defects in the vicinity of Pb2+ ions, leading to the perturbation of the 
coordination sphere. The 540 nm emission, based on the X-ray diffraction pat-
terns and absorption spectra, is assigned to the presence of CsPbBr3 inclusions. 
It is thus shown experimentally that both CsPbBr3 inclusions and defects play a 
role in the photoluminescence behaviour of Cs4PbBr6. All experimental results 
could be combined to formulate a general mechanism for the emission behaviour 
of Cs4PbBr6.

5. Experimental
Crystals of Cs4PbBr6 were grown by the vertical Bridgman technique in sealed 
silica ampoules. Since Cs4PbBr6 melts incongruently at 500 °C [61], a non-stoi-
chiometric mixture of 75% CsBr and 25% PbBr2 was used. CsBr (Fluka, >99.5%) 
and PbBr2 (Alpha, 5N) were dried at 200 °C in vacuum. In a dry box the starting 
materials were filled into a silica ampoule and sealed off under vacuum. The 
mixture was molten at 550 °C and slowly cooled by moving up the furnace within 
10 days. The product contained a white tip of CsBr and Cs4PbBr6, a yellow-or-
ange middle part of Cs4PbBr6, and an orange top part of Cs4PbBr6 and CsPbBr3 
eutecticum. Cs4PbBr6 crystals from the middle part were used for spectroscopic 
characterisations. Powder X-ray diffraction, see Figure S1, and spectroscopic 
data revealed that the sample (middle part) contained about 90% Cs4PbBr6 and 
10% CsPbBr3. The phase separation in the CsBr-PbBr2 melt did not work well, as 
also can be seen from the formation of a white tip containing CsBr.
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CsBr (99.999 %, Sigma Aldrich) and PbBr2 (>98 %, Alfa Aesar) were mixed in 
a 4.024 to 1.000 ratio and ground for 15 minutes. The mixture was loaded in a 
closed crucible and heated for 48 h at 600 K, after which it was let to cool down 
to room temperature. The as-obtained powder was loaded in a X-ray diffraction 
sample holder closed with Kapton foil to prevent powder spreading and reaction 
with moisture. The sample was measured on a PANalytical X’Pert PRO using 
Cu Kα-radiation (45 kV, 40 mA) in the range 10o <2θ <120o with an increment of 
0.008o for a total measurement time of 9h. The pattern was recorded using an 
X’Celerator detector. The obtained diffraction pattern was analysed using Riet-
veld profile refinement [94, 95] in the FullProf suite [96, 97]. The analysed powder 
diffraction pattern contained only the peaks of Cs4PbBr6 (>99 %) and CsBr (<1 %) 
as determined using Rietveld refinement.

X-ray excited emission spectra were recorded using a tungsten anode X-ray 
tube, operated at 79 kV. This produces X-rays with an average energy of 40 keV. 
The low energy part of the produced X-ray spectrum was removed by placing a 
3 mm aluminium filter in front of the X-ray tube. This prevents radiation damage. 
The samples were mounted on the cold finger of a closed cycle helium cryostat 
operated below 10−4 bar.

Pulsed X-ray excited emission spectra were recorded using the time-correlat-
ed single photon counting method. The start signal of the measurements was 
generated by a PicoQuant LDH-P-C440 M pulsed laser, which directly excites 
a Hamamatsu N5084 light-excited X-ray tube. This results in the production of 
X-ray pulses with an average energy of 18.2 keV. The stop signal of the meas-
urements was generated by the detection of a single photon by an ID Quantique 
id100-50 single-photon counter. Both start and stop signals were processed by 
an Ortec 567 time-to-amplitude converter whose output signal was digitised by 
an Ortex AD 144 16K ADC. The samples were mounted on the cold finger of a 
closed cycle helium cryostat operated below 10−4 bar.

Photoluminescence excitation and emission spectra were recorded using light 
from a 450 W xenon lamp passing through a Horiba Gemini 180 monochromator 
to excite the sample. The emitted light was collected at a 90◦ angle with respect to 
the excitation source. The emitted ligth passed through a Princeton Instruments 
SpectraPro-SP2358 monochromator before being detected by a Hamamatsu 
R7600u-20. Any reflected excitation light was removed using a long pass filter 
in front of the Princeton monochromator. All spectra were corrected for the lamp 
intensity. The samples were mounted on the cold finger of a closed cycle helium 
cryostat operated below 10−4 bar.

The presented absorbance spectra were recorded using a PerkinElmer Lambda 
1050 equipped with an integrating sphere.
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Figure S1: Powder diffraction pattern of Cs4PbBr6 with about 10% CsPbBr3 in-
clusions measured with Cu Kα1 radiation at room temperature. The three broad 
peaks below 30o 2-Theta originate from the Mylar window of the sample holder.
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Figure S2: Room temperature absorbance spectrum of the CsPbBr3 single crys-
tal.

3



63 64

400 500 600 700

 (nm)

0.0

0.2

0.4

0.6

0.8

1.0

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

a)

ex

 = 250 nm

10 K

25 K

50 K

75 K

100 K

125 K

150 K

175 K

200 K

225 K

250 K

275 K

300 K

0 50 100 150 200 250 300

Temperature (K)

0.0

0.2

0.4

0.6

0.8

1.0

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

b)

380 nm, T

50

 = 110 K

540 nm, T

50

 = 50 K 

600 nm, T

50

 = 160 K

400 500 600 700

 (nm)

0.0

0.2

0.4

0.6

0.8

1.0

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

c)

ex

 = 310 nm

10 K

25 K

50 K

75 K

100 K

125 K

150 K

175 K

200 K

225 K

250 K

275 K

300 K

0 50 100 150 200 250 300

Temperature (K)

0.0

0.2

0.4

0.6

0.8

1.0

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

d)

380 nm, T

50

 = 110 K

540 nm, T

50

 = 60 K

400 500 600 700

 (nm)

0.0

0.2

0.4

0.6

0.8

1.0

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

e)

ex

 = 370 nm

10 K

25 K

50 K

75 K

100 K

125 K

150 K

175 K

200 K

225 K

250 K

275 K

300 K

0 50 100 150 200 250 300

Temperature (K)

0.0

0.2

0.4

0.6

0.8

1.0

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

f)

540 nm, T

50

 = 75 K

Figure S3: Temperature dependent photoluminescence emission spectra of 
Cs4PbBr6 single crystal with CsPbBr3 inclusions from 10 to 300 K recorded by 
exciting at (a) 250 nm, (c) 310 nm, and (e) 350nm.
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Figure S4: Experimental (Yobserved, in red circles) and calculated (Ycalculated, in 
black) powder XRD patterns of synthesised Cs4PbBr6. The difference between 
calculated and experimental intensities, Yobserved−Ycalculated, is shown in blue. The 
angular positions of Bragg reflections for Cs4PbBr6 and CsBr are shown in green. 
Measurement at λ = Cu Kα. Rietveld refinement of Cs4PbBr6 in space groupR3c 
(167) and CsBr in Pm3m (221).
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Figure S5: Zoom in of the experimental (Yobserved, in red circles) and calculated 
(Ycalculated, in black) powder XRD patterns of synthesised Cs4PbBr6. The difference 
between calculated and experimental intensities, Yobserved−Ycalculated, is shown in 
blue. The angular positions of Bragg reflections for Cs4PbBr6 and CsBr are shown 
in green. Measurement at λ = Cu Kα. Rietveld refinement of Cs4PbBr6 in space 
groupR3c (167) and CsBr in Pm3m (221).

3



65 66

200 400 600 800 1000

 (nm)

0.0

0.2

0.4

0.6

0.8

1.0

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

a)

10 K

25 K

50 K

75 K

100 K

125 K

150 K

175 K

200 K

225 K

250 K

275 K

300 K

0 50 100 150 200 250 300

Temperature (K)

0.0

0.2

0.4

0.6

0.8

1.0

I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)

b)

380 nm, T

50

 = 150 K

380 nm, T

50

 = 150 K

Figure S6: (a) Temperature dependent X-ray excited emission spectra of Cs4Pb-
Br6 without CsPbBr3 inclusions. (b) Integrated spectral intensity.
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4
Temperature Dependent Scintillation 

Properties and Mechanisms of 
(PEA)2PbBr4 Single Crystals

The content of this chapter is based on: J. Jasper van Blaaderen, Francesco Maddalena, Cuong 
Dang, Muhammad Danang Birowosuto, Pieter Dorenbos, Journal of Materials Chemistry C 10 
(2022) 11598-11606

Abstract
In this work the scintillation properties of (PEA)2PbBr4 are studied as function of 
temperature, accessing the potential use of this materials for low temperature 
applications. The scintillation properties and mechanism have been studied using 
a combination of temperature dependent photoluminescence emission and ex-
citation, X-ray excited emission and decay measurements. At room temperature 
the X-ray excited emission is dominated by the 442 nm emission with a lifetime of 
35.2 ns. Under UV-Vis photon excitation an additional emission peak is observed 
at 412 nm. At 10K, both X-ray and UV-Vis photon excited emission spectra show 
a narrow emission peak at 412 nm and a broad emission band centred around 
525 nm with a lifetime of 1.53 ns (24%) and  154 ns (76%), respectively. The ex-
act nature of the observed emission peaks is not known. For this reason two po-
tential mechanisms explaining the difference between UV-Vis photon and X-ray 
excitation and their temperature dependent emissions are explored. The total 
spectral intensity decreases to 72% of the intensity at room temperature at 10 K. 
It is suggested that the observed negative thermal quenching behaviour results 
from a combination of more self absorption and a higher degree of self trapped 
exciton formation under X-ray excitation. The observed fast decay component 
at 10K and light yield of 9400 photons / MeV at room temperature, showing only 
a 28% decrease at 10K, could make this material potentially interesting for low 
temperature and fast timing applications.
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1. Introduction
In the past two decades, scintillation research has mainly focused on lantha-
nide activated materials, for example by utilising co-doping strategies [1–3]. 
Another less studied class of materials, potentially interesting for scintillation, is 
wide-bandgap semiconductors. Examples of which are HgI2, PbI2, and methyl-
ammonium lead halides (MAPbX3, MA  = CH3NH3, and X = I, Br, or Cl) [4–6]. 
The latter, belonging to the perovskite family, gained a lot of attention in the early 
2010’s due to its high efficiency solar cells and optoelectronic applications [7–9] 
sparking further interest in the lead-halide perovskite family.

Perovskites can be described by the formula ABX3, in which A and B are differ-
ent size cations, and X an anion [7]. Crystals can be grown from solution, when 
A is an organic cation, at relatively low processing temperatures [10, 11]. The 
presence of heavy Pb atoms in APbX3 perovskites makes them very suitable for 
radiation detection [12, 13]. Typical bandgaps of these materials lay in the range 
of 1 to 3 eV, significantly increasing their theoretical light yields compared to tra-
ditional scintillators [14].

Experimental evidence of these potential high light yields has been provided by  
Birowosuto et al. and Mykhaylyk et al. when studying the cryogenic (7K) scintil-
lation properties of APbX3 perovskites [15, 16]. At room temperature however, a 
strong decrease in the light yield is observed. This is ascribed to quenching of 
the exciton luminescence and strong self absorption due to a small Stokes shift 
[17, 18].

Stabilisation of the exciton luminescence could be achieved by introducing quan-
tum confinement in the system, either by using nano-technology or by changing 
the 3D perovskite crystals structure. For example, CsPbBr3 nano-particles show 
luminescence at room temperature while bulk crystals do not [19, 20]. An exam-
ple of such an approach is the implementation of CsPbBr3 nano particles in a 
Cs4PbBr6 host matrix ( CsPbBr3@Cs4PbBr6) [21]. The potential use of CsPbBr3@
Cs4PbBr6 for scintillation has been discussed elaborately in the recent work of 
Williams et al. [22], identifying two main factors prohibiting the use of this material 
as scintillator: The nano-particle to host energy transfer is not efficient, and the 
Stokes shift of the exciton luminescence is too small.

There are several ways, as suggested by Wolszczak et al. and Williams et al. 
[17, 22], in which ”The Stokes Shift Problem” could be solved. Both authors iden-
tified roughly the same solutions: surrounding the nano particles with wavelength 
shifting dyes, doping with activator ions, and utilising the formation of self trapped 
excitons in lower molecular dimension compounds.

One group of lower dimensional materials, from which some show the forma-
tion of self-trapped excitons [23–25], are organic-inorganic lead halide 2D per-
ovskites. They are formed by replacing the A site cation with a large organic mol-
ecule, creating a layered structure in which PbX6 octahedra are corner connected 
and separated by a layer of organic molecules.
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The 2D perovskite phenethylammonium lead bromide ((PEA)2PbBr4), is one of 
the compounds which recently gaining interest due to its scintillation properties 
[26, 29, 30]. It has a density of 2.36 g/cm3 and effective atomic number of 32.31 
[11]. The light yield was estimated to be approximately 11.000 photons/MeV (ph/
MeV) at room temperature [27]. Xie et al. demonstrated a life time of 11 ns at 
room temperature, making this material very interesting for fast timing application 
like in time-of-flight based positron emission tomography (TOF-PET) [31–33].

In this work the scintillation properties of (PEA)2PbBr4 are studied as function of 
temperature. The goal is to asses whether this material is a potentially interest-
ing candidate for low temperature applications, for example TOF-PET. For this 
(PEA)2PbBr4 samples have been studied from 300 down to 10K. The samples are 
studied using both visible photons and X-rays. The emission spectra recorded 
using the different means of excitation are compared in order to obtain a better 
spectroscopic understanding of the processes at hand. A life time study is per-
formed by measuring pulsed X-ray excited decay spectra. The energy resolution
and light yield of these samples have been estimated from pulse height spectra, 
using a 137Cs source.

2. Results
Photoluminescence Excitation and Emission

Figure 1a shows the photoluminescence emission (PL) and excitation (PLE) 
spectra of (PEA)2PbBr4 at 300, 150, and 10 K. An overview of the spectral change 
upon cooling from 300 down to 10 K is shown in Figure 1b and c. The emission 
spectrum recorded at 300 K shows two peaks, centred around 412 nm and 442 
nm. On the longer wavelength side of the latter, a long tail is observed. Upon 
cooling a blue shift is observed for the 442 nm emission, eventually merging with 
the 412 nm emission. This shift is clearly visible in the PL spectrum recorded at 
150 K, shown in Figure 1a. Additionally, a broad emission band centred around 
525 nm appears at low temperature. The 412 nm emission peak is observed both 
by Kawano et al. in (PEA)2PbBr4 single crystals and Guo et al. in (PEA)2PbBr4 
nanoplatelets [26, 34]. Both ascribe it to free exciton emission from the inorganic 
Pb-Br layer. Kawano et al. ascribe the 442 nm emission peak to lattice defects 
creating donor and acceptor states close to the band edges [26]. The broad 525 
nm emission band, observed at low temperatures, is ascribed to the formation of 
self trapped excitons [35]. The same assignments will be used in this work.

The excitation spectrum recorded at 300 K, shown in Figure 1b, contains three 
distinct bands centred around 423, 370 with a shoulder on the shorter wave-
length side, and 280 nm. The spectra are recorded in the shoulder of the 442 
nm emission to reveal the spectral overlap between the PL and PLE spectra. No 
significant changes where observed when recording the PLE spectra at the emis-
sion maxima. The first two bands, 423 and 370 nm, are ascribed to the formation 
of excitons and across band gap transitions, respectively [37,38]. Additionally, 
as can be seen in Figure 2a, a second peak is observed in the 423 nm band, 
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Figure 1: (a) Temperature dependent photoluminescence emission (λex = 260 
nm) and excitation (λem = 530 nm) spectra of (PEA)2PbBr4, from top to bottom: 
300, 150, and 10 K. (b) Temperature dependent photoluminescence excitation 
spectra (λem = 530 nm), from 300 down to 10 K. (c) Temperature dependent pho-
toluminescence emission spectra (λex = 260 nm), from 300 down to 10 K.

suggesting that the observed band could be a combination of the often observed 
exciton peak and absorption of lattice defects. Upon cooling, the latter shows a 
blue shift to 413 nm at 10 K, the other bands do not show a wavelength shift, as 
can be observed in Figure 1b. The blue shift of the 423 nm excitation band can 
also be observed in Figure 1a. As a result is shows more overlap with the 410 nm 
emission at 10 K compared to 300 K.

The absorbance spectra of the PEA-Br precursor, dissolved in ethanol, and PbBr2 
precursor in powder form are shown in Figure 2c. The peak observed in the 
absorbance spectrum of the dissolved PEA-Br precursor salt shows a clear fine 
structure at the same positions as the different transitions observed for liquid 
benzene [39]. This same structure is observed, although in a lesser degree, in 
the band centred around 280 nm in the 10K excitation spectrum shown in Figure 
2d. The latter shows the absorbance spectrum of a film of PEA-Br precursors and 
the 280 nm band from the 10 K PLE spectrum. 
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Figure 2: (a) Temperature dependent photoluminescence excitation spectra, 
showing only the 423 nm excitation band. Temperature decreases in the direc-
tion of the arrow. (b) Change of the total spectral photoluminescence emission 
intensity as function of temperature. (c) Comparison between (1) the absorbance 
spectrum of PEA-Br salt dissolved in ethanol, and (2) the absorbance spectrum 
of PbBr2 powder. (d) Comparison between (1) the 280 nm band from the 10 K 
PLE spectrum, and (2) the absorbance spectrom of a film of PEA-Br.

Both show significant overlap, suggesting that the absorption wavelength of the 
PEA-precursor shifts by changing its local surroundings. Based on these spectra, 
Figures 2c and 2d, the 280 nm band is ascribed to absorption from the organic 
layer.

The total integrated spectral photoluminescence emission intensity is shown in 
Figure 2b. Upon cooling the total intensity starts to increase, reaching its max-
imum around 250 K. Below this temperature the intensity decreases, reaching 
82% of the intensity at 300K. Based on the temperature dependent PL spec-
tra, shown in Figure 1c, it can be concluded that the initial intensity increase           
originates from the 442 nm emission. 
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The decrease of the intensity below 250 K looks similar to the behaviour ob-
served by Xie et al. and Maddalena et al. upon integration of their X-ray excited 
emission spectra of (PEA)2PbBr4 [27, 33]. Such behaviour has also been ob-
served for n-type GaAs and n-type ZnS and is referred to as negative thermal 
quenching [36]. However, under X-ray excitation Xie et al. observed a minimum in 
the integrated intensity at 190 K, after which the intensity increases again, reach-
ing a plateau value of approximately 25% of the intensity measured at 350 K. This 
behaviour is not observed under photon excitation, for which only a decrease with 
intensity is observed, see Figure 2b.

X-ray Excited Luminescence

The X-ray excited emission spectra of (PEA)2PbBr4 at 300, 150, and 10 K are 
shown in Figure 3a. Only one emission peak, centred around 440 nm, is ob-
served at 300 K. Similar results were obtained by van Eijk et al. and Maddalena 
et al. [27, 29]. Based on the PL spectrum recorded at 300 K, shown in Figure 1a, 
this peak is ascribed to lattice defects creating donor and acceptor states close 
to the band edges. At 10 K, a narrow peak centred around 414 nm and a broad 
emission band centred around 550 nm are observed. Similar behaviour was ob-
served by Xie et al. and Maddalena et al. [27, 33]. The 414 and 550  nm peaks 
are ascribed to free exciton and self trapped exciton emission. This is based on 
the 10 K PL spectrum shown in Figure 1a. An overview of the spectral change 
upon cooling from 300 to 10 K is shown in Figure 3b, clearly demonstrating the 
blue shift of the 440 nm peak and development of the broad 550 nm emission 
band at low temperature which can also be observed in Figure 3a.

The change in the total spectral intensity of the X-ray excited emission spectra 
as function of temperature is shown in Figure 4a. At 10 K the intensity has de-
creased to 72% of the total integrated intensity at 300 K. 
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Figure 3: (a) X-ray excited emission spectra at 300, 150, and 10 K. (b) Tempera-
ture dependent X-ray excited emission spectra from 300 down to 10 K.
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Figure 4: (a) Change of the total spectral intensity as function of temperature 
upon X-ray excitation. (b) Change of the total spectral intensity and contributions 
from the 410, 440, and 550 nm peaks between 200 and 10 K.

Similarly to the total spectral photoluminescence intensity, shown in Figure 2a, 
an initial increase of the intensity is observed upon cooling which was ascribed to 
the temperature behaviour of the 442 nm band. The decrease after 250 K, with a
minimum at 100 K, looks similar to the total integrated spectral intensity already 
observed for X-ray excited emission spectra of (PEA)2PbBr4 [27, 33].

The contribution of the different emission bands to the total spectral intensity 
under X-ray excitation is shown in Figure 4b, focusing on the range between 10 
and 200 K. Below 125 K, the blue shift of the 442 nm emission stops to become 
completely merged with the 412 nm emission. Both show a decrease in intensity 
upon cooling. The broad 550 nm emission, ascribed to self trapped exciton for-
mation, shows an increase in its spectral intensity upon cooling resulting in the 
typical negative thermal quenching behaviour of (PEA)2PbBr4.

X-ray Excited Decay

Figure 5a shows the X-ray excited decay curves of (PEA)2PbBr4 at 10, 150, and 
300 K. The fits to these curves are shown in Figure S2. At 300 K only one decay 
component is observed with a lifetime of 35.2 ns. This is significantly slower 
compared to the 11 ns decay time measured under 662 keV gamma excitation 
as reported by Xie et al. [33]. At 150 K the lifetime has increased to 90 ns. Based 
on the X-ray excited emission spectra shown in Figure 3a it is suggested that the 
decay between 300 and 125 K originates from the emission band centred around 
440 nm. At 10 K the decay curve changes significantly, showing two decay com-
ponents. A fast component with a life time of 1.53 ns, and a slow  component with 
a life time of 154 ns. Similar behaviour was observed by van Eijk et al. at 100 K 
[29]. The fitted curves and obtained fitting parameters are shown in Figure S2 
and Table S I respectively. 
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Figure 5: (a) Temperature dependent X-ray excited decay curves of (PEA)2PbBr4 
recorded at 10, 75, and 300 K. (b) X-ray excited decay curves of (PEA)2PbBr4 
recorded at 10 K with and without 455 nm long pas filter.

From the latter it is estimated that the intensity of the 1.54 ns component is 6 
times smaller compared to the 154 ns component.

In order to distinguish the origin of the two components, the decay curves are 
recorded using a 455 nm long pass filter, separating the narrow and broad emis-
sion bands observed in the 10 K X-ray excited emission spectrum, see Figure 3a. 
The resulting decay curves are shown in Figure 5b. At 10 K the fast component 
is no longer present when the long pass filter is placed in front of the detector. 
This suggests that the fast decay component at 10 K originates from the 414 nm 
emission, and the slow decay component from the 550 nm emission.

The X-ray excited decay curves measured as function of temperature are shown 
in Figure 6a and 6b. Upon cooling two different regimes can be identified. An 
increase of the life time is observed when cooling from 300 to 125 K, as can 
be observed in Figure 7. The direct comparison of the latter in Figure 6a clearly 
demonstrates the non-exponential form of the decay curve at 300 K. At low-
er temperatures the decay spectrum looks more like a single exponential. The 
temperature range from 125 down to 10 K is shown in Figure 6b, revealing the 
development of the fast decay component below 125 K. This temperature  corre-
sponds to the moment the blue shift of the 442 nm emission band stops, as can 
clearly be seen in Figure 1c, leaving only the 412 nm and 550 nm emissions. The 
life time of the 550 nm emission follows a trend similar to the life time of the 440 
nm emission, see Figure 7. The lifetime of the 412 nm emission becomes faster 
upon cooling, interestingly showing an increase at 10 K, see Figure 7.
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Figure 6: (a) Temperature dependent X-ray excited decay curves of (PEA)2PbBr4 
recorded from 125 to 300 K, with a 25 K interval. The temperature decreases in 
the direction of the arrow. (b) Temperature dependent X-ray excited decay curves 
of (PEA)2PbBr4 recorded from 125 to 25 K, with a 25 K interval, and at 10 K. The 
temperature decreases in the direction of the arrow.
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Figure 7: Temperature dependent decay times, obtained from X-ray excited de-
cay curves (a) for the 440 nm and 550 decay components (b) for the 410 nm 
decay component. (c) Intensity of the 410 nm and 550 nm decay components 
between 10 and 100 K.

Pulse Height Spectroscopy

Figure 8a shows the 137Cs pulse height spectrum of a small (PEA)2PbBr4 crystal 
(2mm x 1mm x 0.3mm). The spectrum is recorded using a PMT and shaping time 
of 0.5 µs. From this pulse height spectrum, a light yield of 8600 ph/MeV and en-
ergy resolution of 29% are estimated. Similar values were reported by van Eijk et 
al. [29]. The light yields were estimated based on the method described by 
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de Haas and Dorenbos [40]. The observed photopeak is significantly broadened 
due to escape of the 75 keV characteristic K X-rays of lead. The pulse height 
spectrum of BaF2 is added as a reference crystal, of similar size, for which a light 
yield of 7800 ph/MeV and energy resolution of 11% are estimated. The char-
acteristic X-rays of barium are of significantly lower energy 32.2 keV K X-rays, 
compared to those of lead decreasing the broadening effect, hence improving the 
energy resolution.

Figure 8b shows the pulse height spectrum of the large crystal (8mm x 5 mm x 
1mm), the same sample is used in the decay measurements and X-ray excited 
emission measurements. The spectrum is recorded using a PMT and shaping 
time of 0.5 µs. For this sample a light yield of 9400 ph/MeV and energy resolution 
of 39% are estimated based on the pulse height spectrum. The total spectral in-
tensity of this sample decreases to 72% of the room temperature intensity upon 
cooling down to 10K, as can be observed in Figure 4a.

3. Discussion 
Wavelength shifts, emission, and excitation spectra

Figure 1b and 1c show the photoluminescence emission and excitation spectra 
as function of temperature. The 442 nm emission peak and 423 nm excitation 
band both show a blue shift upon cooling. The 410 nm emission peak and the ex-
citation bands centred around 370 and 280 nm, however, do not. For this reason 
it is suggested that the observed blue shift of the aforementioned peaks does not 
result from changes in the band gap as function of temperature. If this would be 
the case one would expect all emissions to show a wavelength shift. 
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Figure 8: Pulse height spectra recorded using a 137Cs γ-source and a PMT as 
detector (a) Small, similar sized, (PEA)2PbBr4 and BaF2. (2mm x 1mm x 0.3mm) 
(b) Large (PEA)2PbBr4 crystal (8mm x 5 mm x 1mm) .
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The assignment of the 442 nm emission to bound exciton emission is based on 
the work of Kawano et al. [26]. However, based on the observed behaviour of the 
442 nm emission as function of temperature this might not be correct. Based on 
the spectra shown in Figure 1a is could also suggest that the peak observed at 
412 nm is artificial, resulting from self-absorption. A better understanding of the 
nature of the observed emissions is needed in order to understand the observed 
temperature dependent behaviour.

X-ray versus UV-Vis photon excited emission

Figure 1a and 3a show the photoluminescence emission spectrum and X-ray ex-
cited emission spectrum of (PEA)2PbBr4 recorded at 300 K. The main difference 
is the absence of the 412 nm emission peak, ascribed to free exciton emission, 
in the X-ray excited spectrum. The X-ray attenuation length is estimated to be 
560 µm, based on the linear attenuation coefficient shown in Figure S3 and the 
average X-ray energy of 40 keV. The samples, as mentioned in the experimental 
section, have a thickness of 1 mm. Most of the X-ray energy will thus be depos-
ited in the bulk of the crystal, the rest will escape at the back.

From Figure 1a it can be observed that the 412 nm emission peak complete-
ly overlaps with the 423 nm excitation peak at 300 K. The overlap does not 
change upon cooling. This suggests that the 412 nm emission could potentially 
not be visible under X-ray excitation due to self absorption, but would still be 
present under UV-Vis excitation due to the difference in penetration depth. This 
would allow the 412 nm emission to escape at the surface of the crystal before                               
being reabsorbed. The influence of self absorption can be studied by measuring 
the room temperature PL spectrum in reflectivity and transmission mode. When  
measuring in reflectivity mode the excitation source and detector are placed at 
a 90 degree angle. When measuring in transmission mode the excitation source 
and detector are facing each other, forcing the emission light to pass through the 
sample before it is detected. The resulting spectra are shown in Figure S4. The 
412 nm emission is no longer present when measuring in transmission mode, 
confirming the presence of self absorption.

Alternatively, one might suggest that the difference is caused from the forma-
tion of spatially separated charge carriers created upon X-ray excitation. Before 
emission, the spatially separated electrons and holes need to approach each 
other first, before forming excitions. This could allow them to relax to ether lattice 
defects forming the 442 nm emission in stead of free excition emission or for one 
of the spatially separated charge carriers to self trap contributing to the higher 
self trapped exciton emission under X-ray excitation. The data presented in this 
paper does not provide a conclusive argument to distinguish between the mech-
anisms discussed above.

Negative Thermal Quenching

Figure 2a and 4a show the total integrated intensity upon photon excitation and 
X-ray excitation respectively. Both show an initial intensity increase upon cool-
ing, ascribed to the 442 nm emission peak, which is rather similar to normal             
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thermal quenching behaviour reaching its maximum at 250 K. Below this temper-
ature both show an intensity decrease, referred to as negative thermal quench-
ing. Under X-ray excitation an intensity minimum is reached at 100 K, after which 
the intensity increases again reaching a plateau value of 72% compared to the 
intensity at 300 K. This behaviour is not observed under photon excitation.

Figure 4b shows the contribution of the different emissions to the total spectral 
intensity upon X-ray excitation. This Figure nicely demonstrates that the negative 
thermal quenching behaviour is the result of the self trapped exciton emission 
increasing in intensity upon cooling, while the other emissions decrease in inten-
sity. Upon comparing the PL spectra at 10 K and X-ray exited emission spectrum 
at 10 K, a direct comparison is shown in Figure S5, it can be observed that the 
self trapped exciton emission increases under X-ray excitation. The total spectral 
intensity under UV-Vis excitation, shown in 2a, does not show an increase below 
100 K. The observed difference in the negative thermal quenching behaviour 
under X-ray and UV-Vis photon excitation is ascribed to the different intensities of 
the self trapped exciton emission.

4. Conclusion
The potential of (PEA)2PbBr4 for low temperature scintillation applications has 
been accessed. The room temperature emission, under photo excitation, con-
sists of two emissions ascribed to free excitons and excitons bound to lattice 
defects. Only the latter is observed under X-ray excitation. The precise nature of 
the emissions, however, is not known thus making it difficult properly explain the 
temperature dependent photoluminescence behaviour. At 10 K only free exciton 
emission and self trapped exciton emission are observed, for both photo and 
X-ray excitation. The intensity of the self trapped exciton emission is larger under 
X-ray excitation. The observed negative thermal quenching behaviour observed 
for (PEA)2PbBr4, is ascribed to a combination of self absorption and self trapped 
exciton emission competing with the other emissions.

X-ray excited decay curves have demonstrated that, below 125 K, the decay 
consists of two components. A fast component ascribed to the free exciton emis-
sion and a slow component ascribed to self trapped exciton emission, having a 
life time of 1.53 ns (24%) and 154 ns (76%) at 10 K. The total spectral intensity, 
under X-ray excitation, only decreases to 72% at 10 K. The combination of the 
fast decay component and decent light yield make this material interesting for low 
temperature and fast timing applications.

5. Experimental
(PEA)2PbBr4 crystals were synthesised using dimethyl sulfoxide (DMSO, an-
hydrous), phenylethylammonium bromide ((PEA)Br, 98 %), and lead bromide 
(PbBr2, 98 %) all were purchased from Sigma-Aldrich and used without further 
purification. The (PEA)2PbBr4 single crystals were synthesised from solution 
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based on the method described and used by Maddalena et al. [27]. A 3 M pre-
cursor solution of (PEA)Br and PbBr2, in stoichiometric amounts, was dissolved 
in DMSO and mixed at 100 °C for 2 h under a N2-atmosphere. Afterwards, the 
solution was left to evaporate at room temperature in open air for at least 1 week 
up to one month until large crystals formed in the liquid. The crystal precipitate 
was filtered from the solution, washed with hexane and dried under vacuum for 
future characterisation. This resulted in flat transparent crystals of approximately 
the following dimensions: 8 mm x 5 mm x 1 mm. Unless mentioned otherwise a 
crystal of this size was used.

All X-ray diffraction patterns are recorded on a Bruker D8 Discover (Cu Kα (λ = 
1.54 Å)).  A step size and integration time of 0.02 and 1 second respectively. The 
XRD spectrum is shown in Figure S1.

All photoluminescence emission and excitation spectra are recorded using light 
from a 450 W Xenon lamp passing through a Horiba Gemini 180 monochroma-
tor. The emission light passes through a long pass filter and Princeton Instru-
ments SpectraPro-SP2358 monochromator, and is detected by a Hamamatsu 
R7600U-20 PMT. All recorded spectra are corrected for the lamp intensity. A sin-
gle crystal was used for all photoluminescence measurements.  The crystals 
were mounted on the cold finger of a closed cycle helium cryostat operating 
below 10−4 mbar. Unless mentioned otherwise all photoluminescence emission 
spectra are recorded in reflectivity mode.

All absorption spectra are recorded using a Perkin Elmer Lambda 1050. The 
precursor salt was dissolved in ethanol; the measurement was performed using 
a quartz cuvette.

X-ray excited luminescence spectra were recorded by exciting the samples with 
X-rays from an tungsten anode X-ray tube operating at 79 kV resulting in an 
average x-ray energy of 40 keV. A filter was used to remove the lower energy 
side of the produced X-ray spectrum in order to prevent radiation damage of the 
sample. A single crystal was mounted on the cold finger of a closed cycle helium 
cryostat operating below 10−4 mbar. The emission light was collected by a para-
bolic mirror and coupled into an optical fibre. The spectrum was recorded by an 
Ocean Insights QE Pro Spectrometer. The parabolic mirror is positioned under a 
90 degree angle compared to the X-ray tube.

X-ray excited decay curves were recorded using the time-correlated single pho-
ton counting method. A PicoQuant LDH-P-C-440M pulsed diode laser is used 
to excite a Hamamatsu N5084 light excited X-ray tube producing x-ray with an 
average energy of 18.5 keV. The laser head is triggered by a Picoquant laser 
driver. The reference output of the driver is used as start input and is connected 
to an Ortec 567 time-to-amplitude converter (TAC). The bin width of the latter was 
calibrated using an Ortec 462 time calibrator. The emitted photons are recorded 
using an ID Quantique id100-50 single-photon counter who’s output signal was 
used as the stop input of the TAC. The signal first goes through a LeCroy 623B 
Octal Discriminator and analogue delay. The start and stop time differences are 
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collected and digitised using an Ortec AD114 amplitude-to-digital converter. All 
temperature dependent measurements were performed using a closed cycle he-
lium cryostat operating below 10−4 mbar.

Pulse height spectra were recorded by mounting the samples on a Hamamatsu 
R1791 PMT covered with PTFE tape operating at -700 V. The signal passes 
through an integrated pre-amplifier and Ortec 672 spectroscopic amplifier before 
it is processed by an Ortec AD114 26K ADC. All measurements were performed 
without optical coupling, the samples were directly mounted on the entrance win-
dow.
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Figure S1: Powder XRD pattern (PEA)2PbBr4.
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Figure S2: Fitted decay curves, from left to right, at 10, 150, and 300 K.

Table S I: Parameters obtained from fitting the decay spectra shown in Figure S2 

τ440nm(ns) I440nm τ550nm(ns) I550nm τ410nm(ns) I410nm
300 K 35.2 0.855
150 K 90.2 0.748
10 K 154 0.0385 1.53 1.21
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Figure S3: Linear attenuation coefficient PEA2PbBr4. 

 

 

 

 

 

 

 

 

 

 

 

Figure S4: Comparison of the photoluminescence spectra measured in reflectivity mode and 
transmission mode.  
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Figure S4: Comparison of the photoluminescence spectra measured in reflectiv-
ity mode and transmission mode.  
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5
(BZA)2PbBr4: A Potential Scintillator 

for Photon-Counting Computed 
Tomography Detectors

The content of this chapter is based on: J. Jasper van Blaaderen, Stefan van der Sar, Djulia Onggo, 
Md Abdul K. Sheikh, Dennis R. Schaart, Muhammad D. Birowosuto, Pieter Dorenbos, Journal of 
Luminescence 263 (2023) 120012

Abstract
Due to recent development in detector technology, photon-counting computed 
tomography (PCCT) has become a rapidly emerging medical imaging technol-
ogy. Current PCCT systems rely on the direct conversion of X-ray photons into 
charge pulses, using CdTe, CZT, or Si semiconductor detectors. Indirect detec-
tion using ultrafast scintillators coupled to silicon photomultipliers (SiPM) offers a 
potentially more straightforward and cost-effective alternative. In this work a new
2D perovskite scintillator, benzylamonium lead bromide (BZA)2PbBr4, is experi-
mentally characterised as function of temperature. The material exhibits a 4.2 ns 
decay time under X-ray excitation at room temperature and a light yield of 3700 
photons/MeV. The simulation tool developed by Van der Sar et al. was used to 
model the pulse trains produced by a SiPM-based (BZA)2PbBr4 detector. The 
fast decay time of (BZA)2PbBr4 results in outstanding count-rate performance as  
well as very low statistical fluctuations in the simulated pulses. These features of 
(BZA)2PbBr4, combined with its cost-effective synthesis make (BZA)2PbBr4 very 
promising for PCCT.
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1. Introduction
One of the most commonly used medical imaging techniques is X-ray computed 
tomography (CT). CT is nevertheless still limited by its spatial resolution, con-
trast-to-noise ratio for a given radiation dose, and artefacts [1, 2]. New develop-
ments in photon-counting detector technology can help solve these problems. 
Such detectors must be able to handle the high flux used in CT [3, 4]. Current 
detectors for photon-counting computed tomography (PCCT) are based on di-
rect conversion of an X-ray photon’s energy into charge, using either CdTe [5], 
CdZnTe (CZT) [6], or Si [7] semiconductors. For the first two materials however,  
availability and synthesis cost involved with producing low defect density mate-
rials are a bottleneck [1, 2]. Si based detectors suffer from their low density (ρ = 
2.3 g/cm3) and atomic number (Z = 14) [8]. Alternatively, PCCT detectors could be 
based on indirect detection, utilising an ultrafast scintillator to absorb the X-rays 
and convert their energy into scintillation photons. The later are detected and 
converted into an electrical pulse by for example a silicon photomultiplier (SiPM). 
Van der Sar et al. have explored this approach, both theoretically and experi-
mentally [9, 10]. LaBr3:Ce3+ was used as scintillator, due to its short decay time 
constant of 16 ns and high light yield of 63.000 photons/keV, and SiPMs as ultra
fast photodetector. Hybrid Organic-Inorganic Perovskite (HOIP) scintillators, 
presented in this work, are another potential candidate for SiPM-based PCCT         
detectors.

HOIP’s have become common materials for many optoelectonic applications in 
the past decade [11–13]. These materials have also gained interest in other fields, 
such as scintillation [14–17]. HOIP’s differ from traditional scintilators, based on 
lanthanide activated materials [18–21], by being intrinsic scintillators. This allows 
for the use of small bandgap materials, significantly enhancing the theoretical 
light yield compared to traditional scintillators [22–24]. Especially two-dimension-
al perovskites are promising scintillator materials due to their stable room-tem-
perature exciton luminescence [25, 26].

Currently the best studied 2 dimensional perovskite scintillators are butylammoni-
um lead bromide ((BA)2PbBr4) and phenethylammonium lead bromide ((PEA)2Pb-
Br4) [14–6]. These two compounds are especially interesting due to their short 
decay times of 8.0 and 35 ns, respectively [14, 16]. Combined with the possi-
bility of cost-effective low temperature solution based synthesis, 2 dimensional 
perovskites are potential candidates to become the next generation scintillators 
[15, 27]. The short decay times of (BA)2PbBr4 and (PEA)2PbBr4 make them very 
interesting for high count rate applications such as PCCT [1]. Unfortunately, as 
demonstrated by Van der Sar et al., using LaBr3:Ce3+, these decay times are still 
too slow for clinical PCCT applications.

In this work a new scintillator, benzylammonium lead bromide ((BZA)2PbBr4), is 
experimentally characterised as function of temperature. Currently, this material 
has only been studied at room temperature under UV-Vis excitation, showing a 
short decay time of approximately 3 ns, in addition to studies focusing on the crys-
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tal structure [28–31]. (BZA)2PbBr4 is a 2D perovskite very similar to (PEA)2PbBr4; 
the later contains two CH2 groups in the spacer chain between the phenyl group 
and the NH3 group while (BZA)2PbBr4 only contains one [31]. The goal of this 
work is to study (BZA)2PbBr4 under X-ray and γ-photon excitation and access its 
scintillation properties. The experimental results are used to simulate the perfor-
mance of a (BZA)2PbBr4 and SiPM-based PCCT detector using the model devel-
oped by Van der Sar et al. [9, 10]. The output of this simulation is compared with
(PEA)2PbBr4, LYSO:Ce3+, LaBr3:Ce3+ and CZT in order to develop an understand-
ing of the suitability of (BZA)2PbBr4 for use in SiPM-based PCCT detectors.

2. Results
Figure 1a shows the pulse height spectrum of a (BZA)2PbBr4 crystal (6 mm x 4 
mm x 0.5 mm) measured on a photomultiplier tube (PMT), using 662 keV gamma 
photons from 137Cs. The rightmost peak is assigned to the total absorption of 662 
keV photons, and is used to calibrate the spectrum. Due to the small thickness 
of the sample (0.5 mm) the probability of a characteristic Pb Kα X-ray to escape 
from the sample appears larger than 50%. This results in the more intense es-
cape peak at 75 keV lower energy. From the total absorption peak the light yield 
is determined to be 3700 photons / MeV, based on the method described by      
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Figure 1: (a) Pulse height spectrum of a (BZA)2PbBr4 crystal (6 mm x 4 mm x 
0.5 mm) measured on a PMT, using a 137Cs γ-source. In the plot both the total 
absorption and escape peak are indicated, based on their energy spacing. The 
insert shows both peaks fitted using a Gaussian function and their respective en-
ergy resolutions. (b) Non-proportional response of (BZA)2PbBr4, recorded using 
662 keV from 137Cs, 511 keV from 22Na, 356, 276, 81, and 30.8 keV from 133Ba, 
and 60 keV from 241Am. The ideal response is indicated by the dashed horizontal 
black line.
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De Haas and Dorenbos [32]. Both the total absorption and escape peak are fitted 
using a Gaussian function, see the insert of Figure 1a. From the full width at half 
maximum of the fit the energy resolution was determined to be 8% at 662 keV.

The same sample was used to study the light output as function of the deposited 
energy using different gamma photon sources. The resulting non-proportionality 
curve is shown in Figure 1b. Ideally, this curve is a horizontal line, represented 
by the dashed line in Figure 1b. For (BZA)2PbBr4 the light yield increases at de-
posited energies below 662 keV. The maximum deviation is 6% with respect to 
the light yield at 662 keV. The lead K-shell absorption edge is located at 88 keV, 
corresponding to the same energy where a dip in the light yield is observed. Sim-
ilar behaviour is observed in traditional scintillators [33, 34].

The 300 and 10 K photoluminescence excitation and emission spectra are shown 
in Figure 2a. The 300 K excitation spectrum shows 3 distinct bands centred 
around 285, 370, and 424 nm. A similar excitation spectrum has been measured 
for (PEA)2PbBr4 assigning the three bands to absorption of the phenyl group, the 
transition to the conduction band, and the exciton absorption peak respectively 
[16]. At 10K the band around 424 nm has shifted to 415 nm and decreased both 
in relative intensity and in peak width. The band around 370 nm shows a shoul-
der near 395 nm.

The 300 K emission spectrum contains two main emission bands centred around 
415 and 440 nm. Additionally, a tail extending from 450 to 600 nm with a weak 
band around 490 nm is observed. At 10 K one emission peak is observed centred 
around 416 nm. Additionally, a broad emission extending from 450 to 650 nm 
with very low intensity is observed. Figure 2b, shows the emission spectra from 
300 down to 10 K. The 415 nm emission shows almost no shift, whereas the 440 
nm emission starts to blue shift upon cooling, merging with the 415 nm emission 
around 150 K. This behaviour is very similar to the temperature dependent pho-
toluminescence of (PEA)2PbBr4 [16].

The temperature dependent X-ray excited emission spectra of (BZA)2PbBr4 are 
shown in Figure 2c. Compared to the room temperature UV-Vis excited emis-
sion spectrum, in Figure 2a, only one emission peak is present in the room tem-
perature X-ray excited emission spectrum. The peak is located at 432 nm and 
has a tail extending to 600 nm, which is a very suitable wavelength range for 
SiPMs [35–37]. The insert in Figure 2 shows that upon cooling the emission peak 
starts to blue shift. This stops at 150K, corresponding to the same temperature at 
which the two emissions observed in the UV-Vis excited emission spectrum  have 
merged. The presence of only one emission peak under X-ray excitation versus 
two emission peaks under UV-Vis excitation was also observed in (PEA)2Pb-
Br4. Based on the experiments presented in our previous work on (PEA)2PbBr4 
this is ascribed to self absorption [16]. X-rays penetrate deeper into the crystal 
compared to UV-Vis photons resulting in a larger degree of self absorption of the 
scintillation light.
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Figure 2: (a) 300 and 10 K photoluminescence emission (PL) (λex = 280 nm) and 
excitation (PLE) (λem = 465 nm) spectra (b) Temperature dependent photolumi-
nescence spectra (λex = 280 nm) from 300 down to 10 K. The legend applies for 
both (b) and (c). Insert: peak position shift from 300 down to 10 K of the 415 and 
440 nm peaks. (c) X-ray excited emission spectra from 300 down to 10 K. Insert: 
peak position shift from 300 down to 10 K. (d) Spectral intensity under UV-Vis, 
both the total and separate contributions of the 415 and 440 nm peaks, and X-ray 
excitation as function of temperature, from 300 down to 10 K.

The spectral intensity under UV-Vis excitation, both the total and contributions of 
the 415 and 440 nm peaks, are shown in Figure 2d. The later also shows the total 
spectral intensity under X-ray excitation. Upon cooling down from room tempera-
ture the total intensity under UV-Vis excitation increases. Reaching its maximum 
at 175 K, before decreasing to 45% of the maximum intensity. The initial increase 
coincides with the observed merging of the 440 nm emission peak with the 415 
nm emission peak, see Figure 2b. The integrated intensity of the 415 and 440 nm 
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Figure 3: (a) Room temperature time resolved photoluminescence curves meas-
ured in integral mode, monitoring all wavelengths at the same time, and at wave-
lengths of 415, 445, and 490 nm. (b) 20 K and room temperature time resolved 
photoluminescence curves, measured in integral mode. (c) Temperature depend-
ent pulsed X-ray excited decay curves from 300 down to13 K. (d) Temperature 
dependent change of the decay time constants obtained from the pulsed X-ray 
excited decay curves.

emission peaks show opposite behaviour around this temperature. The intensity 
of the 440 nm peak reaches its minimum at 150 K, while the integrated intensity 
of the 415 nm peak reaches its maximum at this temperature. In contrast, the to-
tal spectral intensity under X-ray excitation first decreases, almost reaching zero 
at 150 K. At this temperature the 432 nm emission stops blue shifting, reaching 
a wavelength of 420 nm, as can be observed in Figure 2c. This behaviour of the 
total spectral intensity, both under UV-Vis and X-ray excitation, is similar to the 
behaviour observed for (PEA)2PbBr4 and (BA)2PbBr4 [14, 16].
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Figure 3a shows the 300 K photoluminescence decay curves of (BZA)2PbBr4 ex-
cited at 375 nm. The curves are recorded in integral mode, monitoring all wave-
lengths, and at the peaks observed in Figure 2a. The 1/e decay time, based on 
a single exponential model, for each decay spectrum is 3.3 ns which compares 
well with the average decay time constant of 3 ns reported by Dhanabalan et 
al. [28]. Figure 3b shows a comparison between the photoluminescence decay 
curves at 300 and 20 K. At 20 K the decay time has increased significantly.

Figure 3c shows the pulsed X-ray excited decay curves measured from 300  
down to 13 K. The 300 K decay curve is slightly non-exponential, which disap-
pears at 250 K. Below 100 K a fast decay component appears, with a decay time 
of 0.60 ns at 13 K. The decay times extracted from the decay curves, using either 
a single or bi-exponential model, are shown in Figure 3d. The slow component 
observed at 13 K shows a linear decrease of its decay constant upon heating, 
reaching 4.2 ns at 300 K.

The combination of the 4.2 ns decay of (BZA)2PbBr4 under X-ray excitation and a
reasonable light yield of 3700 photons/MeV makes this material very interest-
ing for high count rate applications such as PCCT. To access the potential of 
(BZA)2PbBr4 for PCCT we used the simulation tool developed by Van der Sar 
et al. [9, 10], which is based on a comprehensive model of the pulse trains pro-
duced by SiPM-based X-ray photon-counting scintillation detectors. Two metrics 
were defined to access the detector performance: A pulse duration metric t95 
and a count rate capability metric r50 [9, 10]. These metrics were calculated for 
(BZA)2PbBr4 using the properties reported in this work. For comparison, the prop-
erties of (PEA)2PbBr4 reported in our previous work [16], and literature values for
LYSO:Ce3+, LaBr3:Ce3+ and CZT were used to calculate the same metrics. For 
the SiPM the following properties were used: photodetection efficiency = 0.28, 
recharge time constant = 7.0 ns, and optical cross talk parameter = 0.1235 [9].
This combined with a light collection efficiency of 0.75 is used as input for the 
model [9].

The results of the simulation are summarised in Table I. For (BZA)2PbBr4 we 
found t95 = 26 ns and r50 = 26.7 Mcps/pixel. Comparison with the other values 
in Table I shows that (BZA)2PbBr4 performs not only better than LYSO:Ce3+ and 
LaBr3:Ce3+ but also better than CdTe/CZT.

Furthermore, the level of statistical fluctuations on the raw pulses of a (BZA)2Pb-
Br4 based detector, simulated examples are shown in Figure 4, are very low com-
pared to the fluctuations on pulses of LYSO:Ce3+ and LaBr3:Ce3+ based detectors 
[9]. This is caused by the fast decay of (BZA)2PbBr4 (4.2ns), which is in fact faster 
than the SiPM response (7 ns). Hence, the pulse shapes are dominated by the 
deterministic SiPM response rather than the statistical response of the scintil-
lator. As such, the negative effect of the moderate light yield (3.7 photons/keV) 
on the scintillators response doesn’t manifest, and hardly any low-pass filtering, 
which would result in unfavourable pulse elongation, is needed to obtain useful 
pulses.
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TABLE I: Summary and comparison of physical, scintillation, and detection properties. Both

emission wavelength and decay time are based on X-ray excited measurements. ∗ 60 keV is just

below the K-edge of Lu.

(BZA)2PbBr4 (PEA)2PbBr4 LYSO:Ce LaBr3:Ce CZT

Detection Method Indirect Indirect Indirect Indirect Direct

Hygroscopic No No No Yes No

Production Methode Solution Solution Czochralski Bridgman Bridgman

Max Emission Wavelength (nm) 432 440 [16] 420 [38] 380 [38]

Decay Time (ns) 4.2 35.2 [16] 36 [38] 16 [38]

Density (g/cm3) 2.23 [31] 2.26 [31] 7.1 [38] 5.08 [38] 5.78

Light Yield

@ 662 keV (photons/keV)
3.7 11 [14] 33 [38] 63 [38]

Energy Resolution @ 662 keV 8% 10 % [14] 8 % [38] 2.6 % [38] 0.6 % [39]

Linear attenuation length

@ 60 keV (cm−1)
5.8 5.8 19∗ 25.8 36

Pulse Duration t95 (ns) [9] 26 109 112 [9] 57 [9] 34 [9]

Count Rate Capability r50

(Mcps/pixel) [9]
26.7 6.4 6.2 [9] 12.2 [9] 20.4 [9]

tistical fluctuations due to the fact that the 4.2 ns decay of (BZA)2PbBr4 is faster than the

SiPM response of 7 ns. These features of (BZA)2PbBr4, combined with its cost-effective syn-

thesis, which is still a major concern for detector-grade CdTe/CZT, make (BZA)2PbBr4 very

promising for PCCT. The further development of the growth process of (BZA)2PbBr4 could

improve its light yield and energy resolution, making this material even more interesting.

IV. EXPERIMENTAL

(BZA)2PbBr4 crystals were synthesised by dissolving PbBr2 (0.73g, ≥ 98% Merck) in HBr

(5 ml, 48% aqueous Merck) until a clear solution was formed. To this solution C6H5CH2NH2

(0.7 ml, ≥ 98% Merck) was added, immediately forming a white suspension. To this sus-

pension 35 ml deionised water was added. The mixture was stirred vigorously and warmed
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Figure 4: Examples of simulated pulses for (BZA)2PbBr4, (PEA)2PbBr4,  LYSO:Ce3+ 

, and LaBr3:Ce3+ .

Table I: Summary and comparison of physical, scintillation, and detection prop-
erties. Both emission wavelengths and decay times are based on X-ray excited 
measurements. * 60keV is just below the K-edge of Lu.
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3. Conclusion
The potential use of (BZA)2PbBr4 in a PCCT detector has been accessed based 
on the presented characterisation. An energy resolution of 8% and light yield 
of 3.7 photons/keV, both at 662 keV, have been measured. Additionally, the 
non-proportionality of the response of (BZA)2PbBr4 has been studied showing a 
maximum deviation of 6% at 60 keV. At room temperature a single emission peak 
at 432 nm is observed under X-ray excitation, while under UV-Vis excitation two 
emission peaks, 415 and 440 nm, are observed. This difference is ascribed to 
self absorption. The total spectral intensity decreases significantly at lower tem-
peratures. At room temperature an X-ray excited decay time of 4.2 ns has been
measured.

Due to this fast decay time the potential X-ray count-rate performance of 
(BZA)2PbBr4 is outstanding, with predicted values of t95 and r50 of 26 ns and 26.7 
Mcps/pixel respectively, outperforming state-of-the-art CdTe/CZT detectors. The 
simulated pulses showed little statistical fluctuations due to the fact that the 4.2 
ns decay of (BZA)2PbBr4 is faster than the SiPM response of 7 ns.These fea-
tures of (BZA)2PbBr4, combined with its cost-effective synthesis, which is still a 
major concern for detector-grade CdTe/CZT, make (BZA)2PbBr4 very promising 
for PCCT. The further development of the growth process of (BZA)2PbBr4 could 
improve its light yield and energy resolution, making this material even more 
interesting.

4. Experimental
(BZA)2PbBr4 crystals were synthesised by dissolving PbBr2 (0.73g, ≥ 98% Merck)
in HBr (5ml, 48% aqueous Merck) until a clear solution was formed. To this solu-
tion C6H5CH2NH2 (0.7ml, ≥ 98% Merck) was added, immediately forming a white 
suspension. To this suspension 35 ml deionised water was added. The mixture 
was stirred vigorously and warmed at 100 ◦C for 1 hour to achieve a homogene-
ous clear solution. Crystals started to form when the mixture was left overnight at 
room temperature. The crystals were separated from the solution after two days 
and dried in aeration. This resulted in a product yield of 45% (0.48g). The crystal 
structure was determined using XRD and matches the structures presented in 
literature well [31].

The presented photoluminescence emission and excitation spectra were meas-
ured using a 450 W Xenon lamp. The light first passes through a Horiba Gem-
ini 180 monochromater before hitting the sample. Afterwards the emitted light 
passes through a Princeton Instruments SpectraPro-SP2358 monochromater on 
which a Hamamatsu R7600U-20 PMT is attached. All spectra are corrected for 
the lamp intensity. The samples were mounted on a closed cycle helium cryostat 
operating below 10−4 mbar.
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The presented X-ray excited emission spectra were recorded by exciting the 
sample using X-rays from an tungsten anode X-ray tube operating at 79 kV, with 
an average energy of 40 keV. The low energy side of the produced X-ray spec-
trum is filtered out of the X-ray beam to prevent radiation damage. The samples 
were mounted on a closed cycle helium cryostat operating below 10−4 mbar. The 
emitted light is detected by an Ocean Insights QE Pro Spectrometer.

The presented time resolved photoluminescence curves are measured via the 
time correlated single photon counting method. A PicoQuant LDH-P-C-375M 
pulsed diode laser excites the sample. The laser is triggered by a PicoQuant 
laser driver, who’s reference output functions as the start signal and is connected 
to an Ortec 567 time-to-amplitude converter (TAC). An Ortec 462 time calibrator 
is used to calibrate the bin width. The emitted light passes through a Princeton 
Instruments VM-504 monochromator and is detected by an ID Quantique id100-
50 single-photon counter. The signal is digitised by an Ortec AD144 amplitude to 
digital converter. The samples were mounted on a closed cycle helium cryostat 
operating below 10−4 mbar.

The presented X-ray excited decay curves are measured via the time-correlated 
single photon counting method using a Start:Stop ratio of approximately 5000:1 
respectively. A PicoQuant LDH-P-C-440M pulsed diode laser is used to generate 
X-ray pulses from a Hamamatsu N5084 light excited X-ray tube, with an average 
energy of 18.2 keV. The laser is triggered by a PicoQuant laser driver, who’s 
reference output functions as the start signal and is connected to an Ortec 567 
time-to-amplitude converter (TAC). An Ortec 462 time calibrator is used to cali-
brate the bin width. An ID Quantique id100-50 single-photon counter was used 
to detect the emitted photons and functions as the stop signal. The signal first 
goes through a LeCroy 623B Octal Discriminator and analogue delay. The time 
differences are digitised using an Ortec AD114 amplitude to digital converter. The 
samples were mounted on a closed cycle helium cryostat operating below 10−4 
mbar.

Pulse height spectra are recorded by placing the samples on a Hamamatsu 
R1791 PMT and covering them with PTFE tape. The PMT operates at -700 V. 
The signal first passes through an integrated pre-amplifier after which it is further 
processed by an Ortec 672 spectroscopic amplifier and digitized by an Ortec 
AD144 26 K ADC. All measurements were performed without optical coupling 
using a shaping time of 0.5 µs.
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6
Scintillation and Optical 

Characterisation of CsCu2I3 
Single Crystals from 10 to 400 K

The content of this chapter is based on: J. Jasper van Blaaderen, Liselotte A. van den Brekel, Karl 
W. Krämer, Pieter Dorenbos, Chemistry of Materials 35 (2023) 22

Abstract
Currently only Eu2+ based scintillators have approached the light yield needed 
to improve the 2% energy resolution at 662 keV of LaBr3:Ce3+,Sr2+. Their ma-
jor limitation however is the significant self-absorption due to Eu2+. CsCu2I3 is 
an interesting new small bandgap scintillator. It is non-hygroscopic, non-toxic, 
melts congruently, has an extremely low afterglow, a density of 5.01 g/cm3, and 
effective atomic number of 50.6. It shows self-trapped exciton emission at room 
temperature. The large Stokes shift of this emission ensures that this material 
is not sensitive to self-absorption, tackling one of the major problems of Eu2+ 
based scintillators. An avalanche photodiode, whose optimal detection efficiency 
matches the 570 nm mean emission wavelength of CsCu2I3, was used to meas-
ure pulse height spectra. From the latter a light yield of 36 000 photons/MeV 
and energy resolution of 4.82% were obtained. The scintillation proportionality 
of CsCu2I3 was found to be on par with that of SrI2:Eu2+. Based on temperature 
dependent emission and decay measurements it was demonstrated that CsCu2I3 
emission is already about 50% quenched at room temperature. Using tempera-
ture dependent pulse height measurements it is shown that the light yield can be
 increased up to 60 000 photons/MeV by cooling down to 200 K, experimentally 
demonstrating the scintillation potential of CsCu2I3. Below this temperature the 
light yield starts to decrease, which can be linked to the unusually large increase 
in the bandgap energy of CsCu2I3.
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1. Introduction
Scintillation research in the past 30 years has mainly focused on the develop-
ment of Ce3+- and Eu2+-doped materials [1]. The energy resolution record of 2% 
at 662 keV γ-energy, achieved by Alekhin et al. in 2013 using LaBr3:Ce3+,Sr2+ [2], 
still stands to day. This resolution approaches the fundamental energy resolution 
limit determined by photon statistics. It could be surpassed by either increasing 
the number of photons detected in a scintillation event or by increasing the light 
yield beyond the 70 000 photons/MeV reported for LaBr3:Ce3+,Sr2+ [2].

There are several Eu2+-doped halide scintillators which have surpassed the light 
yield of LaBr3:Ce3+,Sr2+. Examples are CsBa2I5:Eu2+ [3–6] and SrI2:Eu2+ [7–11] 
with reported light yields of 100 000 photons/MeV and 115 000 photons/MeV, and 
energy resolutions of 2.6% and 2.3%, respectively. Despite these very promising 
numbers, Eu2+ based scintillators suffer from two major drawbacks: self-absorp-
tion and concentration quenching [4, 12–16].

These problems can be mitigated by using a co-doping strategy based on Sm2+ 
[17–19], transferring almost all excitation’s from Eu2+ to Sm2+. This produces only 
Sm2+ emission and limits self-absorption losses. Additionally, this shifts the mean 
emission wavelength to longer wavelengths, around 700 to 850 nm, allowing the 
use of modern Si-based photo-detectors [17]. The latter have higher detection 
efficiencies compared to more traditional photo-multiplier tubes, enabling them 
to detect more photons from a scintillation event. This wavelength shifting effect 
has also been demonstrated for Yb2+ to Sm2+ [20, 21].

More recently intrinsic small bandgap materials have gained significant traction 
in scintillation research. Hybrid Organic-Inorganic Perovskites (HOIP) are a good 
example of such a group of materials [22–26]. The small band gap of these ma-
terials significantly increases their theoretical scintillation light yield compared to 
more traditional scintillators [1, 27, 28]. Especially intrinsic small bandgap materi-
als showing self-trapped exciton (STE) emission are very promising candidates. 
The strong electron-phonon coupling in these materials creates a large Stokes 
shift resulting in self-absorption free emission, solving the problem of  Eu2+ based 
scintillators. Examples of such compounds are Rb2CuCl3 [29]. Rb2CuBr3 [30],  
and Cs3Cu2I5 [31–33]. Especially the latter has shown promising scintillation 
properties with an energy resolution of 3.4% and light yield of 29.000 photons/
MeV [31].

In this work the emerging intrinsic small bandgap scintillator CsCu2I3 is character-
ised as function of temperature. Currently this material has mainly been studied 
under UV-Vis excitation at room temperature for optoelectronic applications, with 
some scintillation related studies appearing in recent years [34–39]. Cheng et al. 
have performed a room temperature scintillation characterisation of this material, 
showing an energy resolution of 7.8% and light yield of 16 000 photons/MeV, 
measured on a photo-multiplier tube (PMT), and low afterglow level of 0.008% at 
10 ms [40]. Liu et al. and Shu et al. have explored the influence of doping CsCu2I3 
with Li+ and Na+, respectively, only finding minor improvements of the
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quantum yield at room temperature [41, 42]. Zhang et al. have explored the use 
of CsCu2I3 for imaging applications [43].

CsCu2I3 has many advantageous scintillator properties, it has a density of 5.01 
g/cm3 and Zeff of 50.6. It melts congruently at 656 K [44], and is non-hygroscopic 
and non-toxic [36, 40]. Although the quantum yield of Cs3Cu2I5 is higher at room 
temperature, CsCu2I3 is chosen due to the better match of its mean emission 
wavelength with modern Si-based photo-detectors [17]. Additionally, Cs3Cu2I5 
melts incongruently complicating the growth of single crystals [44]. The goal of 
this work is to study the scintillation and optical properties of CsCu2I3 from 400  
down to 10 K in order to develop a better understanding of the scintillation and 
photo-physical properties of CsCu2I3.

2. Results
Figure 1a shows the pulse height spectrum of a CsCu2I3 single crystal (10 mm 
x 3 mm x 3 mm) measured on an avalanche photo diode (APD), using the 662 
keV γ-photons of 137Cs. An APD was used to match the detection efficiency to the 
mean emission wavelength of CsCu2I3, using the same approach as described 
by Wolszczak et al. [17]. Based on the full width at half maximum (FWHM) of 
the total absorption peak the energy resolution is determined to be 4.8%. The 
total absorption peak corresponds to the detection of 24 300 electron-hole pairs. 
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Figure 1: (a) Pulse height spectrum of a CsCu2I3 single crystal (10 mm x 3 mm x 
3 mm) measured on an avalanche photo diode (APD) using a 137Cs γ-source. The 
red line in the plot shows a fitted Gaussian function used to obtain the energy res-
olution and light yield. (b) Non-proportional response of CsCu2I3 in comparison 
to that of SrI2:Eu2+ [10] and CsI:Tl+ [46]. The pulse height spectra were recorded 
using 137Cs, 22Na, 133Ba, 60Co, and 241Am. The ideal response is indicated by the 
horizontal line, at a relative light yield of 1. The K-edge of Cs and I at 35.9 and 
33.1 keV, respectively, are indicated by the vertical dashed lines.
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Based on which the light yield was determined to be 36 000 photons/MeV, us-
ing the method described by De Haas and Dorenbos [45]. This is a significant 
improvement compared to the values reported by Cheng et al. preforming their  
measurements on a PMT [40].

The same CsCu2I3 sample was used to study the light yield as function of dep-
osition energy, using γ-photons from 137Cs, 22Na, 133Ba, 60Co, and 241Am. The re-
sulting proportionality curve is shown in Figure 1b. The proportionality curves of 
SrI2:Eu2+ [10] and CsI:Tl+ [46] are plotted as reference. An ideal response would 
be a straight horizontal line at a relative light yield of 1, indicated by the black 
horizontal line in Figure 1b. The proportionality of CsCu2I3 is on par with that of 
SrI2:Eu2+, showing a deviation of max 4%. Moreover, both are significantly closer 
to the ideal response than that of CsI:Tl+.

The 300 and 10 K X-ray excited emission spectra are shown in Figure 2a. At 
300 K one broad emission peak is observed located at 570 nm. This agrees with 
the 300 K X-ray excited emission spectrum presented by Cheng et al. [40]. The 
emission peak shifts to 575 nm at 10 K. The 570 nm emission falls within the 
wavelength range were the detection efficiency of the APD is at its maximum. 
Thus, as described by Wolszczak et al., the number of detected photons from a 
scintillation event is increased compared to the detection with a PMT [17].

Figure 2b shows the 300 and 10 K decay curves under pulsed X-ray excitation. 
At both temperatures the decay curves show single exponential behaviour. At 
300 K the lifetime is 110 ns, increasing to 1.8 µs at 10 K. The 300 K lifetime, un-
der pulsed X-ray excitation, is approximately 50 ns slower compared to reported 
lifetimes under UV-vis excitation [34, 35, 37, 38]. A comparison between the 300 
K decay curve measured under pulsed X-ray excitation and excitation by a 380 
nm pulsed laser, detecting all photons with a wavelength longer than 425 nm, is 
shown in Figure 2c. The optically excited decay curve shows a similar non-expo-
nential shape compared to the reported decay curves for CsCu2I3 single crystals
[40, 43, 47].

The 300 and 10 K photoluminescence emission (PL) and photoluminescence 
excitation (PLE) spectra are shown in Figure 3a. At 300 K one broad emission 
peak is observed at 560 nm, shifting to 570 nm at 10 K. The 300 K excitation 
spectrum shows four peaks located at 265, 300, 330, and 350 nm. The 330 and 
350 nm peaks merge and shift to 310 nm at 10 K while the other peaks show 
no shift. From Figure 3a it can be observed that CsCu2I3 has a large Stokes shift 
of 1.49 eV at 300 K; therefore preventing self-absorption related losses. At 10 K 
the Stokes shift increases to 1.82 eV. These features, the large Stokes shift and 
broad emission bands, are often attributed to self trapped exciton (STE) emission
 [48]. The 300 K excitation and emission spectra are in good agreement with 
previously reported spectra [34–36, 40, 41].

The temperature dependent change of the Stokes shift is mainly caused by the 
shift of the fundamental absorption edge. This is clearly visible in Figure 3b and 
c, showing temperature dependent PLE spectra of CsCu2I3 from 300 down to 10 
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Figure 2: (a) X-ray excited emission 
spectra of CsCu2I3 at 300 and 10 
K. (b) Pulsed X-ray excited decay 
curves at 300 and 10 K. (c) Pulsed 
X-ray excited decay curve at 300 K 
compared to a decay curve excited 
at 380 nm at 300 K.

K. Upon cooling, the fundamental absorption edge starts to shift towards shorter 
wavelengths. The way in which this happens however, is significantly different 
compared to the shift of the fundamental absorption edge observed in the tem-
perature dependent PLE spectra measured for Cs3Cu2I5. The latter are shown in 
Figure 3d and e.

Figure 4a-c show the temperature dependent photoluminescence emission, 
X-ray excited emission, and pulsed X-ray excited decay curves of CsCu2I3, re-
spectively. The trends in the temperature behaviour are summarised in Figure 
4d, showing the quenching curves of the integrated spectral intensity and decay 
time. All measurements show strong thermal quenching above 200 K. The in-
crease and decrease of the photoluminescence intensity below 200 K result from 
the strong shift of the PLE spectra upon cooling as demonstrated in Figure 3b. 
The latter is not observed under X-ray excitation. The pulsed X-ray excited  de-
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Figure 4: (a) Temperature dependent photoluminescence emission spectra (λex 
= 300 nm) from 10 to 375 K. (b) Temperature dependent X-ray excited emission 
spectra from 10 to 375 K. The temperature legend in (a) also applies to (b) and 
(c). (c) Temperature dependent pulsed X-ray excited decay curves from 10 to 
300 K. (d) Integrated emisison intensity from the temperature dependent photo-
luminescence emission (red circles, left axis) and X-ray excited emission (green
 triangles, left axis) measurements, normalised at 200 K. Life times obtained from 
the temperature dependent pulsed X-ray excited decay measurements (blue 
squares, right axis).

cay curves show an increase of the decay time from 110 to 740 ns upon cooling 
from 300 down to 200 K, respectively. Between 200 and 125 K the decay time is 
constant, but increases again to more than a micro second at 100 K and below.

The quenching curves, presented in Figure 4d provide the temperatures (T50) at 
which the intensity and decay time have dropped to 50% of their low tempera-
ture value. T50 values of 270, 282, and 263 were determined for the photolumi-
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nescence emission, X-ray excited emission, and pulsed X-ray excited decay, 
respectively. The APD used for the pulse height spectrum, shown in Figure 1a, is 
cooled to 260 K in order to reduce noise and prevent gain drift. The temperature 
of the sample is estimated to be close to 260 K. Hence, the pulse height spectra 
shown in Figure 1a was measured around the T50 point of the quenching curves. 
This suggests that the light yield could increase by a factor of 2 by cooling down 
the sample.

The effect of temperature on the light yield is studied experimentally via a series 
of pulse height measurements from 325 down to 80 K using 662 keV γ-photons of 
137Cs. The measurements are performed using a PMT. Figure 5a shows the pulse 
height spectra from 325 down to 200 K. From the latter it can be observed that 
the number of detected photo-electrons increases upon cooling, corresponding 
with an increase of the light yield. The change in light yield and energy resolution 
between 80 and 325 K is shown in Figure 5b. Between 325 and 200 K the light 
yield shows quenching behaviour similar to the curves presented in Figure 4d, 
yielding a T50 of 262 K which is very close to the values obtained from Figure 4d. 
The temperature dependent light yield reaches its maximum of 60 000 photons/
MeV at 200 K, corresponding to the detection of 2 760 photo-electrons. If we 
manage to engineer the emission such that T50 increases to 350 K, one might 
increase the light yield towards 60 000 photons/MeV. The light yield obtained 
from the pulse height spectrum measured on an APD, shown in Figure 1a, falls in 
line with the curve shown Figure in 5b and is indicated by the red circular marker. 
From 200 down to 80 K the light yield starts to decrease, going down from 60 000 
photons/MeV to 52 800 photons/MeV.

Coinciding with the increase of the light yield between 325 and 200 K the energy
resolution improves from 30% down to 6.8%, respectively. The measured energy 
resolutions in this experiment are higher compared to the one shown in Figure 
1a. This is the direct result of the geometric restrictions imposed by the cryostat. 
The sample could not be mounted directly on the entrance window of the PMT, 
combined with the less suitable match of the PMT detector efficiency with the 
mean emission wavelength of CsCu2I3.

The pulse height measurements with 662 keV γ-photons, as shown in Figure 
5a and b, were extended by measurements with 31, 80, and 365 keV X-ray and 
γ-photons of 133Ba to study the effect of the deposition energy. The resulting 
curves are shown in Figure 5c and d. Above 200 K all curves show the same 
quenching behaviour as observed in Figure 4b and 5b. Below 200 K the light 
yield decreases, but the reduction is less for smaller deposition energies, see 
Figure 5d.

3. Discussion
The shape of the room temperature X-ray and photo-excited decay curves is dif-
ferent, as shown in Figure 2c. Under pulsed X-ray excitation of CsCu2I3 a single 
exponential decay curve is observed. However, upon excitation with a 380 nm 
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Figure 5: (a) Temperature dependent pulse height spectra, from 325  down to 200 
K. (b) Light yield obtained from the temperature dependent pulse height meas-
urements from 325  to 80 K (green squares, left axis). The red circle indicates the 
light yield obtained from the pulse height spectrum measured on an APD. Energy 
resolution obtained from the temperature dependent pulse height measurements 
(blue triangles, right axis). (c) Temperature dependent pulse height spectra, from 
300 down to 80 K, using 662 keV γ-photons from 137Cs, and 31, 80, and 365 keV 
γ-photons from 133Ba. All curves are normalised on the light yield at 200 K. (d) 
Zoom in of the temperature dependent pulse height spectra in (c) from 80 to 200 
K. The legend in (c) also applies to (d).

pulsed laser the decay curve shows non-exponential behaviour. This non-expo-
nential behaviour is observed for both single crystals and films of CsCu2I3 [34–38, 
43, 47]. Zhang et al. and Mo et al. suggested that the non-exponential shape 
stems from excitation of surface trap states and bulk STE emission [36, 43]. 
Based on the aforementioned and the significantly larger penetration depth of 
X-rays versus optical photons, it is suggested that the single exponential decay 

6



113 114

curve observed under pulsed X-ray excitation results solely from bulk STE emis-
sion.

Based on the temperature dependent photoluminescence excitation spectra 
shown in Figure 3 it was observed that the fundamental absorption edge of 
CsCu2I3 blue shifts in a different way compared to Cs3Cu2I5. This difference is 
further investigated by determining the change in the bandgap as function of tem-
perature based on the shift of the lowest energy peak in the excitation spectra. 
The position of these peaks at 300 and 10 K, combined with the direction of the 
shift, are indicated in Figure 3b and d for CsCu2I3 and Cs3Cu2I5, respectively. It 
was determined that the bandgap of CsCu2I3 shifts from 4 eV at 10K to 3.55 eV at 
300 K, corresponding to a change of 155 meV/ 100 K. The bandgap of Cs3Cu2I5 
shifts from 4.25 eV at 10K to 4.1 eV at 300 K, corresponding to a change of 52 
meV/ 100 K. The temperature dependent bandgap change is visualised by a 
white line plotted in Figure 3c and e. The bandgap change of Cs3Cu2I5 is very 
similar to values reported for more traditional semiconductors (50- 100 meV/100 
K) [49–51] like silicon or more modern semiconductors (50 meV/100 K) like lead 
halide perovskites [52, 53]. The bandgap change observed for CsCu2I3, however, 
is approximately 2 to 3 times larger compared to these values.

The shifts determined from temperature dependent excitation spectra of Cs3Cu2I5 
show classical behaviour, see Figure 3d; the peaks in the spectrum become 
broader at higher temperature. The behaviour of CsCu2I3 is significantly different. 
From Figure 3a, b and c it can be observed that the 330 and 350 nm peak ob-
served at 300 K starts to blue shift upon cooling and merge with the 310 nm peak, 
appearing below 200 K, resulting in the large bang-gap shift. The valence band 
maximum is formed by the Cu 3d and I 5p orbitals, the conduction band minimum 
by the Cu 4s and I 5p orbitals for both CsCu2I3 and Cs3Cu2I5 [36, 37, 39]. The 
main difference between these compounds lays in their crystallographic and the 
related electronic structure: Cs3Cu2I5 as a 0D structure with isolated [Cu2I5]3− units
built from two face-sharing tetrahedra, whereas CsCu2I3 has a 1D structure with 
double chains [Cu2I3]− of edge-sharing tetrahedra [39]. The fundamental origin for 
the large band gap change of CsCu2I3 remains unclear.

The temperature dependent light yield measurements presented in Figure 5 b 
shows an increase of the light yield from 325 down to 200 K, reaching 60 000 
photons/MeV. From 200 down to 80 K the light yield decreases by 12% to 52 000 
photons/MeV. Coinciding with this decrease, the energy resolution deteriorates 
from 6.8% at 200 K to 7.6% at 80 K. Between 200 and 80 K the band gap chang-
es by 0.19 eV, from 3.7 eV at 200 K to 3.89 eV at 80 K.

The theoretical light yield of a material, as shown in Equation 1, depends on its 
band gap energy [1, 54]. Here Neh is the number of created electron hole pairs in 
the scintillator per MeV deposited ionisation energy, β is usually taken to be ≈ 2.5, 
Eg corresponds to the band gap energy. Based on Equation 1 and the observed 
increase of the bandgap, it is estimated that the theoretical light yield decreases 
by 5% from 200 down to 80 K. This only partially explains the observed 12% de-
crease of the light yield in Figure 5b.
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The decrease of the light yield below 200 K is not observed in the X-ray excited 
emission spectra shown in Figure 4d. These spectra are recorded using continu-
ous X-ray excitation with an average energy of 40 keV. This difference could be 
explained either due to the different excitation energies, the different integration 
times used, or the different experimental setups.

The influence of the deposition energy is studied by recording temperature de-
pendent pulse height spectra using 662 keV γ-photons from 137Cs and 31, 80, 
and 365 keV γ-photons from 133Ba keeping the sample in the same position for all 
measurements. The resulting light yields as function of temperature and deposi-
tion energy are shown in Figure 5c and d. Above 200 K all curves show the same 
quenching behaviour as observed in Figure 4b. Below 200 K all curves show a 
decrease of the light yield. However, the magnitude of this decrease depends 
on the deposition energy, as shown in Figure 5d. The light yield decreases  by 
approximately 15% between 200 and 80 K upon excitation with 662 keV γ-pho-
tons but only by 10% upon excitation with 31 keV γ-photons. Nonetheless, this 
change is not the same as the one observed in Figure 4d under continuous X-ray 
excitation.

4. Conclusion
In this work the emerging scintillator CsCu2I3 has been characterised as function 
of temperature. Using an APD, to match the detection efficiency to the mean 
emission wavelength of CsCu2I3, an energy resolution of 4.8% and light yield of 
36 000 photons/MeV have been measured for 662 keV excitation. Using different 
deposition energies it is demonstrated that the non-proportionality of CsCu2I3 is 
on par with that of SrI2:Eu2+. At 300 K CsCu2I3 has a Stokes shift of 1.49 eV and 
shows only one emisison peak centred around 560 nm. This mean emission 
wavelength fits well with the spectral sensitivity of modern Si-based photodetec-
tors with higher detection efficiencies compared to more traditional PMTs. At 300 
K a lifetime of 110 ns has been measured under pulsed X-ray excitation.

From temperature dependent photoluminescence emission, X-ray excited emis-
sion, and pulsed X-ray excited decay measurements T50 values of 270, 282, and 
263 K have been determined, respectively. Accordingly, the CsCu2I3 emission 
is already significantly quenched at 300 K. Using temperature dependent pulse 
height measurements it was proved experimentally that the light yield of CsCu2I3 
increases to 60 000 photons/MeV at 200 K. Below 200 K the light yield decreases 
again by 10% to 15% down to 80 K, depending on the deposition energy. The 
decrease of the light yield below 200 K is attributed to the change of the bandgap 
energy by 155 meV/100 K. The exact nature of this large change could not be 
explained. Engineering CsCu2I3 by chemical variation and optimisation of the

Neh =
1,000,000

βEg

(e - h pairs / MeV) (1)
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crystal growth process might shift the T50 above 300 K, and improve the room 
temperature scintillation properties of CsCu2I3.

5. Experimental
Crystals of CsCu2I3 and Cs3Cu2I5 were grown from stoichiometric mixtures of 
CsI and CuI using the vertical Bridgman technique with a static ampoule and 
a moving furnace. CsI (Merck 99.5%) and CuI (ABCR, 99.999%) were dried in 
vacuum at 200 ◦C. Stoichiometric amounts of the iodides, about 5 g per sample, 
were sealed in silica ampoules under vacuum. The ampoules were heated to 
10 K above the melting point of the ternary compound and the temperature was 
kept for one day. The crystal growth was started by slowly moving the furnace 
up by about 15 mm/day. The ampoule cooled to room temperature within 10 
days.  CsCu2I3 melts congruently at 383 ◦C [44]. The melting point of Cs3Cu2I5 is 
at about 390 ◦C [44]. All handling of starting materials and products was done in 
glove boxes with H2O and O2 below 0.1 ppm. For spectroscopic measurements, 
crystals were sealed in silica ampoules under He or in sample containers under 
inert gas or vacuum. The crystal structure and the phase purity of the samples 
was confirmed by powder XRD.

Pulse height spectrum and non-proportionality curves were recorded using an 
Advanced Photonix APD (type 630-70-72-510) operating at a bias voltage of 
1560 V. The APD was stabilised at 260 K to prevent gain drift. The signal was 
fed to a Cremat CR-112 pre-amplifier, before being processed by an Ortec 672 
spectroscopic amplifier, with a shaping time of 3 µs, and digitised by an Ortec 
AD144 26K ADC. The light yield was calculated based on the channel position of 
the photopeak maximum and that of the peak from direct detection of 17.8 keV 
X-rays of 241Am, as described by de Haas and Dorenbos [45].

X-ray emission spectra were recorded using a tungsten anode X-ray tube operat-
ing at 79 kV, producing X-rays with an average energy of 40 keV. The low energy 
side of the X-ray spectrum was filtered out by a 3 mm aluminium filter to prevent 
radiation damage in the sample. The samples were mounted on the cold finger 
of a closed cycle helium cryostat.

Pulsed X-ray excited decay curves were measured via the time-correlated single 
photon counting method. The start signal was generated by a PicoQuant LDH-
P-C440M pulsed laser, directly hitting a Hamamatsu N5084 light excited X-ray 
tube to create X-ray pulses with an average energy of 18.2 keV. The stop signal 
was generated upon detection of a single photon using an ID Quantique id100-50 
single-photon counter. The start and stop signals were processed by an Ortec 
567 time-to-amplitude converter, whose output was digitised by an Ortec AD 144 
16K ADC. The samples were mounted on the cold finger of a closed cycle helium 
cryostat.
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Time resolved photoluminescence curves were measured via the time-correlated 
single photon counting method. A PicoQuant LDH-P-C-375M pulsed diode laser 
was used to excite the sample. The reference output of the PicoQuant laser 
driver was used as the start signal and was fed to an Ortec 567 time-to-ampli-
tude converter. The emitted light was detected by an ID Quantique id100-50 sin-
gle-photon counter. The final signal was digitised by an Ortec AD144 amplitude 
to digital converter.

Photoluminescence emission and excitation spectra were recorded using a 450 
W Xenon lamp and Horiba Gemini 180 monochromater to excite the sample. The 
emitted light was collected at a 90 degree angle with respect to the excitation 
source. Reflected excitation light was removed by an optical filter. The emission 
light passed through a Princeton Instruments SpectraPro-SP2358 monochroma-
ter connected to a Hamamatsu R7600U-20 PMT. All spectra were corrected for 
the lamp intensity. The samples were mounted on the cold finger of a closed 
cycle helium cryostat.

Temperature dependent pulse height spectra were recorded by mounting the 
sample on a parabolic stainless steel reflector covered with aluminium foil to 
increase the reflectivity. The reflector was mounted on a Janis VPF-700 cryostat. 
The sample chamber was kept at a vacuum below 10−5 mbar. A Hamamatsu 
Super Bialkali R6231-100 (SN ZE4500) PMT was used to detect the scintillation 
photons. It was placed close to the window on the outside of the sample chamber. 
The distance between the sample and PMT was approximately 5 cm. The light 
yield was determined based on a comparison with a (Lu,Y)2SiO5:Ce3+  reference 
sample measured inside the cryostat under identical experimental conditions. 
The light yield of (Lu,Y)2SiO5:Ce3+ was determined by PMT read out based on the 
method described by de Haas and Dorenbos [45]. The light yield is corrected for 
the differences in emission wavelength between (Lu,Y)2SiO5:Ce3+ and CsCu2I3 
and PMT detection efficiency.
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7
The Search for and Selection of 

Scintillators for Photon 
Counting Detectors

The content of this chapter is based on: J. Jasper van Blaaderen, Casper van Aarle, David Leibold, 
Pieter Dorenbos, Dennis R. Schaart, Submitted to ACS Chemistry of Materials

Abstract
Photon-counting detectors (PCDs) are a rapidly developing technology. Current 
PCDs used in medial imaging are based on CdTe, CZT, or Si semiconductor de-
tectors which directly convert X-ray photons into electrical pulses. An alternative 
approach is to combine ultrafast scintillators with silicon photomultipliers (SiPMs). 
In this work an overview is presented of different classes of scintillators. The po-
tential application of these materials in scintillator-SiPM based indirect PCDs is 
assessed using three figures of merit. It is shown that the most promising material
classes are Ce3+- or Pr3+-doped materials, near band-gap exciton emitters, plas-
tics, and corevalence materials. The shortcomings of each of these groups, i.e., 
emission wavelength and nonproportionality, are discussed. Additionally, the ap-
proach of material engineering is explored. For both selecting and/or engineering 
a material it is important to not only consider material properties but also take the 
SiPM properties into account, e.g., recharge time and photondetection efficiency.
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1. Introduction
X-ray computed tomography (CT) is a widely used medical imaging technique. 
Most CT scanners today use a pixelated energy-integrating detector, which yields 
a signal proportional to the total energy deposited in each pixel during the expo-
sure time. As a result, no discrimination is made between the energy of incident 
X-rays, with high energy X-rays contributing more to the signal. Moreover, elec-
tronic noise is integrated during the exposure time. Energy-integrating detectors 
are thus limited in signal-to-noise and contrast-to-noise ratio for a given radiation 
dose [1, 2]. Photon-counting detectors (PCDs) can help mitigate these problems. 
A PCD counts the number of incident X-ray photons hitting the detector during 
the exposure time, only registering a count when the electrical output pulse of the
PCD passes a predefined threshold. As a result, most of the electronic noise 
is rejected. In the case of a purely counting detector, all X-ray photons contrib-
ute equally to the detector signal. The use of multiple thresholds yields an en-
ergy-resolving PCD, which enables the use of PCDs in dual- or multi-energy 
(spectral) X-ray imaging. Despite their advantages PCDs are thus far not widely 
implemented in medical X-ray imaging systems. One of the challenges to their 
implementation are the high X-ray fluence rates that occur in medical imaging. 
Due to the detector’s finite response time, multiple X-ray photons hitting a pixel 
within a short time can result in a superposition of their respective electrical out-
put pulses. This is referred to as pulse pile-up. It has been estimated by Persson 
et al. that the maximum fluence rate reached in a standard clinical CT protocol 
is approximately 3.4 · 108 photons/s/mm2, however, the fluence rate in most re-
gions of a patient’s shadow on the detector are much lower than the maximum 
[3]. In order to be able to handle this fluence rate and to reduce pulse pile-up, the 
detector pulse duration should not exceed more than tens of nanoseconds. Addi-
tionally, miniaturisation of the pixels, to a size smaller than 0.5 x 0.5 mm2, helps 
to distribute the incident photons over multiple pixels, reducing the rate require-
ment per pixel. This does, however, increase the probability of a characteristic or 
Compton scattered X-ray photon to be absorbed in a neighbouring pixel. This is 
referred to as inter-pixel X-ray crosstalk and increases pulse pile-up and reduces 
spatial resolution [4]. Further requirements for PCDs are a sufficient full width at 
half maximum (FWHM) energy resolution of the detector system in the diagnostic 
energy range (25 to 150 keV), sufficient density to achieve high X-ray stopping 
power, and room temperature operation.

The potential of PCDs for CT has been explored extensively in the last 10 years 
[1, 5–8]. Current PCD detectors are based on direct detection, converting the en-
ergy deposited by X-ray photons into a charge pulse using semiconductors such 
as CdTe [9], Cd1−xZnxTe (CZT) [10], or Si [11]. Several prototype photon-counting 
CT systems have been constructed, based on CdTe or CZT, and used to evaluate 
their benefits in clinical practice [1, 12]. These systems can reach FWHM energy 
resolutions in the range of 10 to 20% at 60 keV [10, 13]. However, for CdTe and 
CZT the production of low defect density semiconductors [1, 2], X-ray crosstalk, 
charge sharing of the pixels [10], and the low hole mobility pose a challenge. 
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Additionally, the effects of long-term exposure to the high X-ray fluence rates on 
detector performance of CdTe and CZT-based detectors is yet to be investigated 
[5]. For Si-based detectors, the low atomic number (Z = 14) and density (ρ = 2.3 
g/cm3) makes Compton scattering the dominant interaction mechanism of X-ray 
photons [4], reducing energy and spatial resolution [14].

An alternative to the above mentioned direct PCDs are indirect detectors, utilising 
ultrafast scintillators to absorb the incident X-rays and convert them into scintilla-
tion photons. The scintillation photons are detected and converted into an electri-
cal pulse by silicon photomultipliers (SiPMs). SiPMs consist of a two-dimensional 
array of single-photon avalanche diodes (SPADs) with a size in the order of 10 
μm. SPADs are photodiodes operated above their breakdown voltage. Hence, an 
avalanche of charge carriers is created upon absorption of a single optical pho-
ton and subsequent creation of a single electron-hole pair. In a scintillator-SiPM 
based indirect PCD the scintillator should have a sufficient density to prevent 
X-ray crosstalk and a short decay time, in order to handle the high X-ray fluence
rates. The SiPM should have a short recharge time and a photondetection effi-
ciency curve matching the emission spectrum of the scintillator. Another impor-
tant property is the light collection efficiency of the detection system. This is influ-
enced by a combination of the scintillator crystal, the SiPM, the optical properties 
of their respective surfaces, the optical coupling between the crystal and SiPM, 
and the detector geometry.

Initial feasibility studies on SiPM based scintillator PCDs have been performed 
by Van der Sar et al. by coupling (Lu1−xYx)2SiO5:Ce3+ (LYSO:Ce3+), YAlO3:Ce3+ 
(YAP:Ce3+), LuAlO3:Ce3+ (LAP:Ce3+), and LaBr3:Ce3+ to a single-pixel SiPM with a 
recharge time of 7 ns [15–18]. The pulse duration, the full width at half maximum 
of the detector output pulse, of the LaBr3:Ce3+ based detector  was experimentally 
determined to be less than 30 ns [16]. With this definition the pulse duration 
of a CdTe-based detector is 14 ns [13, 16]. Experimentally, the LaBr3Ce3+-
based detector showed a FWHM energy resolution of 20% at 60 keV [15, 
17, 18]. The energy resolution of the the LaBr3:Ce3+-based detector however, 
was limited by the low (< 25%) photondetection efficiency of the used SiPM. 
For CdTe-based PCDs, a FWHM energy resolution of 8% at 60 keV has been 
demonstrated. [10]. Another study by Arimoto et al. used a 1 × 64 array of 1 × 
1 mm2 pixels coupled to a cerium doped yttrium-gadolinium-aluminium-gallium 
garnet (YGAGG) scintillator [19]. Arimoto et al. demonstrated that, with a FWHM 
energy resolution of 32% at 60 keV of the detector system, it was possible to 
acquire energy-resolved X-ray images, restricted to low fluence rate conditions 
due to the 70 ns decay time of the YGAGG scintillator [20, 21]. These energy-re-
solved X-ray images can then be used to perform material decomposition, i.e., 
creating material maps which represent the presence of two or more different 
types of tissue or material in the image.
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In this work an overview of different types of scintillators is presented. The goal 
is to dentify suitable materials to be used in a scintillator-SiPM based indirect 
PCD. In order to do so three different figures of merit are formulated to describe 
the scintillator performance in a indirect PCD. Additionally, potential problems for 
different classes of scintillators are identified. The presented framework is also 
used to explore the possibility of engineering a scintillator suitable to used in a 
indirect PCD.

2. Indirect PCD Signal Chain and Figures of Merit
In order to theoretically assess the performance of different scintillators in a indi-
rect PCD, a simple model has been formulated. The model describes the essen-
tial parts of the detection chain, taking into account properties of both the scin-
tillator crystal and the SiPM. The model can be divided in four different stages, 
from the generation of X-ray photons to the size of the electrical output pulse of 
the indirect PCD.

Stage I

In the first stage an X-ray photon is created and passes trough the object, e.g., 
a patient. When an X-ray photon with energy EX hits a scintillator-pixel of the de-
tector it will deposit an amount of energy Edep in the scintillator-pixel. The amount 
of energy depends on the probability of secondary photons, i.e., Compton scat-
tered photons or characteristic X-rays, leaving the scintillator pixel. This, next to 
material properties like density and composition, also depends on the location of 
the interaction of the incident X-ray withing the scintillator spixel. All these effects 
are summarised in
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∫ ∞

0

p(Edep|EX) dEdep = 1 . (1)

where p(Edep|EX) represents the probability density function of the amount of deposited

energy (Edep), given that the interacting X-ray photon has an energy EX.

B. Stage II

In the second stage, the energy deposited by the incident X-ray is converted into a pulse of

scintillation photons. The expected number of emitted scintillations photons is represented

by N em and is defined according to Equation

N em =

∫ ∞

0

Np(Edep) · p(Edep|EX)) dEdep . (2)

Here, Np(Edep) represents the expected number of scintillation photons produced as a func-

tion of the deposited energy. This number depends on the light yield and non-proportionality

of the scintillator.

C. Stage III

In the third stage the scintillation photons are transported trough the crystal towards the

detector surface of the SiPM where each photon can trigger a SPAD. The expected number

of detected scintillaton photons (Ndet) is given by

Ndet = N em · ηdet. (3)

5

(1)
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Here, Np(Edep) represents the expected number of scintillation photons produced 
as a function of the deposited energy. This number depends on the light yield and 
non-proportionality of the scintillator.
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Stage III
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Here, ηdet represents the photon detection efficiency of the detection system. The 
photon detection efficiency is defined according to
Here, ηdet represents the expected photon detection efficiency of the detection system. The

photon detection efficiency is defined according to

ηdet =

∫ ∞

0

λem(λ) · ηot(λ) · ηpd(λ) dλ . (4)

Here, λem(λ) represents the emission spectrum of the scintillator, normalised according to

Equation 5, ηot(λ) the optical transfer efficiency of the total detection system and ηpd(λ)

the photon detection efficiency of the SiPM.

∫ ∞

0

λem(λ) dλ = 1 (5)

The photon detection efficiency of the detection system thus depends on properties of the

scintillator, the photodetector, and the total detection system.

D. Stage IV

In the fourth and final stage, the SiPM generates an electronic pulse. The charge con-

tained in this electrical detector output pulse Q(EX) does not only depend on the number

of detected scintillation photons but also on the nonproportional response of the SiPM due

to saturation effects, afterpulsing, and crosstalk. The role of these effects on the nonpropor-

tional response of the SiPM has been discussed elaborately by Van Dam et al. [22].

E. The incident X-ray spectrum

The electrical detector output pulse Q(EX) described in stage IV applies to a given energy

of the interacting X-ray photon (EX). However, the incident X-rays originate from a poly-

chromatic X-ray beam. The X-ray spectrum of this beam behind the object is represented

by SX(EX) and normalised according to

∫ ∞

0

SX(EX) dEX = 1 . (6)

This spectrum can be used to calculate the average charge in an electronic detector output

pulse for the incident X-ray spectrum according to

Q =

∫ ∞

0

Q(EX) · SX(EX) dEX . (7)

6

(4)

Here, λem(λ) represents the emission spectrum of the scintillator, normalised ac-
cording to Equation 5, ηot(λ) the optical transfer efficiency of the total detection 
system and PDE(λ) the photon detection efficiency of the SiPM.
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Figures of Merit

Using the model described above, three different figures of merit can be formu-
lated to describe the performance of an indirect PCD. The figures of merit are: 
the total pulse intensity, the pulse duration, and the pulse amplitude. The pulse 
intensity is defined as the expected number of SPADs triggered by scintillation 
photons in the SiPM. It depends on both Nem and ηdet making it a scintillator, SiPM, 
and detection system related property. It can be seen as the maximum number 
of scintillation photons which can be detected. This number is closely related 
to the energy resolution of the detection system (R). The energy resolution, as 
demonstrated in Equation 8, is comprised of three different contributions [23–26].
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closely related to the energy resolution of the detection system (R). The energy resolution,

as demonstrated in Equation 8, is comprised of three different contributions [23–26].

R2 = R2
stat +R2

np +R2
in (8)

Here, R2
stat represents the standard deviation in the number of photons detected by the

photon detector and R2
np the contribution of the nonproportionality of the scintillator. All

other factors influencing the energy resolution, for example a non-uniform distribution of

dopant ions in the scintillator crystal, are summarised by R2
in. The influence of the latter

however, will be very small due to the sub mm size of the scintillator crystals in a indirect

PCD. The term Rstat is a fundamental property of the whole detection system. It scales

according to Poisson statistics, as demonstrated in

Rstat ∝ 2.35 ·

√
1

Ndp

. (9)

Here, Ndp represents the number of detected scintillation photons. The theoretical energy

resolution of the detector system is reached when Ndp is equal to Ndet, and ηdet = 1, resulting

in Ndet = N em. This means that each of the created scintillation photons reaches the SiPM

and triggers a SPAD. The theoretical energy resolution of the detection system thus scales

directly with the pulse intensity (Ndet).

Non-proportionately (nP (Edep)) on the other hand, is a material property describing the

non-proportional change of the light yield compared to the deposited energy [26, 27]. It has

been studied extensively, both experimentally [28–31] and theoretically [32–35] in the last two

decades. Traditionally, scintillator energy resolutions are determined using the 662 keV γ-

photons of 137Cs [23]. At this energy the statistical limit of the energy resolution can only be

reached when nP (Edep) is close to an ideal response, which corresponds to nP (Edep) = 100%

7
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Here, Ndp represents the number of detected scintillation photons. The theoretical 
energy resolution of the detector system is reached when Ndp is equal to Ndet, and 
ηdet = 1, resulting in Ndet = Nem. This means that each of the created scintillation 
photons reaches the SiPM and triggers a SPAD. The theoretical energy resolu-
tion of the detection system thus scales directly with the pulse intensity (Ndet).

Non-proportionality (nP(Edep)) on the other hand, is a material property describing 
the nonproportional change of the light yield as function of the deposited energy 
[26, 27]. It has been studied extensively, both experimentally [28–31] and theoret-
ically [32–35] in the last two decades. Traditionally, scintillator energy resolutions 
are determined using the 662 keV γ-photons of 137Cs [23]. At this energy, the sta-
tistical limit of the energy resolution can only be reached when nP(Edep) is close 
to an ideal response, which corresponds to nP(Edep) = 100% for all values of Edep. 
This is less important in the diagnostic energy range (25 to 150 keV) where the 
dominant factor influencing the energy resolution is the statistical contribution. 
This means that the energy resolution improves when the non-proportionality is 
larger than 100% in the diagnostic energy range. On the other hand, when the 
non-proportionality is smaller than 100% the energy resolution will deteriorate. 
Experimentally, this means that characterising a scintillator using the 59.5 keV 
gamma photons of 241Am instead of the 662 keV gamma photons of 137Cs will 
provide more relevant information for their application in indirect PCDs.
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The detector pulse duration (tFWHM) is defined as the full width at half maximum of 
the detector output pulse. The output pulse can be described by a convolution of 
the single SPAD response and the decay profile of the scintillation photons. The 
response time of a single SPAD can be approximated by a single exponential 
decay characterised by the recharge time of the SiPM, τrech. The time distribution 
of the emitted scintillation photons, nem(t), can be described according to

for all values of Edep. This is less important in the diagnostic energy range (25 to 150 keV)

where the dominant factor influencing the energy resolution is the statistical contribution.

This means that the energy resolution improves when the non-proportionality is larger than

100% in the diagnostic energy range. On the other hand, when the non-proportionality is
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The detector pulse duration (tFWHM) is defined as the full with at half maximum of the

detector output pulse. The output pulse can be described by a convolution of the single

SPAD response and the decay profile of the scintillation photons. The response time of

a single SPAD can be approximated by a single exponential decay characterised by the

recharge time of the SiPM τrech. The time distribution of the emitted scintillation photons,

I(t), can be described according to

nem(t) =
N em

τdecτrise
· (e−t/τdec − e−t/τrise). (10)

Here, τdec and τrise are the decay time and the rise time of the scintillator, respectively. Due

to the sub mm size of the scintillator crystal it can be assumed that the transport time of the

scintillation photons is significantly shorter compared to the decay time. The triggering of

the SPADs can thus directly be described by Equation 10. When the rise time is significantly
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which expresses that the scintillator decay can be described as a single exponent. In real-

ity, however, this is not always the case. When the scintillator decay consists of multiple

components, the decay can be simplified by describing it with a single exponential decay

and a weighted average decay time. The decay of scintillators that show non-exponential

behaviour can also be estimated by assuming a single exponent.
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where α and β are the decay constants of the recharge and decay time, defined 
as 1/τrech and 1/τdec, respectively [36]. The pre-factor k, defined as

and 1/τdec, respectively [36]. The pre-factor k, defined as

k =
[
e−α

ln(α/β)
α−β − e−β

ln(α/β)
α−β

]−1

(13)

allows for the creation of different pulse shapes, by changing the recharge and decay time,

while keeping the amplitude of the pulse constant [37].

Figure 1 shows the calculated pulse duration (tFWHM) as function of the scintillator

decay time for different recharge times ranging from 50 ns to 4 ns. As a reference, the pulse

duration of CdTe based detector, 14 ns, is indicated by the red dashed line [16]. Since several

prototype PCDs, based on CdTe, have been used to evaluate their use in clinical practice

it can be assumed that a pulse duration of at most 14 ns is sufficient to handle the high

X-ray fluency rate of medical imaging systems [1, 12]. As a second reference, red circular

markers are added at 16 ns that representing the decay time of LaBr3:Ce
3+. For a SiPM

with a recharge time of 7 ns, as was used experimentally by Van der Sar et al. [15–18], the

calculated pulse duration of LaBr3:Ce
3+ is equal to 26.6 ns. Decreasing the recharge time to

4 ns reduces the pulse duration to 21.2 ns. This shows that further decreasing the recharge

time of the SiPM only results in marginal improvements of the pulse duration for the case

of LaBr3:Ce
3+.

The pulse amplitude (Apulse) is defined as the pre-exponential factor in Equation 10.

Similar as for the pulse duration, it can be assumed that the rise time is significantly shorter

compared to the decay time. This means that when the scintillator decay can be described

with a single exponent, as shown in Equation 11, in which case the amplitude of the scintil-

lation pulse (Apuls) is given by

Apulse =
N em

τdec
. (14)

The larger the value of the pulse amplitude, the smaller the statistical fluctuations on the

output pulse of the detector systems will be. If these fluctuations are too strong, a single

pulse can pass the detection tress-hold multiple times and be counted multiple times. This

can be suppressed by filtering the pulses which leads to pulse elongation [15, 17, 18].

The three figures of merit defined above can thus be used to assess the suitability of a

scintillator in an indirect PCD. There are a number of additional material properties, e.g.,

density, effective atomic number, radiation hardness, and afterglow, which are not taken

into account in this assessment.
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of 7 ns, as was used experimentally by Van der Sar et al. [15–18], the calculated 
pulse duration of LaBr3:Ce3+ is equal to 26.6 ns. Decreasing the recharge time to 
4 ns reduces the pulse duration to 21.2 ns. This shows that further decreasing 
the recharge time of the SiPM only results in marginal improvements of the pulse 
duration for the caseof LaBr3:Ce3+.

The pulse amplitude (Apulse) is defined as the pre-exponential factor in Equation 
11. Similar as for the pulse duration, it can be assumed that the rise time is signif-
icantly shorter compared to the decay time. This means that when the scintillator 
decay can be described with a single exponent, as shown in Equation 11, the 
amplitude of the scintillation pulse (Apuls) is given by
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Figure 1: The calculated pulse duration (tFWHM) as function of the scintillator de-
cay time (τdec) for different recharge times (τrech). The red dashed line represents 
the state of the art pulse duration of 14 ns of CdTe. The red markers indicate the 
calculated pulse duration of LaBr3:Ce3+ for different recharge times.
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while keeping the amplitude of the pulse constant [37].
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duration of CdTe based detector, 14 ns, is indicated by the red dashed line [16]. Since several

prototype PCDs, based on CdTe, have been used to evaluate their use in clinical practice

it can be assumed that a pulse duration of at most 14 ns is sufficient to handle the high

X-ray fluency rate of medical imaging systems [1, 12]. As a second reference, red circular

markers are added at 16 ns that representing the decay time of LaBr3:Ce
3+. For a SiPM
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calculated pulse duration of LaBr3:Ce
3+ is equal to 26.6 ns. Decreasing the recharge time to

4 ns reduces the pulse duration to 21.2 ns. This shows that further decreasing the recharge

time of the SiPM only results in marginal improvements of the pulse duration for the case
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with a single exponent, as shown in Equation 11, in which case the amplitude of the scintil-
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. (14)

The larger the value of the pulse amplitude, the smaller the statistical fluctuations on the

output pulse of the detector systems will be. If these fluctuations are too strong, a single

pulse can pass the detection tress-hold multiple times and be counted multiple times. This

can be suppressed by filtering the pulses which leads to pulse elongation [15, 17, 18].

The three figures of merit defined above can thus be used to assess the suitability of a

scintillator in an indirect PCD. There are a number of additional material properties, e.g.,

density, effective atomic number, radiation hardness, and afterglow, which are not taken
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The larger the value of the pulse amplitude, the smaller the statistical fluctua-
tions on the output pulse of the detector systems will be. If these fluctuations are 
too strong, a single pulse can pass the detection thresshold multiple times and 
be counted multiple times. This can be suppressed by filtering the pulses which 
leads to pulse elongation [15, 17, 18].

The three figures of merit defined above can thus be used to assess the suitability 
of a scintillator in an indirect PCD. There are a number of additional material prop-
erties, e.g., density, effective atomic number, radiation hardness, and afterglow, 
which are not taken into account in this assessment.

3. Scintillator Overview
An initial assessment of scintillators for their application in PCDs can be made by 
a scatter plot of their pulse duration and pulse amplitude. The shorter the pulse 
duration and the higher the pulse amplitude the more suitable the scintillator for 
application in a PCD. However, not all scintillator and detector properties are 
readily available in literature. For a first general material selection, the following 
assumptions are made: the expected photon detection efficiency is taken to be 
100 %. Scintillator light yields are commonly determined and reported using the 
662 keV γ-photons of 137Cs. Hence, this is directly used as an estimate for the 
intensity of the scintillation pulse because data on nonproportionality or the light 
yield at low deposition energies is not always available. Based on these assump-
tions, data was collected from literature to asses the performance of different 
scintillators. Not all scintillators show a single exponential decay. For scintillators 
which show multiple decay components the average lifetime is calculated accord-
ing to
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dec,i∑

n
i=1Aiτdec,i

. (15)

Here, Ai represents the amplitude and τdec,i the decay time of the different decay components.

The separate decay components can be found in the supplementary information.

Solid state scintillators can be divided into two general groups: extrinsically activated

scintillators, intrinsic scintillators. Extrinsically activated scintillators can be divided in sub

groups based on the used activator ion, typical activator ions are Ce3+, Eu2+, and Tl+. In

the past three decades scintillation research has mainly focused on the development of Ce3+

and Eu2+-doped compounds. An example is the development of LaBr3:Ce
3+, which has a

light yield of 76,000 ph/MeV and decay time of 16 ns [38]. Alekhin et al. showed that co-

doping LaBr3:Ce
3+ with Sr2+ improves the proportionality without affecting the light yield.

This resulted in the current record energy resolution of 2% at 662 keV. Co-doping with

Sr2+ however, introduces several slow decay processes, resulting in an average decay time of

1,209 µs [38, 39]. Other well known Ce3+ based scintillators are Lu2SiO5:Ce
3+ [40, 41] and

(Lu,Y)2SiO5:Ce
3+ [42–44] which are used in positron emission tomography scanners due to

their high density and decay time of around 40 ns [45]. Not all Ce3+-doped scintillators

however, emit exclusively through the Ce3+ 5d → 4f transition. It can for example be

observed in Cs2LiYCl6:Ce
3+, commonly used for the detection of neutrons [46–48], in the
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decay time of 16 ns [38]. Alekhin et al. showed that codoping LaBr3:Ce3+ with Sr2+ 
improves the proportionality without affecting the light yield. This resulted in the 
current record energy resolution of 2% at 662 keV. Co-doping with Sr2+ however, 
introduces several slow decay processes, resulting in an average decay time of
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[40, 41] and (Lu,Y)2SiO5:Ce3+ [42–44] which are used in positron emission to-
mography scanners due to their high density and decay time of around 40 ns 
[45]. Not all Ce3+ -doped scintillators however, emit exclusively through the Ce3+ 
5d → 4f transition. It can for example be observed in Cs2LiYCl6:Ce3+, commonly 
used for the detection of neutrons [46–48], in the form of slow decay components 
originating from the host matrix. The collected data on Ce3+ -doped scintillators 
are summarised in Table I.

Examples of Eu2+ -doped scintillators are SrI2Eu2+ [109, 128, 129] and CsBa2I5:Eu2+ 

[130, 131] with light yields of 90,000 and 97,000 photons/MeV, respectively. The 
Eu2+ 4f65d → 4f7 transition however, has a typical decay time between 500 and 
1000 ns, making these scintillators 10-50 times slower compared to Ce3+  doped 
scintillators. Additionally, Eu2+ doped scintillators often suffer from self-absorption 
[131–136]. This is mainly a problem in applications where crystals of several 
millimeters are required. The collected data on Eu2+ doped scintillators are sum-
marised in Table II.

Two other divalent lanthanides that have been used as activator are Yb2+ and 
Sm2+. Yb2+ is very similar to Eu2+ in spin allowed decay time and emission wave-
length. However, its decay always includes a slow millisecond component due 
to the spin forbidden 4f135d → 4f14 transition [171]. Sm2+ on the other hand emits 
in the near-infrared and has a decay time of approximately 2 μs [172]. It can be 
used as co-dopant next to Eu2+ or Yb2+ as their energy can efficiently be trans-
ferred to Sm2+ [173–177]. The collected data on Yb2+, Eu2+ - Sm2+, and Yb2+ - Sm2+ 
are summarised in Table III.

The Tl+ -doped scintillators CsI:Tl+ [178] and NaI:Tl+ [179, 180] have been studied 
extensively the last decades and are commercially available. The later, discov-
ered by Hofstadter in 1948 [181–183], is one of the first and most used scintilla-
tors up to this day. The collected data on Tl+ -doped scintillators are summarised 
in Table III.

Another less commonly used activator ion is Pr3+. It can show 4f15d → 4f2 emis-
sion in compounds where the energy of its 4f15d state lies between that of the 
4f2[1S0] and 4f2[3P2] states [184]. One of the main challenges of utilising the fast 
4f15d → 4f2 transition of Pr3+ is that it is located in the UV [185]. However, its 
shorter emission wavelength compared to the Ce3+ 5d → 4f emission also results 
in shorter lifetimes of typically 10 to 20 ns [185]. This is for example observed in 
Lu3Al5O12:Pr3+ [186, 187]. The collected data on Pr3+ -doped scintillator are sum-
marised in Table III.

Intrinsic scintillators can be divided into sub groups based on their emission, 
either broad band, near band-gap excitonic or plastics. Two well known intrinsic 
broad band scintillators are Bi4Ge3O12 (BGO) and PbWO4. BGO, due to its 300 ns 
decay time and density of 7.13 g/cm3, is often used in positron emission tomog-
raphy detectors (PET) [197–199]. PbWO4 on the other hand, due to is decay time 
of 30 ns and density of 8.28 g/cm3 among other properties, has been used in the 
large hadron collider of CERN [200, 201]. Other intrinsic broad band scintillators 
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which have been explored more recently are the caesium hafmium based halides 
[202–205], ceasium copper based iodides [206–208], and thallium based halides
[209–212]. These compounds typically show decay times in the order of 1 to 2 
μs. The collected data on intrinsic broad band emitting scintillators are summa-
rised in Table IV.

A specific group of intrinsic scintillators that gained attention in the last decade 
are hybrid organic-inorganic perovskites [213–215]. Specifically, two  dimension-
al perovskites have shown to be promising scintillators due to their stable room 
temperature near bandgap excitonic emission [216, 217]. The nano second de-
cay time of these materials makes them very interesting to use in a PCD. This 
possibility has been explored with benzylamonium lead bromide ((BZA)2PbBr4) 
[218]. Xia et al. have demonstrated that the decay time of these materials can be 
reduced even further by engineering the dielectric constant of the organic mol-
ecule [219, 220]. A downside to these materials, however, is their low density of
approximately 2.5 g/cm3. The collected data on the near band-gap exciton scin-
tillators are summarised in Table IV.

Some scintillators can show an additional form of intrinsic emission originating 
from the recombination of an electron in the valence band with a hole in the 
highest core band. This is referred to as core-valence luminescence (CVL), cross 
luminescence, or Auger-free luminescence [235]. CVL can only take place when 
the condition formulated in Equation 16 is satisfied [236].

This is referred to as core-valence luminescence (CVL), cross luminescence, or auger-free

luminescence [235]. CVL can only take place when the condition formulated in Equation 16

is satisfied [236].

ECV +∆EV < Eg (16)

Here, ECV represents the energy gap between the highest core band and the bottom of

the valence band, ∆EV the width of the valence band, and Eg the band gap. This condition

is satisfied in some fluorides, chlorides, and bromides containing Ba2+, Cs+, Rb+, and K+

[237]. One of the first compounds in which CVL was discovered is BaF2 [238]. The emission

spectrum of BaF2 contains three CVL bands, at 183, 196 and 220 nm, in addition to the

self-trapped exciton band at 310 nm [239]. The CVL bands have a decay time of 0.8 ns

while the self-trapped exciton band has a decay time of 600 ns. The short decay time of the

CVL emission makes these materials a good potential candidate to be used in a PCD. One

of the main problems however is the presence of STE or other emissions with longer decay

times. The self-trapped exciton emission of BaF2 can be suppressed by doping BaF2 with for

example La3+ [240, 241], Cd3+ [240, 241], Y3+ [242, 243], and Sc3+ [244]. The CVL bands

of fluoride based compounds lay approximately between 140 and 230 nm. The emission

wavelength shifts to longer wavelengths in chloride or bromide based compounds. Examples

of chloride based compounds which show CVL emission are the families of Cs-Mg-Cl and

Cs-Zn-Cl compounds [245–247]. One of the additional benefits of these compounds is the

absence of slow decay components at room temperature. The collected data on fluoride and

chloride based compounds that show CVL emission are summarised in Table V. Bromide

based compounds like CsBr, CsCaBr3, and CsSrBr3 are not considered due to their low CVL

intensity [235, 237, 248, 249].
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Here, ECV represents the energy gap between the top of the highest core band 
and the bottom of the valence band, ΔEV the width of the valence band, and Eg the 
band gap. This condition is satisfied in some fluorides, chlorides, and bromides 
containing Ba2+, Cs+, Rb+, and K+  [237]. One of the first compounds in which CVL 
was discovered is BaF2 [238]. The emission spectrum of BaF2 contains three CVL 
bands, at 183, 196 and 220 nm, in addition to the self-trapped exciton band at 
310 nm [239]. The CVL bands have a decay time of 0.8 ns while the self-trapped 
exciton band has a decay time of 600 ns. The short decay time of the CVL emis-
sion makes these materials a good potential candidate to be used in a PCD. One
of the main problems however is the presence of STE or other emissions with 
longer decay times. The self-trapped exciton emission of BaF2 can be suppressed 
by doping BaF2 with for example La3+ [240, 241], Cd3+ [240, 241], Y3+ [242, 243], 
and Sc3+ [244]. The CVL bands of fluoride based compounds lay approximate-
ly between 140 and 230 nm. The emission wavelength shifts to longer wave-
lengths in chloride or bromide based compounds. Examples of chloride based 
compounds which show CVL emission are the families of Cs-Mg-Cl and Cs-Zn-Cl 
compounds [245–247]. One of the additional benefits of these compounds is the
absence of slow decay components at room temperature. The collected data on 
fluoride and chloride based compounds that show CVL emission are summarised 
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in Table V. Bromide based compounds like CsBr, CsCaBr3, and CsSrBr3 are not 
considered due to their low CVL intensity [235, 237, 248, 249].

The last group of intrinsic scintillators is plastic scintillators. These materials are 
often used for the detection of neutrons and pulse shape discrimination to distin-
guish between neutrons and γ-photons [258, 259]. Plastic scintillators typically 
have a density of 1 g/cm3 and contain low Z atoms, like carbon and hydrogen, 
which makes these materials less suitable for the detection of high energy γ-pho-
tons. High Z dopants can be added to the plastic scintillator to increase its ab-
sorption [261–263]. The collected data on plastic scintillators are summarised in 
Table VI.

4.  Scintillator Assessment
Using the figures of merit and collected data, discussed above, an assessment 
of the suitability of different scintillators for their use in a scintillator-SiPM based 
indirect PCD is made. In order to do so the pulse duration is plotted versus the 
pulse amplitude of the collected data points, as shown in Figure 2.  As a ref-
erence, the pulse duration of CdTe (14 ns) is indicated by the red vertical line, 
providing a bench mark for the pulse duration requirements of an indirect PCD.
Based on the estimated maximum incident X-ray fluence rate of 3.4 · 108 pho-
tons/s/mm2 in routine clinical scans given by Persson et al., the corresponding 
event rate in a commercial CdTe based PCD CT system was estimated to be     
5.2 · 107 events/s/pixel. This is slightly higher than the 50% pile up probability 
rate of 2.9 · 107 events/s/pixel, which nevertheless has proven to be sufficient 
in commercially available PCD CT systems [280]. The event rate was estimated 
based on simulations using RQA9 spectrum, corresponding to a source voltage 
of 120 kVp [279]. A pixel size of 333 x 333 μm2 of 2 mm CdTe was assumed. The 
number of events created in a pixel array, based on the incident RQA9 spec-
trum, was simulated using the Monte-Carlo simulation software Gate (version 
9.2) [281]. The influence of charge sharing was estimated based on geometrical 
consideration using a simple charge cloud model [282].

From Figure 2 it can be observed that most data points from to Eu2+, Yb2+, Sm2+, 
Tl+ and broad band emission based scintillators have a pulse duration longer than 
500 ns. This results in pulse amplitudes typically below 200 photons/ns, even 
though light yields of up to 90.000 photons/MeV have been reported for com-
pounds like SrI2:Eu2+ [128, 129]. The pulse duration of Ce3+ - doped scintillators 
ranges from tens of nano seconds to tens of micro seconds; the average decay 
time of Ce3+ - doped scintillators strongly depends on the host matrix. This can be 
explained by inefficient or slow transfer of charge carriers towards Ce3+ and the 
presence of host related emissions next to the intrinsic 5d → 4f emission of Ce3+ 
. There are several Ce3+ - based scintillators which approach the pulse duration of 
CdTe, i.e., LaBr3 and PrBr3. The situation of Pr3+ - doped scintillators is very sim-
ilar to that of Ce3+ - doped scintillators. The average decay time of Pr3+ depends 
on the host matrix, i.e., the occurrence of efficient 5d → 4f emission. The shorter 
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emission wavelength of Pr3+ decreases its intrinsic 5d → 4f decay time compared 
to that of Ce3+. The main challenge for Pr3+ however, is the efficient detection of 
its UV emission.

The shortest pulse durations are achieved by scintillators based on CVL emis-
sion, near bandgap exciton emission, and plastics, with some materials showing 
pulse durations shorter than CdTe. However, these different types of scintillators 
each have their respective challenges. For CVL emission based scintillators this 
is the presence of slow decay components and/or the low light yield of the CVL 
emission. For near band-gap emission based scintillators self-absorption is a big 
challenge. Plastic scintillators have very low densities, typically in the order of     
1 g/cm3, which will result in a higher probability of cross-talk between scintillator
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Figure 2: Plot of the pulse duration (tFWHM) versus the pulse amplitude for Ce3+-, 
Pr3+ -, Eu2+-, Yb2+-, Sm2+ co-doped, and Tl+ - doped scintillators, intrinsic scintilla-
tors showing core-valence luminescence, broad band emission, near band-gap 
exciton emission, and plastic scintillators.
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pixels. Most data points of these materials have the same pulse duration, approx-
imately 10 ns, showing only variations in the pulse amplitude.

When the decay time of the scintillator becomes significantly longer than the 
recharge time of the SiPM, the pulse duration will be mainly determined by the 
decay time. This behaviour is visualised in Figure 3 by plotting the decay time 
versus the pulse duration for the collected data points. The red vertical line indi-
cates the 7 ns recharge time of the SiPM used to calculate the pulse duration. In 
this plot three different regimes can be identified. When the decay time becomes 
significantly shorter than the recharge time, the pulse duration is mainly deter-
mined by the recharge time (tFWHM(τrech)). The recharge time is indicated by the 
vertical dashed line. There are no data points in this regime. When the decay 
time becomes significantly longer than the recharge time, the pulse duration is 
manly determined by the decay time (tFWHM(τdec)). In these two regimes the pulse 
duration can thus be estimated based on a single exponential decay. In the last 
regime the pulse duration depends on both the recharge time and decay time 
(tFWHM(τdec,τrech)). In this regime it is necessary to use Equation 12 to calculate the 
pulse duration.

5. Scintillator Engineering
Another approach for the development of indirect PCDs is to engineer the quench-
ing of the scintillator decay time. From a theoretical perspective the amplitude of 
the scintillation pulse, Equation 14, is independent of temperature everywhere 
along the quenching curve. The influence of the change of the decay time and 
the pulse amplitude, along the quenching curve, on the pulse duration can be 
studied by taking a hypothetical scintillator. In order to do so the light yield and 
decay time are taken to be 140,000 photons/MeV and 140 ns, respectively.  The 
hypothetical light yield and decay time are used to simulate detector output puls-
es, based on the experimentally validated model of Van der Sar et al. [15–18]. 
The pulse duration is calculated based on the changing decay time and the pulse 
amplitude is calculated based on the simulated pulses. The change in pulse am-
plitude upon moving along the quenching curve is shown in Figure 4a. The di-
mensionless number tFWHM/τrech on the x-axis makes this curve independent of the 
recharge time of the SiPM. A selection of the simulated detector output pulses 
is shown in Figure 4b. The simulated pulses can be grouped into three different 
regimes based on the recharge and decay time. In the first regime the decay 
time is larger than the recharge time (τdec >> τrech). Quenching of the decay time 
in this regime results in a decrease of the pulse duration with almost no change 
of the pulse amplitude. In the second regime the decay and recharge times are 
approximately equal (τdec ≈ τrech). Quenching of the decay time in this regime re-
sults in a decrease of the pulse duration and a small shift of the pulse amplitude. 
In the third regime the decay time is smaller than the recharge time (τdec << τrech). 
Quenching the decay time in this regime results in a very minimal decrease of 
the pulse duration and a significant decrease of the pulse amplitude. In Figure 
4a this can be observed by the curve reaching a vertical asymptote along which 
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Figure 3: Scintillation decay time (τdec) versus calculated pulse duration (tFWHM) 
for Ce3+-, Pr3+-, Eu2+-, Yb2+-, Sm2+ co-doped, and Tl+-doped scintillators, intrin-
sic scintillators showing corevalence luminescence, Broad Band Emission, near 
band-gap exciton emission, and plastic scintillators. The red vertical line indi-
cates the recharge time of the SiPM. The two black vertical lines indicate the 
regimes where the pulsduration depends only on the recharge time of the SiPM 
(τrech), only the decay time of the scintillator (τdec), or both.

only the pulse amplitude decreases. This behaviour can also be observed in the 
simulated detector output pulses in Figure 4b. Ideally, a scintillator should thus 
be quenched from the first to the second regime, since further quenching of the 
decay time to the third regime will mostly result in a decrease of the total pulse 
intensity.
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The quenching behaviour of a scintillator can be described using a single barrier 
Arrhenius equation, as shown in Equation 17 [88, 283].
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Figure 4: (a): tFWHM/τrech versus the pulse amplitude, determined from simulated 
pulses, for different points along the quenching curve of a scintillator. (b): Selec-
tion of the simulated detector output pulses along the curve shown in (a). The 
numbers [1], [2], and [3] indicate whether τdec << τrech, τdec ≈ τrech, and τdec >> τrech, 
respectively.

time to the third regime will mostly result in a decrease of the total pulse intensity.

The quenching behaviour of a scintillator can be described using a single barrier Arrhenius

equation, as shown in Equation 17 [88, 283].

I(T ) =
I(0)

1
τD

+ Γ0 · e
−∆E
kbT

(17)

Here, I(T) represents the luminescence intensity at temperature T , I(0) the luminescence

intensity at T = 0, Γ0 the attempt rate for thermal quenching, kb the Boltzmann constant,

and ∆E the energy barrier. This shows that there are two options to quench a scintillator,

either increase the temperature or decrease the energy barrier. However, due to the require-

ment of room temperature operation the only viable option is to decrease the energy barrier,

i.e., decreasing the quenching temperature or T50. The later represents the temperature at

which the quenching curve reaches 50% of its maximum intensity.

The energy barrier, or T50, can be changed via material engineering; this can also be

referred to as T50-engineering. An example of this is found in the LnBr3:Ce
3+ (Ln = La, Ce,

Pr) system. It has been shown that quenching of the Ce3+ 5d → 4f emission occurs through

thermal ionisation of the 5d electron to the conduction band [283]. The temperature at

which this occurs depends on the energy gap between the Ce3+ 5d level and the bottom

of the conduction band. This energy gap decreases when changing the host cation from

La3+ to Ce3+ to Pr3+. Consequently, the temperature at which 50% of the Ce3+ emission

is quenched (T50) corresponds to 715 K, 675 K and 300 K for LaBr3:5%Ce, CeBr3 and

PrBr3:5%Ce, respectively. This means that the Ce3+ emission in Ce1−xPrxBr3 quenches at

room temperature when enough Pr3+ is present in the system.

Ce3+ decay times and light yield of Ce1−xPrxBr3 have been reported for many values of

x = 0-99, as summarised in Table VII. The data confirms that the light yield gradually

decreases with increasing Pr3+ concentration while simultaneously the decay time shortens

by approximately the same fraction relative to CeBr3. Moreover, the quenching curve of

Ce0.05Pr0.95Br3 shows that this decrease in both light yield and decay time is indeed caused

by thermal quenching [88].

Another example can be found in the family of Ce3+-doped garnets. Depending on the

cation composition, thermal quenching can either take place through thermal ionisation

to the conduction band or interconfigurational cross-over from the 5d excited state to the

4f ground state [286, 287]. The activation energy of both processes strongly depends on

26

(17)

Here, I(T) represents the luminescence intensity at temperature T, I(0) the lu-
minescence intensity at T = 0, Γ0 the attempt rate for thermal quenching, kb the 
Boltzmann constant, and ΔE the energy barrier. This shows that there are two 
options to quench a scintillator, either increase the temperature or decrease the 
energy barrier. However, due to the requirement of room temperature opera-
tion the only viable option is to decrease the energy barrier, i.e., decreasing the 
quenching temperature or T50. The later represents the temperature at which the 
quenching curve reaches 50% of its maximum intensity.

The energy barrier, or T50, can be changed via material engineering; this can also 
be referred to as T50 - engineering. An example of this approach can be found in 
the family of Ce3+-doped garnets. Depending on the cation composition, thermal 
quenching can either take place through thermal ionisation to the conduction 
band or interconfigurational cross-over from the 5d excited state to the 4f ground 
state [286, 287]. The activation energy of both processes strongly depends on 
composition and T50 values can be gradually tuned down from approximately 650 
K in Y3Al5O12 to well below room temperature [288]. 
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By replacing Al3+ with Ga3+, the room temperature decay time could be shortened 
from approximately 80 to 18.6 ns [289].

These are only one example of systems for which the quenching temperature 
can be engineered; this can also be referred to as T50-engineering. As shown in 
Figure 2 there are a number of Ce3+ - doped scintillators that could be improved 
and tailored via this approach. This can however also be used for intrinsic broad 
band emitting scintillators. One of the main questions of T50- engineering is how 
the non-proportionality of the scintillator will be influenced. Changes in composi-
tion should lead to minimal changes of the non-proportionality.

5. Conclusions
In this work an overview has been presented of different scintillators. Their suit-
ability for application in indirect PCDs was assessed using the three formulated 
figures of merit: total pulse intensity, pulse duration, and pulse amplitude. Based 
on these figures of merit it is concluded that the most interesting groups of scin-
tillators are Ce3+- or Pr3+ - doped materials, near band-gap exciton emitters, plas-
tics, and core-valance emitters. Each of these groups has its own challenges, i.e. 
emission wavelength, presence of slow components, density, or non-proportion-
ality. Scintillators can also be engineered for their use in an indirect PCD. Howev-
er, the decay time of the scintillator should not be quenched to values below the
recharge time of the SiPM, which results in the loss of usable scintillation pho-
tons. Choosing a suitable material for an indirect PCD does not only depend on 
the material properties, the properties of the SiPM are just as important.
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Table I: Light yield (photons/MeV), energy resolution (E%) measured at 662 
keV, decay time (τdec (ns)), mean emission wavelength (λem (nm)), density (g/
cm3), pulse amplitude (pulse Amp. (photons/ns)), and pulse duration (tFWHM (ns)) 
of Ce3+-doped scintillators.

t

t

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

CeF3 4,000 20% 27 340 6.16 148.1 36.3 [49]

LaCl3 46,000 3.1% 169∗ 337 3.86 272.2 143 [50–52]

LuCl3 5,400 11.4% 5,572∗ 374/400 4 1.0 3,920 [51, 53]

K2LaCl5 29,000 5.1% 68 380 2.89 426,4 68.6 [54]

K2CeCl5 30,000 5.8% 71 370 2.95 422.5 70.9 [55, 56]

KGd2Cl7 30,000 10% 179∗ 400 3.56 167.6 151 [57]

CsSrCl3 8,600 7.2% 603∗ 360/385 2.96 14.3 453 [58]

Cs3LaCl6 16,000 8.6% 1,026∗ 380/407 3.36 15.6 750 [59]

CsCe2Cl7 28,000 5.5% 50 410 3.6 560 54.8 [60]

Cs3CeCl6 19,000 8.4% 265∗ 385 3.4 71.7 213 [61]

Cs3GdCl6 24,500 4.5% 2,008∗ 380/405 3.56 12.2 1,437 [62]

Tl2LaCl5 70,000 3.4% 895∗ 383 5.2 78.2 658 [63, 64]

Tl2GdCl5 53,000 5% 1,330∗ 389 5.1 39.8 963 [65]

Rb2LiCeCl6 23,000 7.9% 239∗ 370 3.1 96.2 194 [66]

Rb2LiGdCl6 18,500 6.8% 3,490∗ 375/420 3.23 5.3 2,471 [67]

Cs2LiYCl6 22,000 4.5% 6,000 376/404 3.31 3.7 4,219 [68, 69]

Cs2LiLaCl6 35,000 3.4% 445∗ 340/420 3.3 78.7 341 [70]

Cs2LiCeCl6 22,000 5.5% 2,263∗ 410 3.41 9.7 1,615 [71]

Cs2LiGdCl6 20,000 5% 7,706∗ 380/405 3.67 2.6 5,404 [72]

Cs2NaLaCl6 26,400 4.4% 1,513∗ 373/405 3.26 17.4 1,091 [59]

Cs2NaCeCl6 20,000 8.3% 2,696∗ 410 3.25 7.4 1,917 [73]

Cs2NaGdCl6 27,000 4% 3,030∗ 375/403 3.52 8.9 2,151 [62, 74]

Tl2LiYCl6 25,000 4% 777∗ 435 4.5 32.2 575 [75]

Tl2LiGdCl6 58,000 4.6% 868∗ 376/382 n.r. 66.8 639 [76]

Tl2LiLuCl6 27,000 5.6% 1,373∗ 428 5.06 19.7 993 [77]

BaBr2 10,300 9.8% 1,935∗ 375/410 4.84 5.3 1,386 [78]

LaBr3 76,000 2.7% 16 358 5.29 3,812 26.5 [38, 79, 80]

LaBr3:Ce,Sr 78,000 2% 1,209∗ 356/382 5.29 64.5 878 [38, 39, 81]
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Table I: Continued

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

LaBr2.25I0.75 45,000 4.1% 117∗ 400/434 5.47 254 149 [82]

LaBr1.5I1.5 58,000 14.6% 28 472/500 5.51 2,071 37.1 [82]

LaBr0.75I2.25 22,000 35.9% 12 460/510 5.6 1,833 22.6 [82]

CeBr3 60,000 3.6% 17 370 5.2 3,529 27.5 [83, 84]

CeBr3:Sr 55,000 3% 65∗ 381 5.2 846.2 66.3 [85–87]

PrBr3:20%Ce 21,000 6.9% 7.9 365/395 5.33 2,658 18.2 [88]

PrBr3:5%Ce 16,000 5.5% 5.6 365/395 5.33 2,857 15.3 [88]

GdBr3 44,000 10% 698∗ 419 4.6 63.0 520 [89]

LuBr3 32,000 6% 3,433∗ 408/448 5.17 9.3 2,430 [51, 53]

K2LaBr5 40,000 5% 50 359/391 3.9 800 54.8 [90]

Rb2CeBr5 34,000 6.9% 56.1 390 4.26 606.1 59.5 [91]

RbGd2Br7 54,000 3.8% 60 425 4.7 900 62.5 [92]

Cs3LaBr6 32,500 4.9% 2,042∗ 395/425 4.55 15.9 1,461 [59, 93]

CsCe2Br7 33,500 7% 1,222∗ 450 4 29.1 888 [94]

Cs3GdBr6 47,000 4% 1,289∗ 396/417 4.14 36.5 935 [62]

Tl2LaBr5 43,000 5% 25 375/315 5.9 1,720 34.6 [95]

Rb2LiYBr6 23,000 4.7% 1,199∗ 385/420 3.82 19.2 871 [96]

Rb2LiLaBr6 33,000 4.8% 978∗ 363/387 n.r. 33.7 716 [97]

Rb2LiCeBr6 33,000 6.3% 155∗ 373 4.6 212.9 133 [72]

Cs2LiYBr6 23,600 7% 2,492∗ 389 4.15 9.5 1,775 [69, 98]

Cs2LiLaBr6 60,000 2.9% 540∗ 380/430 4.2 111.1 408 [99–101]

Cs2LiCeBr6 28,000 7.4% 3,289∗ 400/418 4.18 8.5 2,330 [102]

Cs2LiGdBr6 30,500 7.1% 3,477∗ 392/400 4.41 8.8 2,462 [103]

Cs2NaYBr6 9,500 6.3% 2,543∗ 385/420 3.94 3.7 1,810 [104]

Cs2NaYBr3I3 43,000 3.3% 1,795∗ 425/460 n.r. 24.0 1,288 [105]

Cs2NaLaBr6 46,000 3.9% 3,535∗ 382/414 3.93 13.0 2,501 [59, 104]

Cs2NaLaBr3I3 58,000 2.9% 1,089∗ 430 n.r. 53.3 794 [105]

Cs2NaCeBr6 25,00 6.7% 352∗ 377 4.25 71.0 275 [106]

Cs2NaGdBr6 48,000 3.3% 396∗ 393/422 4.18 121.2 306 [62, 107]

Cs2 NaLuBr6 10,500 5.5% 280∗ 389/422 4.42 37.5 223 [104]

Tl2LiGdBr6 17,400 17% 91∗ 422 5.3 191.2 86.2 [108]

3
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Table I: Continued

* decay time consists of multiple components, tabulated value is an average val-
ue for the decay time. The amplitude and decay time of the different components 
can be found in Table S I.

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

LaBr2.25I0.75 45,000 4.1% 117∗ 400/434 5.47 254 149 [82]

LaBr1.5I1.5 58,000 14.6% 28 472/500 5.51 2,071 37.1 [82]

LaBr0.75I2.25 22,000 35.9% 12 460/510 5.6 1,833 22.6 [82]

CeBr3 60,000 3.6% 17 370 5.2 3,529 27.5 [83, 84]

CeBr3:Sr 55,000 3% 65∗ 381 5.2 846.2 66.3 [85–87]

PrBr3:20%Ce 21,000 6.9% 7.9 365/395 5.33 2,658 18.2 [88]

PrBr3:5%Ce 16,000 5.5% 5.6 365/395 5.33 2,857 15.3 [88]

GdBr3 44,000 10% 698∗ 419 4.6 63.0 520 [89]

LuBr3 32,000 6% 3,433∗ 408/448 5.17 9.3 2,430 [51, 53]

K2LaBr5 40,000 5% 50 359/391 3.9 800 54.8 [90]

Rb2CeBr5 34,000 6.9% 56.1 390 4.26 606.1 59.5 [91]

RbGd2Br7 54,000 3.8% 60 425 4.7 900 62.5 [92]

Cs3LaBr6 32,500 4.9% 2,042∗ 395/425 4.55 15.9 1,461 [59, 93]

CsCe2Br7 33,500 7% 1,222∗ 450 4 29.1 888 [94]

Cs3GdBr6 47,000 4% 1,289∗ 396/417 4.14 36.5 935 [62]

Tl2LaBr5 43,000 5% 25 375/315 5.9 1,720 34.6 [95]

Rb2LiYBr6 23,000 4.7% 1,199∗ 385/420 3.82 19.2 871 [96]

Rb2LiLaBr6 33,000 4.8% 978∗ 363/387 n.r. 33.7 716 [97]

Rb2LiCeBr6 33,000 6.3% 155∗ 373 4.6 212.9 133 [72]

Cs2LiYBr6 23,600 7% 2,492∗ 389 4.15 9.5 1,775 [69, 98]

Cs2LiLaBr6 60,000 2.9% 540∗ 380/430 4.2 111.1 408 [99–101]

Cs2LiCeBr6 28,000 7.4% 3,289∗ 400/418 4.18 8.5 2,330 [102]

Cs2LiGdBr6 30,500 7.1% 3,477∗ 392/400 4.41 8.8 2,462 [103]

Cs2NaYBr6 9,500 6.3% 2,543∗ 385/420 3.94 3.7 1,810 [104]

Cs2NaYBr3I3 43,000 3.3% 1,795∗ 425/460 n.r. 24.0 1,288 [105]

Cs2NaLaBr6 46,000 3.9% 3,535∗ 382/414 3.93 13.0 2,501 [59, 104]

Cs2NaLaBr3I3 58,000 2.9% 1,089∗ 430 n.r. 53.3 794 [105]

Cs2NaCeBr6 25,00 6.7% 352∗ 377 4.25 71.0 275 [106]

Cs2NaGdBr6 48,000 3.3% 396∗ 393/422 4.18 121.2 306 [62, 107]

Cs2 NaLuBr6 10,500 5.5% 280∗ 389/422 4.42 37.5 223 [104]

Tl2LiGdBr6 17,400 17% 91∗ 422 5.3 191.2 86.2 [108]
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Light yield
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@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

LaBr2.25I0.75 45,000 4.1% 117∗ 400/434 5.47 254 149 [82]

LaBr1.5I1.5 58,000 14.6% 28 472/500 5.51 2,071 37.1 [82]
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LuBr3 32,000 6% 3,433∗ 408/448 5.17 9.3 2,430 [51, 53]

K2LaBr5 40,000 5% 50 359/391 3.9 800 54.8 [90]

Rb2CeBr5 34,000 6.9% 56.1 390 4.26 606.1 59.5 [91]

RbGd2Br7 54,000 3.8% 60 425 4.7 900 62.5 [92]

Cs3LaBr6 32,500 4.9% 2,042∗ 395/425 4.55 15.9 1,461 [59, 93]

CsCe2Br7 33,500 7% 1,222∗ 450 4 29.1 888 [94]

Cs3GdBr6 47,000 4% 1,289∗ 396/417 4.14 36.5 935 [62]

Tl2LaBr5 43,000 5% 25 375/315 5.9 1,720 34.6 [95]

Rb2LiYBr6 23,000 4.7% 1,199∗ 385/420 3.82 19.2 871 [96]

Rb2LiLaBr6 33,000 4.8% 978∗ 363/387 n.r. 33.7 716 [97]

Rb2LiCeBr6 33,000 6.3% 155∗ 373 4.6 212.9 133 [72]

Cs2LiYBr6 23,600 7% 2,492∗ 389 4.15 9.5 1,775 [69, 98]

Cs2LiLaBr6 60,000 2.9% 540∗ 380/430 4.2 111.1 408 [99–101]

Cs2LiCeBr6 28,000 7.4% 3,289∗ 400/418 4.18 8.5 2,330 [102]

Cs2LiGdBr6 30,500 7.1% 3,477∗ 392/400 4.41 8.8 2,462 [103]

Cs2NaYBr6 9,500 6.3% 2,543∗ 385/420 3.94 3.7 1,810 [104]

Cs2NaYBr3I3 43,000 3.3% 1,795∗ 425/460 n.r. 24.0 1,288 [105]

Cs2NaLaBr6 46,000 3.9% 3,535∗ 382/414 3.93 13.0 2,501 [59, 104]

Cs2NaLaBr3I3 58,000 2.9% 1,089∗ 430 n.r. 53.3 794 [105]

Cs2NaCeBr6 25,00 6.7% 352∗ 377 4.25 71.0 275 [106]

Cs2NaGdBr6 48,000 3.3% 396∗ 393/422 4.18 121.2 306 [62, 107]

Cs2 NaLuBr6 10,500 5.5% 280∗ 389/422 4.42 37.5 223 [104]

Tl2LiGdBr6 17,400 17% 91∗ 422 5.3 191.2 86.2 [108]

3

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

SrI2:Ce,Na 16,000 6.4% 426∗ 404/434 4.59 37.6 327 [109]

YI3 99,000 9.3% 45 532 4.62 2,200 50.8 [110]

GdI3 44,000 4.3% 45 532 5.22 977.8 50.8 [110, 111]

LuI3 98,000 3.3% 85∗ 472 5.6 1,153 81.5 [112–114]

K2LaI5 55,000 4.5% 24 401/439 4.4 2,291 33.7 [90]

Cs3Lu2I9 22,800 9% 446∗ 429/471 4.78 51.1 342 [93]

Cs2NaLaI6 26,400 4.4% 1,513∗ 420/458 4.17 17.4 1,091 [59]

YAlO3 15,900 4.4% 35∗ 347 5.35 454.3 42.9 [115–117]

Y3Al5O12 14,000 12% 70 550 4.55 200.0 70.2 [118]

LuAlO3 11,400 9.3% 43∗ 365 8.34 265.1 49.3 [119]

Lu3Al5O12 12,500 12% 50 500/560 6.7 250.0 54.8 [120]

Y2SiO5 24,000 9.4% 42 420 4.45 571.4 48.5 [121, 122]

Gd2SiO5 12,500 7% 336∗ 430 6.71 34.2 285 [121, 123]

Gd2Si2O7 30,000 6% 46 372/394 5.5 652.2 51.6 [124]

Lu2SiO5 27,000 7.9% 40 420 7.4 675.0 46.9 [40]

Lu2SiO5:Ce,Ca 38,800 7.7% 36.7 420 7.4 1,057 44.3 [41]

Lu2Si2O7 26,000 10% 38 378 6.2 684.2 45.3 [125, 126]

(Lu,Y)2SiO5 27,000 8% 36 425 7.1 750 43.7 [42–44]

K2Lu(PO4)2 26,500 17% 1,074∗ 390 3.90 24.7 784 [127]
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Table II: Light yield (photons/MeV), energy resolution (E%) measured at 662 
keV, decay time (τdec (ns)), mean emission wavelength (λem (nm)), density (g/
cm3), pulse amplitude (pulse Amp. (photons/ns)), and pulse duration (tFWHM (ns)) 
of Eu2+-doped scintillators.

t

t

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

CaF2 24,000 6.7% 900 440 3.18 26.7 662 [137, 138]

BaFI 55,000 8.5% 500 450 5.45 110 380 [139, 140]

BaCl2 52,000 3.5% 604∗ 402 3.89 86.1 454 [78, 141]

BaClBr 52,000 3.55% 500 425 4.5 104.0 380 [139, 140]

BaClI 54,000 9% 500 425 4.5 108.0 380 [139, 140]

CsCaCl3 18,000 8.9% 5,050 450 3 3.6 3,558 [142]

CsSrCl3 33,400 11.5% 2,700 448 2.96 12.4 1,920 [143]

CsSrClBr2 35,100 3.6% 2,100 462 3.98 16.7 1,502 [144]

CaBr2 36,000 8.9% 2,500 448 3.35 14.4 1,780 [145]

BaBr2 49,750 6% 672∗ 408 4.78 74.0 501 [78, 146]

BaBrI 91,000 3.4% 453∗ 413 5.18 200.9 347 [147, 148]

LiSr2Br5 32,000 6.1% 1,418 407/476 3.76 22.6 1,024 [149]

KSr2Br5 75,000 3.5% 1,013∗ 427 3.98 74.0 741 [150]

RbCaBr3 43,000 4.0% 2,800 436 3.46 15.4 1,990 [151]

Rb4CaBr6 71,000 6.9% 5,360∗ 457 3.46 13.2 3,774 [151]

RbSr2Br5 64,700 4% 780 429 4.18 82.9 577 [152]

CsCaBr3 28,000 9.3% 5,270 447 3.68 5.3 3,710 [153]

CsCaBrI2 51,800 3.9% 3,500 445 3.59 14.8 2,478 [144]

CsCaBr0.8I2.2 40,000 5.2% 2,290 450 4.06 17.5 1,633 [154]

CsSrBr3 40,200 4.9% 2,300 440 3.76 17.5 1,640 [155]

CsSrBrI2 65,300 3.4% 1,800 455 4 36.3 1,292 [144]

LiI 15,000 7.5% 1,200 475 4.08 12.5 872 [156, 157]

CaI2 90,000 5.2% 790 470 3.96 113.9 584 [158, 159]

SrI2 90,000 2.6 % 1,200 453 4.6 75.0 872 [109, 128, 129]

SrI2:Eu,Zr 95,000 2.5% 1,030 436 4.6 92.2 753 [160]

BaI2 38,000 5.6% 513 426 5.15 74.1 389 [146]

LiCa2I5 90,000 5.6% 1,416 472 4 63.6 1,023 [149]

LiSrI3 35,000 5.2% 510 420/460 n.r. 68.6 387 [161]
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Table II: Continued

* decay time consists of multiple components, tabulated value is an average val-
ue for the decay time. The amplitude and decay time of the different components 
can be found in Table S II.

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(ph/ns)

tFWHM

(ns)
Ref

LiSr2I5 60,000 3.5% 1,331 497 n.r. 45.1 964 [149]

KCaI3 72,000 3% 1,060 466 3.81 67.9 774 [162]

KCaI3:Eu,Zr 72,000 2.5% 1,313∗ 450 3.81 54.8 951 [163]

KCa0.8Sr0.2I3 73,000 2.8% 1,258 475 3.81 58.0 913 [132, 164]

KSr2I5 94,000 2.4% 2,531∗ 445 4.39 37.1 1,802 [165]

KBa2I5 90,000 2.4% 910 444 4.52 98.9 669 [166]

K2BaI4 63,000 2.9% 720 448 4.05 87.5 535 [166]

RbSrI3 24,000 2.8% 1,030 462 4.1 76.4 753 [167]

RbSr2I5 90,400 3% 890 445 4.55 101.6 654 [152]

CsCaI3 38,500 8% 1,720 450 4.06 22.4 1,236 [142]

Cs4CaI6 51,800 3.6% 1,990 459 3.99 26.0 1,425 [168, 169]

CsSrI3 73,000 3.9% 3,300 452 4.25 22.1 2,338 [134]

Cs4SrI6 62,300 3.5% 1,430 462 4.03 43.6 1,033 [168, 169]

CsBa2I5 97,000 2.3% 350 430 5 277.1 273 [130, 131]

TlSr2I5 70,000 4.2% 2,465∗ 463 5.3 28.4 1,756 [170]

Cs3KCaI6 62,000 3.9% 1,860 472 3.94 33.3 1,334 [168]

Cs3KSrI6 29,000 5% 1,780 459 3.85 16.3 1,277 [168]

Cs3RbCaI6 38,000 4.5% 1,250 467 3.96 30.4 907 [168]

Cs3.5Rb0.5SrI6 75,000 3.3% 1,340 466 4.03 56.0 970 [168]

Cs3RbSrI6 31,000 5.1% 1,220 462 3.95 25.4 886 [168]
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Table III: Light yield (photons/MeV), energy resolution (E%) measured at 662 
keV, decay time (τdec (ns)), mean emission wavelength (λem (nm)), density (g/
cm3), pulse amplitude (pulse Amp. (photons/ns)), and pulse duration (tFWHM (ns)) 
of scintillators with ions other than Ce3+ or Eu2+.

* decay time consists of multiple components, tabulated value is an average val-
ue for the decay time. The amplitude and decay time of the different components 
can be found in Table S III.

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

LaBr3:Pr 60,000 3.2% 11,000 492-682 5.29 5.5 7,695 [188]

Lu3Al5O12:Pr 19,000 4.6% 20.1 325 6.7 945.3 30.3 [186, 187]

(Lu,Y)3Al5O12:Pr 33,000 4.4% 1,080∗ 325 6.2 30.6 788 [189–191]

(Lu,Y)3Al5O12:Pr,Li 25,000 4.1% 1,180∗ 325 6.2 21.2 858 [191]

SrI2:Eu,Sm 42,000 10.5% 1,500 740 4.59 28.0 1,082 [173]

CsBa2I5:Eu,Sm 45,000 3.2% 2,077∗ 755 5 21.7 1,485 [174]

Cs4EuI6:Sm 16,600 7.5% 3,500 850 4.25 4.7 2,478 [175]

CsYbI3:Sm 30,000 7% 2,300 800 4.76 13.0 1,640 [176]

NaI:Tl 38,000 5.4% 250 415 3.67 152.0 202 [178–180]

NaI:Tl,Ca 26,000 5.3% 380∗ 420 3.67 68.4 295 [192]

NaI:Tl,Sr 34,000 5.4% 327∗ 420 3.67 104.0 257 [192]

NaI:Tl,Ca,Eu 52,000 4.9% 1,000 450 3.67 52.0 732 [193, 194]

CsI:Tl 54,000 4.8% 1,000 550 4.51 54.0 732 [178, 179, 195]

SrI2:Yb 56,000 4.35% 610 414 4.6 91.8 458 [196]

RbSrI3:Yb 24,000 4.9% 795 457 4.1 30.2 588 [167]

CsBa2I5:Yb 54,000 5.7% 870 414 5 62.1 640 [196]
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Table IV: Light yield (photons/MeV), energy resolution (E%) measured at 662 
keV, decay time (τdec (ns)), mean emission wavelength (λem (nm)), density (g/
cm3), pulse amplitude (pulse Amp. (photons/ns)), and pulse duration (tFWHM (ns)) 
of undoped scintillators.

* decay time consists of multiple components, tabulated value is an average val-
ue for the decay time. The amplitude and decay time of the different components 
can be found in Table S IV. ** Compounds show near bandgap exciton emission.

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

BaCl2 1,700 17.4% 980 300/410 3.89 1.7 718 [221]

(EDBE)PbCl4 9,000 30% 7.9 520 2.19 1,139 18.2 [215]

Cs2HfCl6 54,000 3.3% 2,200 375/435 3.86 24.5 1,751 [202, 222]

Cs2ZrCl6 33,900 4.5% 1,500 440/479 3.36 22.6 1,082 [202, 222]

TlMgCl3 30,600 3.7% 413∗ 409 4.43 74.1 318 [209]

TlCaCl3 30,600 5% 622∗ 425 3.77 49.2 466 [210]

Tl2HfCl6 27,000 3.7% 1,063∗ 460 5.1 25.4 776 [211, 212]

Tl2ZrCl6 35,000 3.4% 2,292∗ 460 4.5 15.3 1,635 [211, 212]

BaBr2 19,300 5.4% 2,200 425 4.78 8.8 1,571 [221]

(BM)2PbBr4
∗∗ 3,190 19.53% 0.95 440 2.05 3,358 7.7 [219]

(BZA)2PbBr4
∗∗ 3,700 8% 4.2 440 2.3 881.0 13.4 [218]

(PEA)2PbBr4
∗∗ 11,000 39% 35 440 2.36 314.3 42.9 [214, 223]

TlCaBr3 41,700 6.2% 2,328∗ 470 4.69 17.9 1,660 [224]

TlSr2Br5 37,600 4.6% 1,470∗ 441 5.03 25.6 1,061 [225]

CaI2 107,000 3.2% 834 410 3.96 128.3 616 [158, 159, 226]

RbSrI3 8,000 7.6% 918∗ 447 4.1 8.7 674 [167]

CsCu2I3 16,000 7.8% 110 560 5.01 145.5 100 [206, 207]

Cs3Cu2I5 29,000 3.4% 965∗ 450 4.51 30.1 707 [208]

Cs2HfI6 64,000 4.2% 2,500 700 5.12 25.6 1,780 [204, 205]

Cs3Lu2I9 6,600 19.2% 770 390/608 4.82 8.6 570 [93]

TlCaI3 42,200 6.2% 1,105∗ 460/533 4.73 38.2 805 [209]

TlSr2I5 31,000 8.5% 2,372∗ 463 5.3 13.1 1,691 [170]

Sc2O3 19,200 16.7% 290∗ 330 3.83 66.2 231 [227]

CaWO4 15,800 6.6% 8,722∗ 425 6.1 1.8 6,113 [228–230]

CdWO4 15,300 9.1% 15,000∗ 480 7.9 1.02 10,480 [137, 231]

PbWO4 300 n.r. 26∗ 420 8.28 50 15.8 [200, 232, 233]

Bi4Ge3O12 7,610 9.05% 300 485 7.13 25.4 238 [115, 123, 234]
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Table V: Light yield (photons/MeV), energy resolution (E%) measured at 662 
keV, decay time (τdec (ns)), mean emission wavelength (λem (nm)), density (g/
cm3), pulse amplitude (pulse Amp. (photons/ns)), and pulse duration (tFWHM (ns)) 
of scintillators showing core-valance luminescence.

*decay time consists of multiple components, tabulated value is an average value 
for the decay time. The amplitude and decay time of the different components 
can be found in Table S V.

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

RbF 1,700 n.r. 1.3 203/234 3.6 1,307 8.4 [250]

BaF2 12,000 11% 630∗ 220/310 4.88 19.0 472 [251–253]

CsF 1,900 20% 2 390 4.64 950 9.8 [254]

KMgF3 1,400 n.r. 1.3 140/170 3.2 1,077 8.4 [235, 250, 255]

KCaF3 1,400 n.r. 2 165/200 3 700.0 9.8 [235, 250]

KYF4 1,000 n.r. 1.9 170 3.6 526.3 9.6 [235, 250]

K2YF5 300 n.r. 1.3 170 3.6 230.8 8.4 [250]

KLuF4 170 n.r. 1.3 163/185 5.2 130.8 8.4 [235, 237, 250]

KLuF7 270 n.r. 2 165 7.5 135.0 9.8 [250]

CsMgCl3 1,113 n.r. 2.36 350 3.23 471.6 10.5 [235]

CsMgCl3:Zn 3,400 16.7 2.17 300 3.23 1,567 10.0 [247]

Cs2MgCl4 2,200 22 2.04 300 2.95 1,078 9.8 [246, 247]

Cs2MgCl4:Zn 2,440 19.2 1.91 300 2.95 1,277 9.6 [247]

Cs3MgCl5 1,340 33.7 1.46 300 3.15 918 8.7 [246, 247]

Cs3MgCl5:Zn 2,180 22.8 1.25 300 3.15 1,744 8.3 [247]

CsCaCl3 1,400 n.r. 2 250/305 2.9 700 9.8 [250, 256]

Cs2ZnCl4 1,980 22% 1.66 285/379 3.35 1,193 9.2 [245]

Cs2ZnCl5 1,460 25% 0.82 240/289 3.44 1,780 7.3 [245]

CsSrCl3 889 n.r. 2.07 248 2.87 429.5 10.0 [235, 257]

Cs2BaCl4 1,369 n.r. 1.68 400 3.76 814.9 9.2 [235]

Cs2LiYCl6 22,420 11% 6,599∗ 325 3.31 3.4 4,634 [68, 69]
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Table VI: Light yield (photons/MeV), energy resolution  (E%) measured at 662 
keV, decay time (τdec (ns)), mean emission wavelength (λem (nm)), density (g/
cm3), pulse amplitude (pulse Amp. (photons/ns)), and pulse duration (tFWHM(ns)) 
of plastic scintillators.

Compound
Light yield

(Ph/MeV)

E%

@662 keV

τdec

(ns)

λem

(nm)

Density

(g/cm3)

Pulse Amp.

(Ph/ns)

tFWHM

(ns)
Ref

Anthracene 20,100 n.r. 31 460 1.25 648.4 39.7 [264, 265]

Stilbene 16,000 n.r. 6 390 0.97 2,666 15.9 [264, 266]

p-Terphenyl 19,400 n.r. 7.2∗ 410 1.24 2,694 17.4 [264, 267]

Polyvinylcarbazole:Bi 12,000 9% 15 420 n.r. 800.0 25.6 [268]

BC-400 13,000 n.r. 2.4 423 1.02 5,416 10.5 [269]

BC-408 13,000 n.r. 2.1 425 1.02 6,190 10.0 [270]

BC-412 12,000 n.r. 3.3 434 1.02 3,636 12.0 [271]

BC-428 7,200 n.r. 12.5 480 1.02 576.0 23.2 [272]

BC-430 9,000 n.r. 16.8 580 1.02 536.7 27.3 [273]

BC-452 10,000 n.r. 2.1 424 1.05 4,762 10.0 [274]

EJ-200 10,000 n.r. 2.1 425 1.02 4,761 10.0 [275]

EJ-240 6,300 n.r. 285 430 1.02 22.1 227 [276]

EJ-260 9,200 n.r. 9.2 490 1.02 1,000 19.7 [277]

EJ-256 6,800 n.r. 2.1 425 1.08 3,238 10.0 [278]

10

* decay time consists of multiple components, tabulated value is an average val-
ue for the decay time. The amplitude and decay time of the different components 
can be found in Table S VI.
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Supplementary Information
Table S I: Components of the decay time of Ce3+ doped scintillators for which 
average values are tabulated in the main text.

TABLE I: Components of the decay time of Ce3+ doped scin-

tillators for which average values are tabulated in the main

text.

Compound
τdec

(ns)
Ref

LaCl3
26 (70%)

210 (30%)
[1–3]

LuCl3

56 (45%)

337 (25%)

5900 (30%)

[2, 4]

Cs2LiGdCl6

129 (51%)

573 (32%)

8900 (17%)

[5]

Cs2LiLaCl6

2 (9%)

40 (11%)

450 (80%)

[6]

KGd2Cl7
50 (40%)

200 (60%)
[7]

Rb2LiGdCl6

107 (21%)

791 (41%)

4100 (38%)

[8]

Cs2NaLaCl6

40 (33%)

105 (33%)

338 (14%)

1848 (20%)

[9]

Cs2NaGdCl6

107 (23%)

697 (41%)

3600 (36%)

[10, 11]
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3200 (31%)
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Cs2LiCeCl6

101 (42%)

557 (35%)

2900 (23%)

[19]
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50 (50%)

300 (50%)
[20]
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310 (37%)

1100 (58%)

[35]

BaBr2

80 (27%)

490 (22%)

2100 (51%)

[36]

Cs2NaGdBr6

72 (67%)

266 (22%)

698 (11%)

[10, 37]

Cs2NaLaBr3I3

78 (25%)

294 (40%)

1338 (34%)

[38]

Cs2NaYBr3I3

56 (47%)

284 (25%)

2060 (28%)

[38]

Cs3GdBr6

72 (26%)

270 (25%)

1421 (49%)

[10]
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TABLE I: Components of the decay time of Ce3+ doped scin-

tillators for which average values are tabulated in the main

text.

Compound
τdec

(ns)
Ref

LaCl3
26 (70%)

210 (30%)
[1–3]

LuCl3

56 (45%)

337 (25%)

5900 (30%)

[2, 4]

Cs2LiGdCl6

129 (51%)

573 (32%)

8900 (17%)

[5]

Cs2LiLaCl6

2 (9%)

40 (11%)

450 (80%)

[6]

KGd2Cl7
50 (40%)

200 (60%)
[7]

Rb2LiGdCl6

107 (21%)

791 (41%)

4100 (38%)

[8]

Cs2NaLaCl6

40 (33%)

105 (33%)

338 (14%)

1848 (20%)

[9]

Cs2NaGdCl6

107 (23%)

697 (41%)

3600 (36%)

[10, 11]
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tillators for which average values are tabulated in the main
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40 (33%)

105 (33%)

338 (14%)

1848 (20%)

[9]

Cs2NaGdCl6

107 (23%)

697 (41%)

3600 (36%)

[10, 11]

2

Cs2LiGdBr6

73 (63%)

542 (14%)

3900 (23%)

[39]

Tl2LiGdBr6
29 (92%)

197 (8%)
[40]

Cs2NaCeBr6
140 (94%)

880 (6%)
[41]

Rb2LiCeBr6
55 (87%)

284 (13%)
[5]

CsCe2Br7

78 (52%)

316 (32%)

1723 (16%)

[42]

CeBr3:Sr
23 (97%)

211 (3%)
[43–45]

Cs2LiCeBr6

86 (76%)

444 (8%)

3800 (16%)

[46]

LaBr2.25I0.75
31 (70%)

224 (30%)
[47]

LuI3
23 (75%)

120 (25%)
[48–50]

Cs3Lu2I9

18 (2%)

42 (6%)

120 (40%)

510 (52%)

[33]

SrI2:Ce,Na
32 (46%)

450 (54%)
[51]

YAlO3

26 (90%)

67 (10%)
[52–54]

6
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TABLE I: Components of the decay time of Ce3+ doped scin-

tillators for which average values are tabulated in the main

text.
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120 (25%)
[48–50]

Cs3Lu2I9

18 (2%)

42 (6%)

120 (40%)

510 (52%)

[33]

SrI2:Ce,Na
32 (46%)

450 (54%)
[51]

YAlO3

26 (90%)

67 (10%)
[52–54]

6

LuAlO3

17 (90%)

88 (10%)
[55]

Gd2SiO5

56 (89%)

600 (11%)
[56, 57]

K2Lu(PO4)2
34 (81%)

1200 (19%)
[58]

7

Table S I: Continued

TABLE I: Components of the decay time of Ce3+ doped scin-

tillators for which average values are tabulated in the main

text.

Compound
τdec

(ns)
Ref

LaCl3
26 (70%)

210 (30%)
[1–3]

LuCl3

56 (45%)

337 (25%)

5900 (30%)

[2, 4]

Cs2LiGdCl6

129 (51%)

573 (32%)

8900 (17%)

[5]

Cs2LiLaCl6

2 (9%)

40 (11%)

450 (80%)

[6]

KGd2Cl7
50 (40%)

200 (60%)
[7]

Rb2LiGdCl6

107 (21%)

791 (41%)

4100 (38%)

[8]

Cs2NaLaCl6

40 (33%)

105 (33%)

338 (14%)

1848 (20%)

[9]

Cs2NaGdCl6

107 (23%)

697 (41%)

3600 (36%)

[10, 11]

2

Table S II: Components of the decay time of Eu2+ doped scintillators for which 
average values are tabulated in the main text.

TABLE II: Components of the decay time of Eu2+ doped

scintillators for which average values are tabulated in the

main text.

Compound
τdec

(ns)
Ref

BaCl2

25 (15%)

138 (21%)

642 (64%)

[36, 59]

BaBr2

35 (8%)

415 (47%)

814 (45%)

[36, 60]

BaBrI
297 (23%)

482 (77%)
[61, 62]

KSr2Br5
520 (21%)

1076 (79%)
[63]

Rb4CaBr6
2830 (79%)

8520 (21%)
[64]

TlSr2I5
525 (73%)

3300 (27%)
[65]

KSr2I5
990 (89%)

5000 (11%)
[66]

KCaI3:Eu,Zr
1030 (88%)

2260 (12%)
[67]
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2260 (12%)
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TABLE II: Components of the decay time of Eu2+ doped

scintillators for which average values are tabulated in the

main text.

Compound
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[36, 60]
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[61, 62]

KSr2Br5
520 (21%)

1076 (79%)
[63]

Rb4CaBr6
2830 (79%)

8520 (21%)
[64]

TlSr2I5
525 (73%)

3300 (27%)
[65]

KSr2I5
990 (89%)

5000 (11%)
[66]

KCaI3:Eu,Zr
1030 (88%)

2260 (12%)
[67]
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Table S III: Components of the decay time of Pr3+, Sm2+, and Tl+ doped scintilla-
tors for which average values are tabulated in the main text.

TABLE III: Components of the decay time of Pr3+, Sm2, and

Tl+ doped scintillators for which average values are tabulated

in the main text.

Compound
τdec

(ns)
Ref

(Lu,Y)3Al5O12:Pr

43.9 (55%)

333 (24%)

1374 (21%)

[68–70]

(Lu,Y)3Al5O12:Pr,Li

47.8 (47%)

374 (27%)

1461 (26%)

[70]

CsBa2I5:Eu,Sm
240 (6%)

2090 (94%)
[71]

NaI:Tl,Ca
172 (92%)

860 (8%)
[72]

NaI:Tl,Sr
173 (94%)

830 (6%)
[72]

9
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[68–70]

(Lu,Y)3Al5O12:Pr,Li

47.8 (47%)

374 (27%)

1461 (26%)

[70]

CsBa2I5:Eu,Sm
240 (6%)

2090 (94%)
[71]

NaI:Tl,Ca
172 (92%)

860 (8%)
[72]

NaI:Tl,Sr
173 (94%)

830 (6%)
[72]

9

Table S IV:Components of the decay time of intrinsic scintillators for which aver-
age values are tabulated in the main text.

TABLE IV: Components of the decay time of intrinsic scin-

tillators for which average values are tabulated in the main

text.

Compound
τdec

(ns)
Ref

TlMgCl3

46 (9%)

166 (23%)

449 (68%)

[73]

TlCaCl3
317 (44%)

727 (56%)
[74]

Tl2HfCl6
300 (15%)

1100 (85%)
[75, 76]

Tl2ZrCl6
500 (2%)

2300 (98%)
[75, 76]

TlSr2Br5
390 (66%)

1900 (34%)
[77]

TlCaBr3
56 (76%)

2490 (24%)
[78]

TlCaI3

62 (13%)

200 (62%)

1440 (25%)

[73]

TlSr2I5

151 (33%)

605 (39%)

3000 (28%)

[65]

RbSrI3
375 (71%)

1300 (29%)
[79]

CaWO4

1400 (30%)

9200 (70%)
[80–82]
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TABLE IV: Components of the decay time of intrinsic scin-

tillators for which average values are tabulated in the main

text.

Compound
τdec

(ns)
Ref
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10
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CdWO4

5000 (60%)

20000 (40%)
[83, 84]

PbWO4

2.2 (50%%)

9.9 (34%)

39 (16%)

[85–87]

Sc2O3

64 (8%)

295 (92%)
[88]

11

Table S IV:Continued

TABLE IV: Components of the decay time of intrinsic scin-

tillators for which average values are tabulated in the main

text.

Compound
τdec

(ns)
Ref
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[74]
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[75, 76]

Tl2ZrCl6
500 (2%)

2300 (98%)
[75, 76]

TlSr2Br5
390 (66%)

1900 (34%)
[77]

TlCaBr3
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[65]
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CaWO4
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[80–82]

10

Table S V: Components of the decay time of intrinsic scintillators which show 
core-valence emission for which average values are tabulated in the main text.

TABLE V: Components of the decay time of intrinsic scin-

tillators which show core-valence emission for which average

values are tabulated in the main text.

Compound
τdec

(ns)
Ref

BaF2

1 (20%)

630 (80%)
[89–91]

Cs2LiYCl6
4 (10%)

6600 (90%)
[30, 92]

12

Table S VI: Components of the decay time of plastic scintilators for which aver-
age values are tabulated in the main text.

TABLE VI: Components of the decay time of plastic scin-

tilators for which average values are tabulated in the main

text.

Compound
τdec

(ns)
Ref

p-Terphenyl
2.1 (97%)

22.6 (3%)
[93, 94]

13
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Summary
The record energy resolution of 2%, measured using LaBr3:Ce3+,Sr2+, is currently 
limited by the number of detected scintillation photons, i.e., Poisson statistics 
[1]. Increasing the number of detected scintillation photons can be realised in 
two different ways. The first one is by replacing photomultiplier tubes (PMT) by 
modern silicon based detectors, e.g. avalanche photodiodes (APD) and silicon 
photomultipliers (SiPM). Silicon based photodetectors typically have a much 
higher detection efficiency compared to photomultiplier tubes. In order to attain 
the best results, the emission wavelength of the scintillator should be matched 
to the wavelength of the maximum detection efficiency of the photodetector. This 
approach has for example been explored elaborately by Van Aarle et al. for sili-
con based detectors using Sm2+ based scintillators [2].

The second way to increase the number of detected scintillation photons is to 
increase the light yield of the scintillator, of which the theoretical limit scales in-
versely with the size of the bandgap. Scintillators are commonly based on the 5d- 
4f emission of Ce3+ or Eu2+. The degree to which the bandgap can be decreased 
is thus limited by this emission; if the bandgap becomes too small, 5d-4f emission 
will no longer be observed [3]. An elaborate discussion on the bandgap and the 
occurrence of 5d-4f emission is presented in Chapter 1. This limitation can be 
avoided by shifting to intrinsic, or self activated, scintillators, which no longer rely 
on 5d-4f emission. The goal of this dissertation is to study small bandgap ma-
terials for their use as intrinsic scintillators. The development of small bandgap 
intrinsic scintillators is a largely unexplored field [4]. Initial studies have focused 
on the family of lead halide perovskites and related compounds [5,6], which have 
a bandgap of less than 3 eV and mainly gained popularity for there use in opto-
electronic applications [7,8]. Due to their crystal structure, ABX3, consisting of a 
three dimensional network of corner sharing BX6 octahedra perovskites are often 
referred to as three dimensional perovskites.

The main problem of perovskites, however, is their small Stokes shift which in-
creases the probability of a scintillation photon being reabsorbed after emission. 
This increases the chance of scintillation photons reaching a quenching site. 
Chapter 2 starts off with the scintillation characterisation of the caesium lead hal-
ide perovskites CsPbCl3 and CsPbBr3. Both compounds show a sub nanosecond 
decay component at 10 K originating from near band edge excitons, which have
a very small Stokes shift. Only under X-ray excitation a new broad emission 
band, with a very large Stokes shift, was observed at wavelengths longer than 
700 nm. In the case of CsPbBr3 this new broad emission band contained most of 
the scintillation photons and falls outside the effective detection range of a PMT. 
The combination of scintillation photons not leaving the crystal due to self-ab-
sorption or being emitted at wavelengths longer than 700 nm made it impossible 
to measure a pulse height spectrum for CsPbCl3 and CsPbBr3.
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Both Williams et al. [9] and Wolszczak et al. [10] have proposed potential solu-
tions to deal with the self absorption problem of perovskites. One of the solutions 
is to shift to compounds with a lower dimensional crystal structure. In Chapter 
3, the zero dimensional compound Cs4PbBr6 is studied. The crystal structure of 
Cs4PbBr6, A4BX6, consist of isolated BX6 octahedra resulting in the formation of 
localised states on the BX6 octahedra. This means that the emission of Cs4PbBr6
resembles the emission of isolated Pb2+ ions which has a large stokes shift. De-
pending on the synthesis method, Cs4PbBr6 can, next to a 380 nm emission 
band, also show a green emission band at 540 nm. This band can be linked to 
the presence of CsPbBr3 inclusions. Additionally, a new emission band was dis-
covered at 610 nm which can be linked too defects. Under X-ray excitation, most 
of the scintillation photons are present in the 610 nm emission band.

Another class of lower dimensional compounds which have been studied are the 
hybrid organic-inorganic perovskites, or two dimensional perovskites. In these 
compounds, the small A site cation in the perovskite structure is replaced by 
a larger organic molecule. This creates a structure of alternating layers of or-
ganic molecules and corner sharing sheets of BX6 octahedra. In Chapter 4 the 
scintillation properties of the two dimensional perovskite phenethylammonium 
lead bromide ((PEA)2PbBr4) are explored. This compound crystallises in the Rud-
dlesden-Popper phase with a flat layer of PbBr6 octahedra. Due to the exciton 
confinement, created by the organic layers, (PEA)2PbBr4 shows room tempera-
ture near band edge exciton emission. Unfortunately it was found that part of the 
emission still suffers from self absorption. In Chapter 5 the scintillation properties 
of the two dimensional perovskite benzylammonium lead bromide ((BZA)2Pb-
Br4) are explored. At room temperature (BZA)2PbBr4 showed a decay time of 
4 ns. This short decay time makes this material very interesting to be used in 
a scintillator-SiPM indirect photon counting detector (PCD). However, it shows 
similar self absorption related problems as (PEA)2PbBr4. One of the effects of self 
absorption is that the decay time will increase when the crystal size increases.  
This means that the measured 4 ns decay time for (BZA)2PbBr4 could be a direct 
result of the small samples used.

In Chapter 6 the scintillation properties of CsCu2I3 are explored. CsCu2I3 is an in-
teresting small bandgap material with many good scintillation properties, i.e., it is 
nonhygroscopic, nontoxic, melts congruently, has a low afterglow, and a density 
and effective atomic number of 5.01 g/cm3 and 50.6, respectively. It has a one 
dimensional crystal structure formed by double chains of Cu2I3

−  edge sharing tet-
rahedra, separated by Cs+ ions. At room temperature, one emission band at 560
nm, related to self trapped exciton emission, is observed. The latter has a Stokes 
shift of 1.49 eV, preventing any self absorption related problems. Additionally, the 
560 nm emission wavelength matches well with the detection efficiency of mod-
ern silicon based photodetectors. Previously, pulse height spectra for this ma-
terial were only measured on a PMT. From a pulse height spectrum, measured 
on an APD, an energy resolution and light yield of 4.8% and 36.000 photons/
MeV were determined, respectivaly. It should be noted that the used APD needs 
to be cooled to 260 K. The T50  temperature of CsCu2I3 is approximately 270 K, 
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which means that most of the emission will be quenched at room temperature. 
It is shown that upon cooling down to 200 K CsCu2I3 can reach a light yield of 
60.000 photons/MeV by measuring a set of temperature dependent pulse height 
spectra.

The final Chapter of this dissertation, Chapter 7, focuses on the emerging devel-
opment of scintillator-SiPM based indirect PCDs. These are detectors, contrary 
to the energy integrating detectors often used in traditional CT scanners, which 
detect individual photons. These detectors are based on a fast scintillator coupled 
to a SiPM with a very short recharge time. Both the scintillator and SiPM need 
to be fast in order to handle the high X-ray fluence rates used in CT-scanners. 
Current PCDs applied in CT scanners are based on the semiconductor CdTe. In 
Chapter 7 a prospect view is presented on potential scintillators and their selec-
tion to be used in a scintillator SiPM based indirect PCD. Firstly a framework is 
presented based on which three figures of merit (FOM) are formulated. The first 
FOM is the total pulse intensity which represent the mean number of scintillation 
photons produced upon absorbing an X-ray photon in the medically relevant en-
ergy range (25 to 150 keV). This is related to the energy resolution of the PCD. 
The second FOM is the pulse duration which represents the length of the detec-
tor output pulse, consisting of a convolution of the scintillator decay and SiPM 
recharge time. The third FOM is the pulse amplitude which  represents the am-
plitude of the detector output pulse. This provides an indication for the statistical 
fluctuations on the detector output pulse. These three FOMs are used to analyse 
a database of more than 200 scintillators for their use in indirect PCDs. The pulse 
duration of a CdTe based direct PCD (14 ns), also used in commercially available 
CT scanners, was used as a bench mark.

The pulse duration of Eu2+, Yb2+, Sm2+, Tl+ based scintillators, and broad band 
emitters are generally longer than 500 ns. Hence, these scintillators will not be 
able handle the X-ray fluence rates used in CT scanners and will suffer from 
significant pulse pile-up related problems. Two very promising potential candi-
dates are Ce3+ and Pr3+ based scintillators. The pulse duration of Ce3+ based 
scintillators strongly depends on the host matrix. Next to the intrinsic decay of 
Ce3+, slow components due to inefficient transfer to Ce3+ and host related emis-
sions can be observed. The pulse duration of Pr3+ based scintillators also show a 
strong dependence on the host matrix, i.e., whether efficient 5d-4f emission can 
occur or not. The shortest pulse durations are achieved by scintillators based on 
CVL emission, near bandgap excitonic emission, and plastic scintillators. Each 
of these categories however, has its own set op problems. For scintillators based 
on CVL emission it is the presence of slow components. For near bandgap ex-
citon emission based scintillators it is self-absorption and for plastic scintillators 
it is their low density. It is also possible to quench the decay time of a scintillator 
in order to decrease the pulse duration. This approach is explored by simulating 
the detector output pulses along the quenching curve of a hypothetical scintilla-
tor. This demonstrates that the decay time of the scintillator should not become 
smaller than the recharge time of the SiPM, which otherwise will lead to the loss 
of scintillation photons. For all materials discussed in this Chapter it is important 
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to realise that not only the scintillator properties are important but also the proper-
ties of the photodetector used for readout, i.e., the scintillator and photodetector 
can be tailored to each other. Hence, one should think in terms of a detection 
system consisting of both a scintillator crystal and a photodetector.
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Samenvatting
De record energieresolutie van 2%, gemeten met LaBr3:Ce3+,Sr2+, wordt momen-
teel beperkt door het aantal gedetecteerde scintillatiefotonen, i.e., de Poisson 
statistiek [1]. Het aantal gedetecteerde scintillatiefotonen kan op twee manieren 
vergroot worden. De eerste manier is het vervangen van de fotonmultiplicatorbui-
zen {Engels: photomultiplier tubes} (PMT) door moderne op silicium gebaseerde 
detectoren, e.g., lawinefotodiodes {Engels: avalanche photodiodes} (APD) en 
siliciumfotomultiplicatoren {Engels: silicon photomulitpliers} (SiPM). Op silicium 
gebaseerde fotonendetectoren hebben doorgaans een veel hogere detectie-    
efficiëntie in vergelijking tot fotonmultiplicatorbuizen. Om de beste resultaten te 
behalen, moeten de emissiegolflengte van de scintillator en de golflengte van 
de maximale detectie-efficiëntie van de fotonendetector op elkaar afgestemd       
worden. Deze aanpak is bijvoorbeeld door Van Aarle et al. uitgebreid onderzocht 
voor silicium gebaseerde detectoren in combinatie met op Sm2+ gebaseerde 
scintillatoren [2].

De tweede manier om het aantal gedetecteerde scintillatiefotonen te vergroten, 
is door de lichtopbrengst van de scintillator te vergroten, waarvan het theoretisch 
limiet omgekeerd evenredig is met de grootte van de bandkloof. Scintillatoren 
zijn doorgaans gebaseerd op de 5d – 4f emissie van Ce3+ of Eu2+. De mate 
waarin de bandkloof verkleind kan worden, wordt dus beperkt door deze emis-
sie; als de bandkloof te klein wordt, kan de 5d – 4f emissie niet langer worden 
waargenomen [3]. Een uitgebreide bespreking van de invloed van de grootte 
van de bandkloof en het voorkomen van de 5d – 4f emissie wordt gepresenteerd 
in Hoofdstuk 1. Deze beperking kan worden omzeild door over te schakelen 
naar intrinsieke scintillatoren, ook wel zelf geactiveerde scintillatoren genoemd. 
Deze zijn niet langer afhankelijk van de aanwezigheid van 5d – 4f emissie. Het 
doel van dit proefschrift is om materialen met een kleine bandkloof te bestude-
ren voor hun toepassing als intrinsieke scintillatoren. De ontwikkeling van kleine 
bandkloof scintillatoren is een grotendeels onontgonnen gebied [4]. Initiële stu-
dies hebben zich gericht op de familie van lood halide perovskieten en verwante 
verbindingen [5,6]. Deze verbindingen hebben een bandkloof van 3 eV of minder 
en zijn voornamelijk populair geworden wegens hun gebruik in opto-elektroni-
sche toepassingen [7,8]. Vanwege hun kristalstructuur, ABX3, bestaande uit een 
driedimensionaal netwerk van hoekdelende BX6 octaëders, worden perovskieten 
ook wel driedimensionale perovskieten genoemd.

Het grootste probleem van perovskieten is echter hun kleine Stokes-verschui-
ving. Hierdoor wordt de kans op reabsorptie van een scintillatiefoton verhoogt 
en kan deze eerder een doofplaats in het kristal rooster bereiken. Hoofdstuk 
2 begint met de scintillatiekarakterisatie van de cesium lood halide perovskie-
ten CsPbCl3 en CsPbBr3. Beide verbindingen vertonen een exitonische emissie  
band afkomstig van de randen van de bandkloof met een vervaltijd van minder 
dan een nanoseconde bij 10 K. Deze excitonische emissie banden hebben een 
zeer kleine Stokes-verschuiving. Alleen onder Röntgenexcitatie werd een nieu-
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we brede emissieband, met een zeer grote Stokes-verschuiving, waargenomen 
bij golflengtes langer dan 700 nm. In het geval van CsPbBr3 bevat deze brede  
emissieband de meeste scintillatiefotonen maar valt buiten het effectieve detec-
tiebereik van een PMT. De combinatie van scintillatiefotonen die het kristal niet 
verlaten vanwege zelf-absorptie of die worden uitgezonden bij een golflengte 
langer dan 700 nm, maakt het onmogelijk om een puls hoogte spectrum te meten 
voor CsPbCl3 en CsPbBr3.

Zowel Williams et al. [9] als Wolszczak et al. [10] hebben verscheidene oplos-
singen voorgedragen om het zelf-absorptie probleem van perovskieten aan te 
pakken. Een van de geformuleerde oplossingen is het overgaan op verbin-
dingen met een lagere dimensionale kristalstructuur. In Hoofdstuk 3 wordt 
de nuldimensionale verbinding Cs4PbBr6 bestudeerd. De kristalstructuur van 
Cs4PbBr6,  A4BX6, bestaat uit geïsoleerde BX6 octaëders, wat resulteert in de vorming 
van gelokaliseerde toestanden op de BX6 octaëders. Dit betekent dat de emissie 
van Cs4PbBr6 lijkt op de emissie van geisoleerde Pb2+ ionen, die een grote Stokes-
verschuiving hebben. Afhankelijk van de synthesemethode kan Cs4PbBr6, 
naast zijn 380 nm emissieband, ook een groene emissieband vertonen bij 540 
nm. Deze band kan gekoppeld worden aan de aanwezigheid van CsPbBr3 
microdomeinen. Daarnaast werd een nieuwe emissieband ontdekt bij 610 
nm die gekoppeld kan worden aan de aanwezigheid van defecten. Onder 
röntgenexcitatie zijn de meeste scintillatiefotonen aanwezig in de 610 nm 
emissieband.

Een ander klasse van lager dimensionale verbindingen zijn de hybride                       
organisch-anorganische perovskieten, ook wel tweedimensionale perovskieten 
genoemd. In deze verbindingen wordt het kleine A-site kation in de perovskiet 
structuur vervangen door een groter organisch molecuul. Dit creëert een struc-
tuur van afwisselende lagen aan organische moleculen en hoekdelende lagen 
van BX6 octaëders. In Hoofdstuk 4 worden de scintillatie-eigenschappen van 
het tweedimensionale perovskiet fenethylammonium lood bromide ((PEA)2Pb-
Br4) onderzocht. Deze verbinding kristalliseert in de Ruddlesden-Popper fase 
met een vlakke laag van PbBr6 octaëders. De excitonische insluiting in de PbBr6 
laag, gecreëerd door de organische lagen, zorgt er voor dat (PEA)2PbBr4 bij ka-
mertemperatuur excitonische emissie afkomstig van de randen van de band-
kloof vertoont. Helaas werd ontdekt dat een deel van de emissie nog steeds 
lijdt aan zelf-absorptie. In Hoofdstuk 5 worden de scintillatie-eigenschappen van 
het twee dimensionale perovskiet benzylammonium lood bromide ((BZA)2PbBr4) 
onderzocht. Bij kamertemperatuur vertoont (BZA)2PbBr4 een vervaltijd van 4 ns. 
Deze korte vervaltijd maakt dit materiaal zeer interessant voor applicatie in een 
scintillator-SiPM indirecte fotonenteldetector {Engels: photon-counting detector} 
(PCD). Vergelijkbaar met (PEA)2PbBr4 wordt de emissie van (BZA)2PbBr4 ook 
beÏnvloed door zelf-absorptie. Een onfortuinlijk neveneffect hiervan is dat de ver-
valtijd van (BZA)2PbBr4 zal toenemen wanneer de kristalgrootte toeneemt. Dit 
betekent dat de gemeten vervaltijd van 4 ns een direct resultaat kan zijn van de 
kleine kristallen die gebruikt zijn voor de meting.
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In Hoofdstuk 6 worden de scintillatie-eigenschappen van CsCu2I3 onderzocht. 
CsCu2I3 is een interessant materiaal met een kleine bandkloof en veel goede 
scintillatie-eigenschappen, i.e., het is niet-hygroscopisch, niet-toxisch, smelt 
congruent, heeft een laag nagloei niveau, en een dichtheid en effectief atoom-
nummer van respectievelijk 5.01 g/cm3 en 50.6. Het heeft een eendimensionale 
kristalstructuur gevormd door dubbele ketens van Cs2I3

− randdelende tetraëders, 
gescheiden door Cs+ ionen. Bij kamertemperatuur wordt één emissieband waar-
genomen bij 560 nm, deze kan worden gerelateerd aan zelf ingevangen excito-
nische emissie. De emissie heeft een Stokes-verschuiving van 1.49 eV waardoor 
zelf-absorptie gerelateerde problemen worden voorkomen. Bovendien komt de 
560 nm emissiegolflengte goed overeen met de detectie-efficiëntie van moderne 
silicium gebaseerde fotonendetectoren. Eerder gemeten pulshoogte spectra van 
CsCu2I3 zijn voornamelijk gemeten door gebruik te maken van fotonmultiplica-
torbuizen. Uit een pulshoogte spectrum, gemeten op een APD, zijn een ener-
gieresolutie en licht opbrengst van respectievelijk 4.8% en 36.000 fotonen/MeV 
bepaald. Hierbij dient opgemerkt te worden dat de APD gekoeld moet worden 
tot een temperatuur van 260 K. De T50 temperatuur van CsCu2I3 is ongeveer 270 
K. Dit betekent dat het grootste gedeelte van de emissie bij kamertemperatuur 
gedooft is. Er is ook aangetoond dat, als CsCu2I3 wordt afgekoeld tot 200 K, dat 
de lichtopbrengst kan toenemen tot 60.000 fotonen/MeV. Dit is bepaald aan de 
hand van een reeks temperatuurafhankelijke puls hoogte spectra.

Het slot hoofdstuk van dit proefschrift, Hoofdstuk 7, richt zich op de opkomende 
ontwikkeling van scintillator-SiPM gebaseerde indirecte PCD’s. Dit zijn detec-
toren, in tegenstelling tot de energie-integrerende detectoren, die vaak worden 
gebruikt in traditionele CT-scanners die individuele fotonen detecteren. Deze 
detectoren zijn gebaseerd op een snelle scintillator gekoppeld aan een SiPM 
met een zeer korte oplaadtijd. Zowel de scintillator als de SiPM moeten snel 
zijn om de hoge Röntgenstralingsintensiteiten te verwerken die worden gebruikt 
in CT-scanners. De huidige PCD’s die toegepast worden in CT-scanners zijn 
gebaseerd op de halfgeleider CdTe. In Hoofdstuk 7 wordt een prospectieve 
visie gepresenteerd van potentiële scintillatoren en hun selectie voor gebruik 
in een scintillator-SiPM gebaseerde indirecte PCD. Als eerste stap wordt een 
beschrijving gepresenteerd van de processen die plaatsvinden in de PCD. Geba-
seerd op deze beschrijving worden drie prestatie-indicatoren geformuleerd. De 
eerste indicator is de totale pulsintensiteit, dit weerspiegelt het gemiddeld aantal 
scintillatiefotonen dat geproduceerd wordt na de absorptie van een Röntgenfoton 
in het medisch relevante energiebereik (25 to 150 keV). Dit is gerelateerd aan de 
energieresolutie van de PCD. De tweede prestatie-indicator is de pulsduur, dit 
weerspiegelt de lengte van de detectoruitgangspuls en bestaat uit een convolutie 
van het scintillatorverval en de SiPM-oplaadtijd. De laatste prestatie-indicator is 
de pulsamplitude, dit weerstpiegelt de amplitude van de detectoruitgangspuls en 
geeft een indicatie voor de graad van statistische fluctuaties op de puls. De drie 
prestatie indicatoren zijn gebruikt om een database van meer dan 200 scintillato-
ren te analyseren voor hun gebruik in indirecte PCD’s. 
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De pulsduur van een op CdTe gebaseerde directe PCD (14 ns), tevens gebruikt 
in commercieel verkrijgbare CT-scanners, wordt gebruikt als benchmark.

De pulsduur van Eu2+, Yb2+, Sm2+, Tl+ gebaseerde scintilatoren en breedband 
emitters zijn over het algemeen langer dan 500 ns. Deze scintillatoren zullen 
daarom om ook niet in staat zijn om de hoge Röntgenstralingsintensiteit van een 
CT-scanner aan te kunnen en zullen leiden aan problemen door het overlappen 
van detectoruitgangspulsen. Twee zeer veel belovende potentiële kandidaten 
zijn op Ce3+ en Pr3+ gebaseerde scintillatoren. De pulsduur van op Ce3+ geba-
seerde scintillatoren hangt sterk af van het gastrooster. Naast het intrinsieke ver-
val van Ce3+, zijn er ook langzame verval componenten aanwezig vanwege inef-
ficiënte overdracht naar Ce3+ en gastrooster gerelateerde emissies. De pulsduur 
van Pr3+ gebaseerde scintillatoren vertonen ook een sterke afhankelijkheid van 
het gastrooster, i.e., of efficiënte 5d – 4f emissie kan optreden of niet. De kortste 
pulsduren worden bereikt door scintillatoren gebaseerd op emissie afkomstig uit 
de overgang tussen de valentie band en de eerste daar onder gelegen gevulde 
band, op excitonische emissie afkomstig van de randen van de bandkloof, en op 
plastic gebaseerde scintillatoren. Jammer genoeg vertoont elk van deze catego-
rieën zijn eigen scala aan problemen. Voor scintillatoren gebaseerd op emissie 
tussen de valentie en de eerst volgende gevulde band is de aanwezigheid van 
langzamere componenten door overgangen tussen de valentie en geleidings-
banden een probleem. Voor scintillatoren gebaseerd op excitonische emissie 
afkomstig van de randen van de bandkloof is zelf-absorptie een probleem. Voor 
op plastic  gebaseerde scintillatoren is hun lage dichtheid het probleem. Het is 
ook mogelijk om de vervaltijd van een scintillator gericht te doven om de puls-
duur te verkorten. Deze aanpak is onderzocht door de detectoruitgangspulsen te 
simuleren gebaseerd op punten van een hypothetische uitdovingscurve van een 
scintillator. Hiermee is aangetoond dat de vervaltijd van de scintillator niet kleiner 
gemaakt moet worden dan de oplaadtijd van de SiPM, dit leidt anders tot het 
verlies van scintillatiefotonen. Voor alle materialen die in dit hoofdstuk besproken 
worden is het belangrijk om te beseffen dat niet alleen de scintillatoreigenschap-
pen van belang zijn maar ook de eigenschappen van de fotonendetector, i.e., de 
scintillatoren en de fotonendetector kunnen elkaar worden afgestemd. Het is dan 
ook beter om na te denken in termen van een detectiesysteem wat bestaat uit 
zowel een scintillatiekristal als een fotonendetector.
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