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ABSTRACT OF THE DISSERTATION 

 

Organic Scintillators Containing High-Z Nanoparticles 

by 

 

Hongxiang Zhao 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2020 

Professor Qibing Pei, Chair 

 

Spectroscopic scintillation detectors for gamma rays are desirable for medical imaging 

and nuclear non-proliferation. Thanks to their high-Z nature, inorganic single crystals 

are commonly used, despite their high cost and limited size. Inexpensive, high 

performance spectroscopic scintillators are in demand and recently polymer-matrix 

nanocomposites have become one of the most promising candidates. Nanocomposite 

used here is mostly two-phase solid where one phase is inorganic nanoparticles with 

sizes below 20 nm and the other is polymer matrix. Nanocomposites loaded with high-

Z, large band gap nanoparticles and luminescent quantum dots have been developed; 

however, transmittance at its emission wavelength decreased drastically as loading 

content and sample thickness increased. Monoliths loaded with large band gap high-Z 

nanoparticles suffered from light yield deterioration due to inefficient non-radiative 

energy transfer to the polymer matrix. Cadmium zinc sulfide quantum dots improved 
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Förster resonance energy transfer (FRET) from generated excitons to organic species 

due to their luminescence properties. However the low-Z nature of these quantum dots 

barely provided noticeable photopeak signals on the pulse height spectrum. 

 

This dissertation strives to overcome the obstacles researchers encountered in the field 

of spectroscopic scintillation study. One focus is to find a new luminescent quantum 

dot with high Z to improve the photopeak signal of the detector. Inorganic lead halide 

perovskite nanocrystals have been shown to have high photoluminescence quantum 

yield (PLQY), fast emission decay, facile size control and most importantly, high Z (ZPb 

= 82 and ZCs = 55). Cesium lead bromide perovskite nanocrystals were synthesized at 

a mild temperature, with a square shape capped with oleic acid as the ligand. Ligand 

exchange of nanocrystals was performed to alleviate phase separation during the in-situ 

copolymerization with the monomers. Thermal curing was first conducted, yet only 

produced an opaque monolith. UV curing of the nanocomposites, on the other hand, led 

to a much more transparent monolith, suggesting instability of the nanocrystals at the 

elevated temperature. Different organic primary dyes were mixed with the nanocrystals 

and the monomers, and the resulting solutions were cured to form nanocomposite 

scintillators. However, all dyes got bleached in the presence of the nanocrystals under 

UV irradiation. Pulse height spectrum of nanocomposites loaded with perovskite 

nanocrystals was recorded. The light yield was rather low, and no full gamma 

photopeak was observed. 
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Liquid matrix was then chosen to substitute polymer matrix in the nanocomposites and 

scintillation solution can be prepared without polymerization. Cesium lead bromide 

perovskite nanocrystals were synthesized and purified following the previous protocol, 

without treatment by polymerizable ligand. The primary dye concentration was 

adjusted in a broad range, from 0.01 to 1.5 wt%, to study non-radiative energy transfer 

from perovskite nanocrystals to the dye molecules. Highest light yield of around 10000 

photons/MeV was achieved on the liquid scintillator loaded with 20 wt% of 

nanocrystals at optimized organic dye concentration. Nanocrystal loading was then 

increased to 60 wt%. In our best demonstration, light yield around 9000 photons/MeV 

and deconvoluted photopeak energy resolution of 10.6% were achieved with a much 

more prominent gamma photopeak signal, showing potential of the high-Z luminescent 

perovskite nanocrystals for spectroscopic scintillators. 

 

The obtained photopeak energy resolution was lower than that obtained from the 

CdZnS-quantum-dot-based nanocomposite scintillators. Many causes for the lower 

energy resolution were examined. One of the important reasons is that the scintillation 

emission spectrum from the perovskite liquid scintillators peaks in the green 

wavelength range where the photodetection efficiency of the photomultiplier tube 

(PMT) is low. The light yield produced from the PMT is low, and thus the gamma 

photoelectron energy resolution is low. Scintillation solution loaded with hafnium oxide 

nanoparticles emitting blue light was then prepared. At 50 wt% loading of the 

nanoparticles, the transmittance at the emission peak wavelength is still higher than 
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80%. At 40 wt% loading, the scintillation solution showed light yield of around 6300 

photons/MeV with deconvoluted photopeak resolution of 5.3%. Solvent additives were 

added to the system for more efficient exciton energy transfer from the primary solvent 

to the primary dye and 25 wt% of naphthalene improved light yield by about 40%. 

Finally, a large liquid scintillator (20 mm diameter and 20 mm thickness) was prepared 

containing 40 wt% of nanocrystals as well as solvent additives. Light yield of 8500 

photons/MeV and photopeak resolution of 11.6% were achieved. Although there is still 

room for energy resolution improvement, for the first time we observed a prominent 

gamma photopeak with an organic liquid scintillator loaded with high-Z nanoparticles. 
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Chapter 1 Introduction 

A scintillator is a material that emits flashes of light when exposed to ionizing 

radiation.[1] The first scintillation phenomenon was observed in 1903 by Sir William 

Crookes through a device he invented called spinthariscope. Observation of 

scintillation light by naked eyes on the ZnS screen struck by alpha particles was not 

easy and soon this method was almost abandoned. Scintillators did not return to the 

stage of history until 1944 when Curran and Baker applied the advanced 

photomultiplier tube for single photon detection. Weak scintillation can be detected 

efficiently and reliably which was a great success. Till now scintillators have been 

playing an important role in medical imaging, national security, etc.[2][3] 

 

There are mainly two categories of traditional scintillators, inorganic and organic 

scintillators. Comparing with the latter, inorganic scintillators, such as NaI(Tl) and 

CsI(Tl), are mainly composed of heavy metallic elements instead of hydrocarbon 

compounds.[4] The luminescent property of this type of scintillator comes from its 

emission centers, which are usually added impurity, excess atoms/ions or defects in the 

crystal.[5] From the energy band diagram of such inorganic crystal scintillator, excitons 

could form in the conduction band and valance band upon exposure to ionizing 

radiation.[6] An exciton could end up in either of the pathways below: (1) Radiative 

recombination at luminescence centers contributing to scintillation photon emission. (2) 

Non-radiative recombination at quenching centers through energy dissipation. (3) 
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Capture by traps where excitons can either return to energy bands by gaining enough 

thermal energy or recombining non-radiatively.[5] Organic scintillation process involves 

energy absorption by the matrix and energy transfer to the scintillation solutes, which 

will be discussed later in this chapter. 

 

 

Figure 1.1 Schematic illustration of scintillation mechanism of inorganic scintillators 

 

A gamma scintillator should be capable of converting the energy of a high energy 

photon to low energy ones and a key parameter to measure the scintillation efficiency 

is light yield, which is defined as[7] 

Light yield =  
number of photons generated

energy of gamma photon (MeV)
  (1.1) 
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An ideal spectroscopic scintillator should have a high light yield and additionally meet 

the following requirements: 

1. Generation of a photopeak characteristic of a certain gamma radiation source, 

with a high photopeak energy resolution which is defined as 

Energy resolution =  
full width at half maximum (FWHM)

peak position
 (1.2) 

2. High transmittance at the wavelength of scintillation emission; 

3. High Z to achieve high photoelectric conversion coefficient of gamma photons. 

4. Spectral match between the scintillation emission spectrum and PMT’s high 

photon detection efficiency wavelength range; 

5. Fast decay time of scintillation luminescence to prevent pulse pileup; 

6. Linear photoelectric conversion of gamma photons over a wide energy range; 

7. Feasibility of scaling up at low production cost. 

 

So far, no commercial scintillators meet all the requirements shown above. For example, 

inorganic scintillators such as alkali halide crystals have excellent light yield and 

linearity but slow response. Ceramic scintillators such as rare earth garnet (RE3(Al, 

Ga)5O12) can reach light yield as high as 50000-70000 photons/MeV yet suffer from 

large time constant as well. Both plastic and liquid scintillators are typically faster yet 

scintillation efficiency is quite low (less than 20000 photons/MeV). Properties and 

scintillation characteristics of some inorganic and organic scintillators are shown in the 

table below.[7] Differences in their properties and scintillation characteristics lead to 
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applications in different fields. For example, inorganic crystals with high density and 

Zeff number are preferred in gamma-ray spectroscopy. Plastic scintillators are widely 

used in beta spectroscopy and fast neutron detection and liquid ones focus more on 

neutron and neutrino physics studies. 

 

Table 1.1 Properties and scintillation characteristics of commercially available 

scintillators 

Scintillators 
Density 

(g/cm3) 

Wavelength 

of emission 

peak (nm) 

Decay 

constant 

(ns) 

Light yield 

(photons/MeV) 

Organic 

scintillators 

Anthracene 1.25 447 30 15000 

EJ-212 

(Plastic) 
1.032 423 2.4 10000 

EJ-305 

(Liquid) 
0.877 425 2.5 12000 

Inorganic 

scintillators 

NaI(Tl) 3.67 415 

6.8×102 

(64%), 

3.34×103 

(36%) 

38000 

BGO 7.13 480 3.0×102 8200 

YAG 4.56 550 
88 (72%), 

302 (28%) 
17000 

 

Organic Scintillation Process 

Here we use organic scintillators to outline how scintillation works and the 
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corresponding requirements for the scintillation materials. Both scintillation plastics 

and liquids belong to organic scintillators and contain solvent (or matrix when the 

scintillator is a solid) and dye. The scintillation process can be described as the 

following process: (1) deposition of radiation energy to produce hot electrons, (2) 

solvent/matrix excitation by the hot electrons, (3) energy transfer to primary and 

secondary solute, and (4) emission as fluorescence. As a gamma photon shines upon an 

organic scintillator, it would interact with the atoms in the matrix through different 

approaches, such as Compton scattering, photoelectric effect and pair production. In all 

the above interactions, incident photon energy is either partially or fully absorbed by 

the atoms and energy is transferred to electrons (or electron-positron pairs for pair 

production). The high energy electron first excites π electrons from ground state to 

excited singlet state of a scintillator matrix material, which is usually an unsubstituted 

hydrocarbon, such as toluene, xylene or polyvinyl toluene. Excitons generated in matrix 

molecules transfer energy to dye molecules and the electrons in excited state then de-

excite to its ground state leading to fluorescence emission of a visible photon.[5] 
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Deposition of radiation energy 

Upon electromagnetic irradiation such as gamma radiation, an absorber would interact 

with the gamma photon and attenuate part or all its energy, depending on attenuation 

coefficient and thickness of the absorber. The fraction f of energy absorbed is 

𝑓 = 1 − exp(−𝜇𝑑) (1.3) 

where μ is the linear attenuation coefficient and d is thickness of the scintillator. The 

absorber can interact with gamma photon through various approaches, such as the 

Compton effect, the photo-electric effect and pair production, which will be elaborated 

later. The total linear attenuation coefficient can be accounted the sum of probability of 

each type of interaction: 

𝜇 = 𝜎 + 𝜏 + 𝜒 (1.4) 

where σ is the Compton linear attenuation coefficient, τ is the photo-electric linear 

attenuation coefficient and χ is the pair production linear attenuation coefficient.  

 

(i) The photoelectric effect 

The photoelectric effect is simply the generation of a free electron under light 

irradiation, as the name suggests. It was discovered in 1905 by Albert Einstein and one 

of the most successful and well-known applications is photomultiplier, where just a 

single photon hitting the photo cathode made of low work function metals leads to 

electric signal that can be detected with the help of the electron multiplier.[8][9] Till now 
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photomultiplier tube is still widely used for detection of low levels of light, especially 

for scintillation measurement which will be discussed throughout this thesis.[10] In a 

photoelectric process, a photon with energy E expels an electron from inner orbitals of 

an atom which escapes and becomes a free electron with an energy 

𝑇𝑝 = 𝐸 − 𝐵𝑒 (1.5) 

where Be is the binding energy of the electron (usually K or L shell). The photo-electric 

effect is often accompanied by emission of X-ray fluorescence, because the ionized 

atom is unstable and an electron in the higher energy orbital fills the hole in the lower 

energy orbital. In this process, a photon is released, and its energy is equal to the energy 

difference between the two orbitals. The phenomenon is called X-ray fluorescence and 

is often observed in spectral scintillation measurement of gamma photons.[11] 

 

Photoelectric effect absorption cross-section τ depends on both atomic number Z and 

incident photon energy E. Photo-electric effect is more dominant for lower E. Higher Z 

leads to larger τ. The value of τ can be described as 

𝜏 ≅ constant ×
𝑍𝑛

𝐸𝑚
 (1.6) 

where n equals roughly 4 to 5 and m equals 3.5.[12] 
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Figure 1.2 Schematic illustration of the photoelectric effect process 

 

(ii) The Compton effect 

In a Compton scattering event, a γ photon with energy E = αm0c
2 collides with an 

electron elastically and a photon with lower energy and a recoiled electron with energy 

Tc are generated.[13] In early 20th century, interaction between photon and matter is being 

studied and it was found that X-rays can be scattered by an atom and scattered photon’s 

wavelength is dependent on the scattered angle θ. In 1923, Authur H. Compton 

discovered that scattered X-ray from the carbon target showed longer wavelength than 

before. According to the Compton formula, 

𝜆′ − 𝜆 =
ℎ

𝑚0𝑐2
(1 − cos 𝜃) (1.7) 

where λ’ and λ are the wavelength of scattered and incident photon. The energy of the 

recoiled electron is 
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𝑇𝑐 =
𝛼𝐸(1 − cos 𝜃)

1 + 𝛼(1 − cos 𝜃)
 (1.8) 

When θ = 180°, Tc reaches a maximum value 

𝑇𝑐𝑚 =
𝐸

1 + 𝛼 2⁄
 (1.9) 

which is known as the Compton edge. 

 

 

Figure 1.3 Schematic illustration of the Compton effect process 

 

(iii) Pair production 

Besides the above two types of interactions, a third one, namely pair production, 

becomes possible when the incident photon energy is larger than twice the rest-mass 

energy of an electron. Photon energy E is totally absorbed and the excess energy beyond 

1.02 MeV is converted to kinetic energy of an electron-positron pair:[14] 



 

10 

𝑇𝑝𝑝 = 𝐸 − 2𝑚0𝑐2 (1.10) 

In this thesis, the highest energy of gamma photon emitted by radioactive source is 

below 1 MeV, thus pair production will not be further discussed. 

 

Figure 1.4 Schematic illustration of the pair production process 

 

(iv) Photon-electron interactions 

Now we can observe different photon-electron interactions from the pulse height 

spectrum. A pulse height spectrum records pulse height distribution, carrying 

information of photon-electron interactions. As mentioned earlier, a gamma photon 

deposits all energy to an electron in the photoelectric effect, contributing to the peak 

located at full energy of the gamma photon. The full energy peak is called photopeak. 

Escape peak appears at a lower energy level since X-ray fluorescence escapes from the 

bulk and a portion of photon energy is lost. In a Compton scattering process incident 

photon only deposits part of its energy to the electron and a Compton continuum can 
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be observed at even lower energy. The maximum of the Compton continuum is called 

the Compton edge. 

 

 

Figure 1.5 Pulse height spectrum showing different approaches of radiation energy 

deposition 
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Excitation by hot electrons 

Once the gamma photon energy is absorbed, a fast electron will be emitted to excite 

organic molecules in the scintillator. In a binary system, where the scintillator is 

composed of a solvent/matrix and a solute, excitation occurs mainly on solvent/matrix 

molecules since the solute concentration is low. Ionization energy of a hot electron can 

transfer to solvent through excitation and ionization. Both π electrons and other 

electrons in the molecule can be excited and ionized. Of all the pathways, excitation of 

π electrons into singlet states is found to be the main contribution to fast scintillation 

emission, which makes up the “useful” fraction P of the 1 MeV hot electron energy. 

Ionization of π electrons followed by ion recombination and π singlet excitation make 

up a small portion of the overall scintillation, which will be neglected in later 

calculation. Excitation of π electrons are mainly to the second and third singlet states. 

Overall, the mean primary π-excitation energy Eex is roughly 1.5 times of energy of first 

excited singlet state E1x of solvent/matrix. 
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Secondary process 

After π electrons are excited to Eex, the first secondary process is internal conversion 

where excited electrons at Eex relax to E1x with unity quantum efficiency and energy 

efficiency 

𝐶 =
𝐸1𝑥

𝐸𝑒𝑥
∼

2

3
 (1.11) 

After that, there are several energy transfer pathways competing for the de-excitation 

of E1x, as listed below: 

(a) Fluorescence emission (kfx) of solvent molecules 

(b) Internal quenching (kix) of solvent molecules 

(c) Non-radiative migration (ktxx) to another solvent molecule 

(d) Non-radiative transfer (ktxy[Y]) to a primary solute molecule 

Other energy transfer processes following process (a): 

(e) Radiative migration (axxkfx) to another solvent molecule 

(f) Radiative transfer (axykfx) to a primary solute molecule 

(g) Escape of the solvent emission ({1-axx-axy}kfx) 

Process (c), also known as exciton diffusion, is crucial since exciton energy is recycled 

by adjacent solvent molecules to increase scintillation efficiency. It does not affect 

quantum efficiency of radiative transfer from solvent to solute, which can be written as 

𝑓𝑟𝑥𝑦 =
𝑘𝑓𝑥

𝑘𝑓𝑥 + 𝑘𝑖𝑥 + 𝑘𝑡𝑥𝑦[𝑌]
⋅ 𝑎𝑥𝑦 (1.12) 

Non-radiative energy transfer from solvent to solute is 
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𝑓𝑡𝑥𝑦 =
𝑘𝑡𝑥𝑦[𝑌]

𝑘𝑓𝑥 + 𝑘𝑖𝑥 + 𝑘𝑡𝑥𝑦[𝑌]
 (1.13) 

Hence the overall quantum efficiency of exciton energy transfer from solvent to solute 

is  

𝑓𝑥𝑦 = 𝑓𝑟𝑥𝑦 + 𝑓𝑡𝑥𝑦 =
𝑎𝑥𝑦𝑘𝑓𝑥 + 𝑘𝑡𝑥𝑦[𝑌]

𝑘𝑓𝑥 + 𝑘𝑖𝑥 + 𝑘𝑡𝑥𝑦[𝑌]
 (1.14) 

 

Now we have exciton with energy Ey1 transferred from Ex1. Similarly, we can write the 

total quantum efficiency of energy transfer from primary solute to secondary solute as 

𝑓𝑦𝑧 =
𝑎𝑦𝑧𝑘𝑓𝑦 + 𝑘𝑡𝑦𝑧[𝑍]

𝑘𝑓𝑦 + 𝑘𝑖𝑦 + 𝑘𝑡𝑦𝑧[𝑍]
 (1.15) 

Excluding the self-absorption of the secondary solute, there are several energy transfer 

processes competing for Ez1: 

(h) Fluorescence emission (kfz) of secondary solute molecules 

(i) Internal quenching (kiz) of secondary solute molecules 

(j) Concentration quenching (σcz[Y]) of secondary solute molecules 

The quantum yield of fluorescence emission of secondary solute is 

𝑞0𝑧 =
𝑘𝑓𝑦

𝑘𝑓𝑦 + 𝑘𝑖𝑦 + 𝑘𝑐𝑦[𝑌]
 (1.16) 

The overall quantum efficiency of converting π-excitation energy Eex from solvent 

molecules to visible photons with energy Epz emitted by secondary solute is 

𝑄𝑧 = 𝐶
𝐸𝑝𝑧

𝐸1𝑥
𝑓𝑥𝑦𝑓𝑦𝑧𝑞0𝑧 (1.17) 
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The absolute scintillation efficiency S, which is the quantum efficiency of converting 

energy of hot electrons to the final fluorescence emission from secondary solute, is 

𝑆𝑧 = 𝑃𝐶
𝐸𝑝𝑧

𝐸1𝑥
𝑓𝑥𝑦𝑓𝑦𝑧𝑞0𝑧 (1.18) 

A more common parameter describing scintillator efficiency is 

𝒩𝑧 = 106
𝑃𝐶

𝐸1𝑥
𝑓𝑥𝑦𝑓𝑦𝑧𝑞0𝑧 (1.19) 

which is number of photons emitted by the secondary solute generated by a 1 MeV 

electron. 

 

 

Figure 1.6 Schematic illustration of photophysics of organic scintillation 
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Scintillation detection 

As light emitted by the primary (or secondary) solute travels through the scintillator, it 

would finally be detected by the closely coupled photomultiplier tube (PMT), which is 

a device that converts a photon into an electron by means of photo-electric effect and 

electrons are multiplied to a pulse signal at the anode.[15] The photo-electric quantum 

efficiency of the PMT varies throughout the visible spectrum mostly determined by the 

transmission spectrum of the window, the absorbance of the photocathode and the 

photo-electric quantum yield of the photocathode.[16][17] Most of the time the 

fluorescence emission spectrum of the scintillator does not match perfectly with the 

PMT, and hence emission that is outside the PMT sensitivity range cannot be detected 

at all. Here we define m as the actual spectral response of the photocathode according 

to the incident scintillation light: 

𝑚 =
∫ 𝜂(𝜆)𝐼(𝜆)d𝜆

∞

0

∫ 𝐼(𝜆)d𝜆
∞

0

 (1.20) 

where η(λ) and I(λ) refer to normalized photocathode spectral response at wavelength λ 

and scintillator emission intensity at wavelength λ. The number of electrons detected 

on the first dynode upon exposure to N’ scintillation photons is 

𝑇 = 𝑁′𝐶𝑝𝑒𝑚𝑔𝑐 (1.21) 

where Cpe and gc refer to the absolute maximum photocathode spectral response at a 

certain wavelength λs and electron collection efficiency of the first dynode. The 

practical scintillation efficiency, which is the number of electrons detected on the first 
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dynode upon absorption of a 1 MeV fast electron of the scintillator: 

𝒯 = 𝒩𝐺𝐶𝑝𝑒𝑚𝑔𝑐 (1.22) 

where G and 𝒩 stand for light collection efficiency and number of photons emitted 

by the dye molecules generated by a 1 MeV electron. G is affected by different 

parameters such as light guides and couplers, light trapping, etc. 

 

 

Figure 1.7 Schematic illustration of gamma pulse height measurement system. From 

left to right: radiation source, Teflon back reflector, scintillator and PMT 
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Organic scintillators containing nanocrystals 

As mentioned earlier, thanks to their high Zeff from the metallic elements, inorganic 

scintillators such as single crystals are widely used for detection and identification of 

gamma radiation. Common industrial production methods of those single crystals 

include Czochralski and Bridgmann methods.[18][19] For Czochralski method the single 

crystal is pulled gradually from the free melt level and for Bridgmann method an 

ampoule containing precursors is moved slowly through a furnace with controlled 

temperature field. Both approaches involve high temperature processes and limitations 

such as high cost and difficulty to scale up have impeded wider application of inorganic 

scintillators. As an inexpensive alternative, organic scintillators have been widely used 

in medical imaging, security screening, large area contamination monitors, etc. Most 

importantly, organic scintillators have been used to detect nuclear threats carried in 

vehicles and cargo containers travelling across the border to the United States. Organic 

scintillators can detect the existence of gamma photons from all possible sources yet 

barely present any spectroscopy information of the gamma source because they are 

mainly composed of aromatic hydrocarbons. Hence organic scintillators with accurate 

detection and identification of gamma ray have become a hot topic of research in 

radiation detection and scintillators with new chemical composition have been 

developed. 

 

In order to realize gamma spectroscopic detection capability, efforts have been made to 

fabricate nanocomposite scintillators, where polymer matrix is loaded with high-Z 
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nanoparticles, attempting to increase Zeff of plastic scintillators.[20–27] Our group 

reported the first nanocomposite scintillators loaded with high-Z element for 662 keV 

gamma photon detection with energy resolution of 11.4%.[28] The new gamma sensitizer 

Gd2O3 nanoparticles have not only quite high Z number (ZGd = 64), but also a large 

band gap to avoid potential visible photon absorption and emission quenching. High-Z 

nanoparticles are essential to produce the full energy peak, as the heavy elements serve 

as an interface to effectively convert gamma photons to photoelectrons. Zeff of the 

nanocomposites still had room to be enhanced and higher loading content was hard to 

achieve since the size of synthesized nanoparticles are not optimized. Liu, et al. later 

synthesized uniform round-shaped HfO2 (ZHf=72) nanoparticles with around 5 nm 

diameter and fabricated nanocomposites with loading as high as 20 wt%.[29] Along with 

the use of blue emitting dyes matched well with quantum efficiency spectrum of PMT, 

a much better photopeak resolution of 8.0% was achieved at 662 keV gamma energy. 

Later nanocomposites loaded with II-VI semiconducting core-shell quantum dots were 

developed since luminescent nanoparticles were believed to facilitate Förster resonance 

energy transfer (FRET) of excitons to dye molecules efficiently.[30] Light yield 

gradually increased as loading increased from 0 wt% to as high as 60 wt% and a 

photopeak with energy resolution of 9.8% was reported. Although inorganic quantum 

dots content was high, Zeff of the nanocomposite was not high enough since the highest 

Z of elements in core was merely 48 (cadmium), let alone the ZnS shell composing 

most of the quantum dots. In addition, luminescent quantum dots suffer from self-

absorption severely at such high loading because of small Stokes shift. Bandgap 
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engineering was conducted by adding an additional dye with relatively large Stokes 

shift. However scintillation emission inevitably redshifted leading to a significant 

spectral mismatch with photomultiplier tube (PMT) quantum efficiency spectrum and 

decrease of apparent light yield of the nanocomposite scintillator. Thus, application of 

CdZnS based nanocomposite scintillator is limited and a new detector system based on 

silicon photomultiplier (SiPM) shall be developed. 

 

To summarize, our group has successfully developed an approach to synthesized 

nanocomposite scintillators with high loading of nanoparticles. In general, 

nanocomposites are synthesized by copolymerization of monomers such as 

vinyltoluene, vinylcarbazole and methyl methacrylate, and nanoparticles modified with 

polymerizable ligands.[31–34] Although the approach has been shown successful in 

fabricating nanocomposites with as high as 60 wt% of nanoparticles such as 

semiconductor quantum dots, phase separation is still a common problem with high 

loading of nanoparticles.[35] The main reason is that nanoparticles tend to aggregate 

during polymerization due to excluded-volume effect of polymers. Aggregation of 

nanoparticles leads to larger particles sizes and increased Rayleigh scattering, which is 

detrimental to the light yield. Higher loading of nanoparticles may even cause an 

opaque monolith. In addition, to see a strong full energy peak, a larger size scintillator 

is needed and synthesis of larger nanocomposites could be troublesome. Problems such 

as mechanical stresses within the nanocomposite and optical heterogeneities could 

occur due to exothermicity of polymerization, inefficient heat transfer and temperature 
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control inaccuracy. 
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Motivation and research scope of the dissertation 

Spectroscopic scintillation detectors for gamma photons are utilized in medical imaging 

and nuclear non-proliferation. Due to high penetration power of gamma photons, 

scintillation detectors with high Z are desired to increase absorbance of those high 

energy photons with good efficiency. Although currently there is no commercial 

scintillator that can meet all those criteria mentioned earlier, inorganic scintillators are 

more favorable for spectroscopic detection than organic scintillators. The former ones 

usually contain at least one heavy element (Z > 50) and the cross section of photoelectric 

absorption and photopeak energy resolution are much better than the latter with Z 

around 6, since the absorption coefficient of photoelectric process is proportional to the 

fourth to fifth power of the material’s Zeff.
[36] In order to develop new spectroscopic 

scintillators with easier fabrication, lower cost and feasibility to scale up, researchers 

have developed organic-inorganic hybrid nanocomposite materials aiming to combine 

the advantages of both categories of traditional scintillators. Nanocomposite 

scintillators with inorganic nanoparticles dispersed in an organic matrix are designed 

for spectroscopic detection of gamma photons at low cost. Gamma spectroscopic 

detection is realized by the high-Z nanoparticles that increase photoelectric absorption 

of the high energy photons. High-Z nanoparticles such as HfO2 are synthesized at quite 

low temperature (< 330 °C) and are then cured with monomers through thermal 

polymerization, which is a more cost-effective approach than inorganic crystals 

synthesis. 
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Reported nanocomposite materials contain a wide range of high-Z nanoparticles, such 

as fluorides and oxides of rare earth and transition metals (Gd2O3, YbF3, HfO2 and etc) 

and transition metal chalcogenides semiconducting quantum dots, such as CdX (X = S, 

Se or Te). Our group has fabricated a series of nanocomposite monoliths with different 

nanoparticles, by in-situ thermal polymerization. Although we have demonstrated 

synthesized nanocomposite scintillators with decent light yield and deconvoluted 

photopeak with energy resolution less than 10%, there is still room for improvement. 

First, nanocomposites’ transparency at its own emission wavelength is not good enough. 

Two of our best performance nanocomposite scintillators, namely HfO2 and CdZnS, 

exhibit less than 80% transmittance at their emission peak position for 2 mm light path. 

According to Beer-Lambert Law, 

𝑇 = 10−𝐴 = 10−𝜀𝑙𝑐 (1.23) 

where T, A, ε, l and c denote transmittance, absorbance, molar extinction coefficient, 

optical light path and concentration of the attenuating species. If a larger monolith with 

thickness of 20 mm is to be fabricated with the same composition and concentration of 

materials, theoretically the transmittance will be only 11%, which will greatly reduce 

the apparent light yield of the scintillator. Second, luminescent II-VI semiconductor 

quantum dots cannot attenuate much gamma radiation. Luminescent nanoparticles were 

proven to promote non-radiative energy transfer to primary dye and increased light 

yield with higher concentration. However, considering a proper emission wavelength, 

limited composition variation has hindered further development of this category of 
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material. Overall quite low Zeff only produced a tiny full energy peak on the pulse height 

spectrum under 137Cs irradiation. More research is needed to pursue a new type of 

luminescent semiconducting nanoparticles with high Z. 

 

In this dissertation, in order to solve the above-mentioned problems and improve the 

scintillator performance, I mainly focus on following aspects: 

(a) Enhancing the overall Zeff of the organic scintillator loaded with nanoparticles. 

Approaches include increasing loading content of nanoparticles and exploring 

new species of nanoparticles with higher Zeff. 

(b) Improving exciton energy transfer efficiency in the system, by controlling dye 

concentration and incorporating intermediate “bridge” compound for better 

light yield. 

(c) Increasing transparency of the scintillator by alleviating aggregation of 

nanoparticles. Current method of thermal polymerization can inevitably lead to 

phase separation due to excluded volume effect of polymers. 

(d) Producing a more prominent full energy peak under 137Cs irradiation. Within a 

confined scintillator size, high nanoparticle loading is desired to increase Zeff of 

the nanocomposites and gamma ray stopping power. However, there is a limit 

of nanoparticle loading to maintain enough transparency for scintillation light 

to travel through. Increasing the scintillator size then becomes the alternative. 
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Based on different projects researched throughout my PhD study, this dissertation will 

cover the following chapters: 

 

Chapter 1, the current chapter, introduces the background knowledge of scintillation 

detection research, including photophysics of scintillator working mechanism. For 

organic scintillators, scintillation processes from gamma photon attenuation to final 

emission by organic dye were elaborated, paving the way for detailed discussion 

about nanocomposite scintillators. Current research progress and challenges for 

nanocomposite scintillation was focused, followed by research motivation and layout 

of the dissertation. 

Chapter 2 described synthesis nanocomposite with cesium lead bromide nanocrystals 

loaded in PVT matrix. Synthesized nanocrystals were modified with a polymerizable 

ligand to alleviate phase separation during polymerization. A transparent monolith 

with 20 wt% of nanocrystals was synthesized yet light yield was quite low due to 

nanocrystals’ strong self-absorption. Attempts were made to incorporate organic dye 

in the nanocomposite yet leading to a bleached monolith. 

Chapter 3 reported liquid scintillators loaded with cesium lead bromide nanocrystals. 

Perovskite nanocrystals are synthesized at elevated temperature and mixed with 

solvent and an orange emitting dye to reduce self-absorption of nanocrystals. 

Fabrication, photophysics characterization and gamma pulse height measurement 
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were conducted. The high-Z nature of perovskite nanocrystals improved photopeak 

signal intensity while energy resolution suffered from reduced apparent light yield. 

Chapter 4 showed scintillation solution containing hafnium oxide nanoparticles. 

Utilization of the large band gap non-emissive nanoparticles was revisited due to 

limitations of luminescent nanocrystals, for instance, strong self-absorption. Hafnium 

oxide nanoparticles were synthesized and loaded to the liquid scintillator. Highly 

transparent samples were prepared with nanocrystal loading as high as 50 wt%. 

Solvent additives were incorporated to harness more exciton energy of primary 

solvent for light yield improvement. Finally, a large liquid scintillator loaded with 

nanocrystals was demonstrated showing a much more intensive deconvoluted 

photopeak than small samples. 

Finally, Chapter 5 summaries the whole thesis and provides an outlook for future 

research. 
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Chapter 2 Perovskite-Polymer Nanocomposites for Gamma Scintillation 

Introduction 

Spectroscopic scintillators are critical in applications such as medical imaging, 

national defense and nuclear non-proliferation.[1–5] Traditionally, inorganic 

scintillators are preferred because of their high Z, but the growth of the bulk crystals is 

hard for scaling up.[6,7] Synthesis of large polymer monolith is easier and high-Z 

sensitized plastic scintillators have been developed. Nanocomposites based on 

polymers such as polyvinyl toluene (PVT) and polyvinylcarbazole (PVK) have shown 

great potential in precise detection of gamma photons.[8,9] The first successful 

demonstration of spectral detection of 137Cs gamma photon using a nanocomposite 

was achieved with gadolinium oxide (Gd2O3) nanoparticles.[10] Later hafnium oxide 

(HfO2)-polymer nanocomposites showed a better energy resolution. However, the 

light yield scales down with the loading of the nanoparticles, thus limiting the 

potential of this approach.[11] Nanocomposite monoliths with high loading of 

semiconducting cadmium zinc sulphide (CZS) quantum dots were thus fabricated 

showing increased light yield with loading. The Zeff of the CZS quantum dots is still 

small, and the photopeak intensity is too weak due to the limited Z.[12] How to find 

high-Z luminescent nanoparticles suitable for gamma scintillation remains a 

challenge. 
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The emerging lead halide perovskite nanocrystals have attracted much attention in 

solar concentrators, photodetectors, light emitting diodes etc.[13–15] They present 

advantages such as adjustable chemical composition and photoluminescence emission 

wavelength, high photoluminescence quantum yield, large Zeff and short 

photoluminescent lifetime.[16] These properties make perovskite nanocrystals a 

potential candidate for gamma scintillators. Nanocomposites based on lead halide 

perovskites have been synthesized by curing the mixture of nanocrystals and organic 

monomers.[17–19] Those perovskite nanocomposites show significantly improved 

stability compared with pristine nanocrystals. However, the nanocrystals content in 

the composites is quite low. So far to the best of our knowledge, there is no literature 

reporting nanocomposites loaded with more than 5 wt% lead halide perovskite 

nanocrystals. Nanocomposites are generally fabricated by UV or thermal 

polymerization. CsPbBr3 perovskite nanocomposites were reported and synthesized 

using diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) as a UV initiator. 

Despite successful nanocomposites synthesis with either poly(methyl methacrylate) 

(PMMA) or poly(butyl methacrylate) (PBMA) as matrix, curing bulk styrene 

containing the nanocrystals under UV only led to a viscous liquid.[20] Sargent et al. 

reported synthesis of transparent lead halide perovskite nanocomposites by thermal 

curing of functionalized nanoparticles and monomers. The crosslinkable surface 

ligand stabilizes the nanoparticles during copolymerization with methyl methacrylate. 

However the nanoparticle content in the nanocomposite is merely 0.01 wt%.[21] High 

loading of nanoparticles in nanocomposites is generally hindered by high surface 
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energy of nanoparticles, as well as the strong excluded volume effect of polymers.[22] 

How to fabricate transparent nanocomposites with high loading of perovskite 

nanocrystals remains a problem. 

 

Here we report the successful fabrication of transparent nanocomposite monolith 

comprising 20 wt% of CsPbBr3 nanocrystals. The CsPbBr3 nanocrystals were 

synthesized with oleic acid as capping ligand. A polymerizable ligand, bis[2-

(methacryloyloxy)ethyl] phosphate (BMEP) was used to partially substitute the oleic 

acid ligand. The modified nanocrystals were mixed with vinyl toluene, a crosslinker 

and a photoinitiator, and cured to form the transparent monoliths. Under 137Cs 

irradiation, the nanocomposite scintillator produced a Compton edge at around 400 

channel, though no full energy gamma photopeak was generated due to low light yield 

and Zeff of the monolith. 
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Results and Discussions 

CsPbBr3 nanocrystals were synthesized based on a report by Yassitepe with 

modification.[23] Cesium carbonate and lead (II) oxide react with oleic acid to yield 

cesium oleate and lead (II) oleate at 120 degree Celsius. The solution is cooled down 

to 65 degree Celsius instead of 75 degree Celsius for growing nanocrystals with 

smaller size. Injected bromide ions substitute the oleate ions and generate the reactive 

Pb(OA)Br2 clusters. The Pb(OA)Br2 clusters continue to form polymeric chains, since 

bromide ion can coordinate two lead ions. From the transmission electron microscopy 

(TEM) image in Figure 2.1a, the as-synthesized nanocrystals show a square shape 

with average size of around 9 nm. The photoluminescence (PL) emission spectrum 

peaks at 501 nm (Figure 2.1b). Absorption spectrum shows onset at 510 nm and the 

optical bandgap can be calculated as 2.43 eV. Our results are consistent with the 

reported experimental size dependence of band gap arising from quantum 

confinement of CsPbBr3 nanocrystals.[16] The thermogravimetric analysis (TGA) 

curve (Figure 2.1c) shows weight loss of nanocrystals at 360 °C, possibly because of 

evaporation of the oleic acid ligand. With further heating, the solid weight did not 

change much until 580 °C where significant weight loss process occurred again. This 

corresponds to the temperature that lead halide perovskites decompose through weight 

loss of their various constituents.[24] Figure 2.1d shows X-ray diffraction (XRD) 

curve of the nanocrystals. The peaks corresponds well with those of orthorhombic 

phase of CsPbBr3 as reported.[25] 
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Figure 2.1 Characterization of CsPbBr3 nanocrystals. (a) TEM image of the as-

synthesized nanocrystals. (b) Normalized UV-Vis absorption (black curve) and 

photoluminescence (red curve, λexNCs = 350 nm) spectra of the nanocrystals in a dilute 

solution in toluene. (c) TGA curve of the nanocrystals. (d) Powder XRD spectrum of 

the nanocrystals. 

 

CsPbBr3 perovskite nanocrystals were treated with a polymerizable ligand bis[2-

(methacryloyloxy)ethyl] phosphate (BMEP) to partially substitute the oleic acid 

ligand on the as-synthesized nanocrystals. The ligand exchange process is shown in a 



 

35 

schematic illustration (Figure 2.2). Figure 2.3 shows Fourier-transform infrared 

spectroscopy (FTIR) spectra of the nanocrystals before and after BMEP treatment. 

The strong C-H stretching peaks at 2924 cm-1 and 2853 cm-1 come from alkane group 

while weak C-H stretching peak at 3005 cm-1 comes from alkene group in the ligand. 

Before BMEP substitution, the C=O stretching peak at 1716 cm-1 shows the existence 

of carboxyl group that is from oleic acid ligand. After ligand exchange, the peak at 

1716 cm-1 still exists, yet P=O stretch peaks at 1318 cm-1 and 1296 cm-1 and P-O-C 

stretch peaks at 970 cm-1 and 722 cm-1 indicate that BMEP is introduced 

successfully.[26]  
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Figure 2.2 Schematic illustration of perovskite-polymer nanocomposite fabrication. 

(1) Original oleic acid ligand on the as-synthesized nanocrystals is partially 

exchanged with BMEP. (2) Modified nanocrystals are mixed with monomer, 

crosslinker and initiator in a treated vial. (3) The liquid mixture is cured, ground and 

polished to a finished size of 10 mm in diameter and 1.5 mm in thickness. 

 

Perovskite nanocomposites containing modified CsPbBr3 nanocrystals in polyvinyl 

toluene (PVT) matrix were fabricated as shown in Figure 2.2. The BMEP-treated 

CsPbBr3 nanocrystals were mixed with methylstyrene (VT) as matrix monomer, 

divinylbenzene (DVB) as crosslinker and 1,1-bis(tert-butylperoxy)-3,3,5-

trimethylcyclohexane (Luperox 231) or bis(2,4,6-trimethylbenzoyl)-

phenylphosphineoxide (Irgacure 819) as thermal or photo initiator, respectively. The 

mixture is cured in a cylindrical vial and then the nanocomposite monolith is ground 

and polished.  

 



 

37 

Figure 2.3 FTIR spectra of CsPbBr3 nanocrystals before and after modification with 

BMEP. 

 

The perovskite nanocomposite synthesized by thermal polymerization was opaque 

while the one synthesized by photopolymerization was much more transparent 

(Figure 2.4a). Similar results on transmission difference of samples prepared by 

thermal and UV curing were observed.[20] UV curing is shown more beneficial for 

synthesis of transparent nanocomposite monoliths than thermal curing, because of the 

poor thermal stability of perovskite nanoparticles.[19] The nanocomposite synthesized 

by photo-curing looked more transparent at the rim of the monolith than the central 

part. Due to limited penetration depth of UV light within the nanocomposite, the inner 

part of the monolith may be insufficiently polymerized. Gamma scintillation 

measurement was performed with an in-house built system. Figure 2.4b shows the 

662 keV gamma photon pulse height spectrum of the nanocomposite containing 20 

wt% perovskite nanocrystals. Compton edge appears at 380 channel number.  No 

photopeak can be observed at larger channel number. Light yield of the 

nanocomposite is very low, due to strong self-absorption of the nanoparticles. Strong 

self-absorption at emission peak wavelength is mainly due to high concentration and 

small Stokes shift of the nanocrystals (Figure 2.1b). A large portion of scintillation 

photons are self-absorbed by the nanocrystals, which is detrimental to the light yield 

of the nanocomposite. Other issues such as low transparency in the central part of the 

monolith and limited nanocrystal loading of the nanocomposite could also result in 
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the low light yield of the sample and consequently absence of a full energy gamma 

photopeak. 

 

 

Figure 2.4 (a) Photograph of a 20 wt% nanocrystals loaded nanocomposite monolith 

(10 mm in diameter and 1.6 mm in thickness). (b) Pulse height spectrum of the 

nanocomposite monolith under 137Cs gamma irradiation. 

 

An organic primary dye was introduced to the nanocomposite scintillator to alleviate 

the strong self-absorption of the nanocrystals. A series of organic dyes were 

examined, such as 2-tert-butyl-4-(dicyanomethylene)-6-[2-(1,1,7,7-

tetramethyljulolidin-9-yl)vinyl]-4H-pyran (DCJTB), 1,3,5,7,8-pentamethyl-2,6-di-n-

butylpyrromethene-difluoroborate complex (PM580) and 1,3,5,7,8-pentamethyl-2,6-

di-t-butylpyrromethene-difluoroborate complex (PM597). The as-prepared solutions 

containing either DCJTB, PM580 or PM597 in a mixture of NCs, VT, DVB and 

Irgacure 819 are shown in Figure 2.5a. All three solutions show complete dissolution 

of the the ingredients. The color comes from the intense fluorescence of the added 
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dyes. These solutions were then cured under UV for two days, however the solutions 

remained liquid state and became almost colorless. One of the main reasons for the 

bleaching effect is that acylphosphine oxides based photoinitiators such as Irgacure 

819, have been reported to exhibit strong tendency to bleach dyes under UV 

irradiation.[27] The bleaching reaction mechanism can be simply described as α-

cleavage at the carbonyl-phosphorous bond to produce an acylphosphinolyl radical 

and an acyl radical, which can both initiate polymerization reaction and attack to 

decompose dye molecules.[28]  

There are a few other initiator options that may initiate the polymerization here 

without bleaching the organic dyes. For example, a thermal initiator for room 

temperature curing was reported and commercially available, namely 2,2’-azobis(4-

methoxy-2,4-dimethylvaleronitrile) (V-70 or Du Pont Vazo-33).[29–32] A photoinitiator 

absorbing orange or red light for free radical generation is another option, such as 

2,4,5,7-tetraiodo-3-hydroxy-6-fluorone, also known as H-Nu535 or TIHF. Since 

perovskite nanoparticles and organic dyes solution does not absorb much red light, 

polymerization will be more sufficient in the central part of the monolith. 
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Figure 2.5 Photocuring of various dyes in the mixture of CsPbBr3 nanocrystals, VT, 

DVB and Irgacure 819. (a,b) Photograph of the solutions containing dyes before and 

after photocuring. From left to right: DCJTB, PM580 and PM597. (c) Chemical 

structure of DCJTB, PM580 and PM597 
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Conclusion 

In summary, we successfully synthesized high-Z and luminescent CsPbBr3 perovskite 

nanocrystals with average size of 9 nm. Partial ligand exchange was performed to 

introduce a co-ligand that could co-polymerize with vinyltoluene to produce solid-

state nanocomposite monolith with improved optical transparency.  The 

photoinitiator Irgacure 819 was found to be partially effective. However, the free-

radical polymerization bleached dyes added in the nanocomposite to overcome strong 

self-absorption of the perovskite NCs. The monolith without a dye showed a low 

gamma scintillation light yield and no full energy gamma photopeak could be 

discerned. There are a few requirements to fabricate spectroscopic CsPbBr3 

perovskite nanocomposite scintillation detector for gamma photons. First, perovskite 

loading in the nanocomposite should be higher than 20 wt%. Higher loading of 

nanoparticles leads to higher Zeff of the monolith, and photoelectric absorption cross 

section is proportional to scintillator’s Zeff to the power of four to five. Achieving high 

loading of perovskite nanoparticles in a polymer matrix is problematic, due to poor 

stability of the nanoparticles and strong excluded volume effect of the polymer. 

Second, a dye is needed for efficient exciton energy transfer and to self-absorption 

mitigation. Thermal polymerization is used to fabricate hafnium oxide and cadmium 

zinc sulfide nanocomposites containing organic dyes. Yet it cannot be easily applied 

for CsPbBr3 nanocomposites unless the problem of nanoparticle instability is solved.  
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Experimental Section 

Materials. Cesium carbonate (99%), oleic acid (OA, technical grade, 90%), 1-

octadecene (ODE, technical grade, 90%), tetraoctylammonium bromide (TOAB, 98%), 

bis[2-(methacryloyloxy)ethyl] phosphate (BMEP), methylstyrene (VT, 60% meta, 40% 

para and 1% ortho, 99%, contains ~50 ppm 4-tert-butylcatechol as inhibitor), 

divinylbenzene (DVB, technical grade, 80%), inhibitor remover, dichloromethylsilane 

(DMDCS, 97%) and 1,1-Bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (Luperox 

231) were purchased from Sigma-Aldrich and used as received. Lead (II) oxide (99%) 

were purchased from Alfa Aesar and used as received. Bis(2,4,6-trimethylbenzoyl)-

phenylphosphineoxide (Irgacure 819) was purchased from BASF. 1,3,5,7,8-

pentamethyl-2,6-di-n-butylpyrromethene-difluoroborate complex (PM580) and 

1,3,5,7,8-pentamethyl-2,6-di-t-butylpyrromethene-difluoroborate complex (PM597) 

were purchased from Exciton. 2-tert-Butyl-4-(dicyanomethylene)-6-[2-(1,1,7,7-

tetramethyljulolidin-9-yl)vinyl]-4H-pyran (DCJTB, 98.0%) was purchased from TCI. 

Organic solvents used for synthesis and purification were ACS grade, and HPLC grade 

solvents were used for spectroscopy. All the chemicals are used as received unless 

otherwise noted.  

 

Synthesis of nanoparticles. For a typical batch of synthesis, cesium carbonate and lead 

(II) oxide were added to oleic acid and 1-octadecene, and the mixture was heated to 80 

degree Celsius to react until a clear colorless solution was obtained. The solution was 

then heated to 120 degree Celsius and dried for 2 hours. Then the temperature was 
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lowered to 65 degree Celsius and solution of tetraoctylammonium bromide in 1-

octadecene was injected. The solution turned yellow immediately, and after 5 seconds, 

toluene and acetone were added to finish the reaction. The reaction mixture was then 

centrifuged at a speed of 6000 rpm for 5 minutes, and the supernatant was discarded. 

The precipitate was washed one more time and dispersed in toluene for long term 

storage. 

 

Nanocomposite fabrication by thermal curing. In a typical synthesis of 

nanocomposite, a solution containing 40 mg of perovskite nanocrystals was treated with 

10 mg/mL BMEP toluene solution. Acetone was added to precipitate the nanocrystals 

as well as wash away the excessive ligands. After centrifugation, the supernatant was 

decanted, and the precipitate was dried by compressed air. Monomer mixture was 

prepared by mixing 5 vol% of DVB in VT and filtered by an inhibitor-remover-packed 

column. Monomer solution was prepared by dissolving 0.1 vol% of Luperox 231 in 160 

mg of monomer mixture and degassed through freeze-pump-thaw method. In the glove 

box, the monomer solution was added to the dried perovskite nanocrystals to form a 

clear solution. The liquid was transferred to a DMDCS treated cell and cured at 80 °C 

in glove box for 1 day. 

 

Nanocomposite fabrication by photocuring. In a typical synthesis of nanocomposite, 

a solution containing 40 mg of perovskite nanocrystals was treated with 10 mg/mL 

BMEP toluene solution. Acetone was added to precipitate the nanocrystals as well as 
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wash away the excessive ligands. After centrifugation, the supernatant was decanted, 

and the precipitate was dried by compressed air. Monomer mixture was prepared by 

mixing 5 vol% of DVB in VT and filtered by an inhibitor-remover-packed column. 

Monomer solution was prepared by dissolving 0.04 mol% of Irgacure 819 in 160 mg 

of monomer mixture and degassed through freeze-pump-thaw method. In the glove box, 

the monomer solution was added to the dried perovskite nanocrystals to form a clear 

solution. The liquid was transferred to a DMDCS treated cell and cured under UV for 

3 days. 

 

Characterization. UV-Vis absorption spectra were obtained on a Shimadzu UV-1700 

spectrophotometer. A PTI QuantaMaster 30 spectrofluorometer acquired 

photoluminescence spectra. Solution samples were measured in a standard type 1 

spectrophotometer cell with 10 mm light path by a right-angle geometry. Transmission 

electron microscopy (TEM) pictures were taken on a FEI T12 Quick CryoEM and 

CryoET microscope operated at 120 keV. Fourier-transform infrared spectroscopy 

(FTIR) was performed on Jasco 420 FTIR spectrophotometer. FTIR samples were 

prepared by evaporating one drop of nanocrystal solution (50 mg/mL) on potassium 

bromide window of Real Crystal IR sample cards. X-ray diffraction (XRD) was 

conducted on a Bruker D8 Discover powder X-ray diffractometer with Cu Kα radiation. 

Thermogravimetric analysis (TGA) was performed on a PerkinElmer Diamond 

thermogravimetric/differential thermal analyzer. 
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Gamma scintillation pulse height analysis. Scintillation measurement was performed 

on a homemade set-up in a dark box. Gamma source was 137Cs with 15 μCi activity 

(obtained by stacking one 10 μCi and one 5 μCi together). The cylindrical cell loaded 

with liquid scintillator was placed in a customized PTFE sample holder. Between the 

137Cs source and the cell, a 1 mm thick 10 mm diameter circular PTFE disc was placed 

to block the β rays emitted concomitantly from the gamma source. EJ-550 optical grade 

silicone grease was applied generously on one side of the sample in order to have decent 

coupling to the window of Hamamatsu R878 PMT. The PMT was plugged into a 

Canberra Model 2007P Photomultiplier Tube Base/Preamplifier. Then the dark box was 

closed and sealed, and PMT was equilibrated for 30 min in the dark. The signal was 

recorded by a Canberra Lynx multichannel analyzer using a trapezoidal shaping filter 

with 1.0 μs rise time and 0.5 μs flat-top time. 
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Chapter 3 Scintillation Solutions Containing High Loadings of Perovskite 

Nanocrystals  

Introduction 

A scintillator, which converts high energy ionization radiation to visible photons, is 

becoming a key instrumentation in national defense against nuclear proliferation, 

biomedical imaging, high energy physics lab, etc. Conventional inorganic scintillators 

composed of high-Z elements, such as bismuth germanate (BGO), alkali halides and 

yttrium aluminum garnet (YAG) are suitable for spectroscopic detection of gamma ray 

and X-ray, thanks to their strong gamma stopping power. However, such inorganic 

crystals grown by Czochralski or Bridgmann require high temperature process and are 

thus cost prohibitive for large-scale fabrication. Recently, high-Z sensitized plastic 

scintillators consist of inorganic nanocrystals in an organic matrix have emerged as an 

inexpensive alternative for precise detection of gamma photons. Gd2O3 (ZGd=64) 

nanoparticles were first embedded in a PVT matrix for gamma scintillator with 662 keV 

photopeak energy resolution of 11.4%. Strong photoelectric effect of the nanoparticles 

increases photofraction of the plastic scintillator. Large optical bandgap of the 

nanoparticles prevents possible photon re-absorption and emission quenching. We 

subsequently reported HfO2 nanocomposite scintillator with larger atomic number. An 

improved photopeak energy resolution of 8.0% was achieved with 20 wt% loading of 

nanoparticles. However loading more of the non-luminescent nanoparticles engender 

two unpropitious issues: diminished optical transmittance caused by Rayleigh 
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scattering and trapped energy of exciton generated by photoelectrons on the 

nanoparticles.[1] Exciton energy transfers efficiently from luminescent quantum dots via 

Förster resonance energy transfer (FRET) and CdxZn1−xS/ZnS core/shell QDs-PVT 

nanocomposites exhibit enhanced scintillation efficiency with higher FRET donor 

loading.[2] However a boost of photopeak energy resolution was not observed due to 

finite effective Z of the QDs.  

 

CsPbBr3 perovskite nanocrystals have attracted much attention as an emerging material 

for applications such as solar cells, photodetector and light emitting diode. The heavy 

elements (Pb and Cs) renders CsPbBr3 perovskite a strong stopping power of high 

energy photons, since one material’s photoelectric absorption cross section is 

proportional to Z4-5.[3] Reported highest photoluminescence quantum yield of CsPbBr3 

has reached unity, which is beneficial to efficient FRET process.[4] Those properties 

make CsPbBr3 perovskite nanocrystals a potential candidate for high-performance X-

ray and gamma-ray scintillator. Thin film X-ray scintillators based on CsPbBr3 

perovskite nanocrystals has been reported with a quite high light yield, yet the 

nanocrystals’ small Stokes shift nature weakens the radioluminescence of the film as 

thickness reaches a few millimeters, leading to loss of light yield.[5] Nanocomposites 

based on perovskite nanocrystals have been reported, however making high loading 

and highly luminescent nanocomposite monolith is challenging. So far to the best of 

our knowledge, the highest loading of transparent monolith composed of CsPbBr3 

nanocrystals in polymer matrix is no more than 1 wt%, mostly because of aggregation 
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of nanocrystals during curing process.[6][7] The reason is that high surface energy of 

nanoparticles and strong excluded volume effect of polymers leads to a higher chance 

of nanocrystal aggregation at high nanocrystals loading.[8] 

 

In this work, we reported preparation of scintillation solution loaded with perovskite 

nanocrystals. CsPbBr3 nanocrystals were synthesized at gram-scale and simply purified 

without any ligand exchange. A solution of 60 wt% of nanocrystals in toluene suffered 

from severe self-absorption and a commercialized laser dye 1,3,5,7,8-pentamethyl-2,6-

di-n-butylpyrromethene-difluoroborate complex (PM580) with high PLQY was added 

as a FRET acceptor for efficient non-radiative energy transfer.[9] Increasing loading of 

nanocrystals led to an increase of liquid scintillator light yield, and a light yield of about 

10000 photons/MeV was achieved at just 20 wt% of nanocrystal loading. Further 

increase of nanocrystals loading to 60 wt% results in a photopeak resolution of 10.6% 

under 662 keV 137Cs gamma irradiation. 
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Results and Discussions 

The liquid scintillator, composed of CsPbBr3 perovskite nanocrystals, an organic 

primary dye, and solvent such as toluene, works as shown in Figure 3.1 and can be 

described as following steps.[3] First, electromagnetic radiation, such as a gamma 

photon, is attenuated by a mixture of scintillator matrix toluene and nanocrystals 

through photoelectric effect, with an absorption cross-section proportional to Z4-5. 

Second, ejected hot electrons from the high Z atoms go through energy cascade and 

generate excitons within the liquid scintillator through Coulomb scattering. Third, 

exciton energy transfers from matrix and nanocrystals to the dye. Last, dye emit 

fluorescence to be detected by the PMT. Besides nanocrystals and toluene, the third 

component, namely a primary fluorescent emitter, is necessary because nanocrystals 

itself suffer from severe self-absorption due to nanocrystals’ small Stokes shift leading 

to smaller light output. Excitons generated either at matrix or nanocrystals would 

transfer to dye and emit light, as illustrated by the three pathways shown in Figure 3.1. 

Due to the proximity of toluene molecules and nanocrystals at high loading of 

nanocrystals (up to 60 wt%), exciton generated on toluene (4.5 eV) would transfer 

efficiently to nanocrystal (2.4 eV) through FRET. FRET from toluene to the dye is also 

efficient.[2] Our focus is therefore on FRET from nanocrystals to primary dye. There 

are two key factors controlling the efficiency of the FRET process: (1) Dye 

concentration should be high enough to decrease average distance between nanocrystals 

and dye molecules, since efficient FRET process happens in the range of 1-10 nm; (2) 

Primary dye concentration cannot be too high or it will cause self-absorption of the dye 



 

53 

itself and decrease overall light output. 

 

 

Figure 3.1 Schematic illustration of scintillation mechanism of a toluene + PVSK 

NCs + dye liquid scintillator 

 

CsPbBr3 perovskite nanocrystals were synthesized by a modified method based on a 

report by Yassitepe.[10] From the TEM image of the synthesized nanocrystals (Figure 

3.2a), square shape can be identified, and the average size of the nanocrystals was 

determined to be around 10 nm. Keeping nanocrystals size small is favorable for FRET 

since the process takes place in the range of 1-10 nm. XRD spectrum showed the 

nanocrystals as orthorhombic phase, which is consistent with previous report (Figure 

3.2b). Figure 3.2c shows oleic acid as the only wrapping ligand verified by the FTIR 

spectrum of the as-synthesized CsPbBr3 nanocrystals. The photoluminescence 

spectrum showed emission peak was at 508 nm, and FWHM was 19 nm showing proper 

size distribution of the synthesized nanocrystals (Figure 3.2d). The relationship of the 
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size - emission peak was following previously reported results. Nanocrystals’ 

absorption can be seen in Figure 3.2b, and an optical bandgap of 2.39 eV can be 

determined from its absorption onset of 519 nm. Nanocrystals showed small Stokes 

shift of only 12 nm making emission reabsorbed by neighboring nanocrystals in 

solution. At the concentration of 60 wt% NCs, 90% of the emission is re-absorbed in 

0.3 µm, based on the absorption coefficient of the nanocrystal being 6.5×106 cm-1·M-1 

at the peak emission wavelength. 

 

 

Figure 3.2 Characterization of CsPbBr3 NCs. (a) TEM image of synthesized CsPbBr3 

nanocrystals. (b) Normalized UV-Vis absorption and photoluminescence spectra of 

CsPbBr3 nanocrystals and PM580 dye in dilute solution. (λexNCs = 350 nm, λexPM580 = 
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480 nm) (c) FTIR spectrum of the as-synthesized CsPbBr3 nanocrystals. (d) Powder 

XRD spectrum of CsPbBr3 nanocrystals. 

 

In the liquid scintillator field, self-absorption is typically overcome by adding a 

fluorescent color shifter. As the fluorescent dye also has self-absorption which becomes 

significant for bulk-size scintillators, the dye is typically added at a very low 

concentration such as 0.1 wt% or less.  This kind of low concentration is insufficient 

to resolve the self-absorption of the heavily loaded NC solutions.[3]  Wei et al reported 

using nanoplatelets with different thickness to obtain an engineered large Stokes shift. 

However, the nanoparticles still suffer from strong self-absorption and dispersing large 

nanoplates in solvent at high concentration seems unrealistic.[11] Our group used 

synthesized FBTF in the CZS system, yet in this work, a smaller bandgap dye is needed 

to match the optical spectra of CsPbBr3 nanocrystals. PM580 is a commercialized, well-

studied laser dye with reported PLQY as high as 90%. It was added to the CsPbBr3 

nanocrystal system so that exciton energy would transfer from nanocrystal to the 

organic dye through the rapid FRET. PM580 was chosen as the primary dye in this 

system, and the excitation and emission spectrum are shown as in Figure 3.2d. PM580 

dye was added gradually from 0.01 wt% to 1 wt% covering two orders of magnitude to 

check FRET efficiency from the nanocrystals to the dye, while the loading of the 

nanocrystals was kept at 60 wt%. The liquid scintillator was prepared by dispersing 

nanocrystals and dye with toluene solvent in a cylindrical cell, as described in 

experimental section. A photograph of liquid scintillator in a cylindrical cell is shown 
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in Figure 3.3a. Surface-mode photoluminescence spectrum (Figure 3.3b) shows an 

emission peak at 503 nm with a shoulder peak at 530 nm, at the dye concentration of 

0.01 wt%. Those two peaks come from the nanocrystals and PM580 emission, 

separately. The much higher integrated emission intensity of the nanocrystal versus 

PM580 dye indicates that FRET efficiency is quite low. At PM580 dye concentration 

of 1 wt%, the surface mode emission shows a dominant peak centered at 545 nm, and 

a minor shoulder peak at 496 nm, indicative of efficient FRET from the nanocrystal to 

the primary dye. We also observe that emission peak position of the dye redshifts to 

545 nm as compared to the 530 nm of dilute solution, indicating self-absorption of the 

dye itself is becoming more and more severe as its concentration increases. In Figure 

3.3c, transmission-mode PL shows that emission peak redshifted from 555 nm to 584 

nm as concentration increases, indicating self-absorption of dye is becoming more and 

more severe at higher loading percentage. Comparing with the surface-mode results, 

for instance, at 0.05 wt% of loading, transmission-mode PL shows the emission peak 

from the primary dye redshifts from 539 nm to 566 nm. That is owing to absorption 

light path increase by switching from surface-mode to transmission-mode, as discussed 

in a previous report. It is also noteworthy that, even at the lowest concentration of dye, 

there is no emission peak coming from nanocrystals. The reason is that the sample is 2 

mm thick and the emission is not only self-absorbed by nanocrystals but also got 

chopped by the primary dye in the rather long light path. 
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Figure 3.3 Photophysics characterization of CsPbBr3 NCs/PM580/toluene liquid 

scintillators. (a) Photograph of 20 wt% NCs/0.5 wt% PM580/toluene liquid 

scintillator in a cylindrical spectrophotometer cell. (b) Normalized surface-mode 

photoluminescence spectra of 20 wt% NCs/0.01-1 wt% PM580/toluene liquid 

scintillators (λex = 350 nm). (c) Normalized transmission-mode photoluminescence 

spectra of 20 wt% NCs/0.01-1 wt% PM580/toluene liquid scintillators (λex = 350 nm, 

lightpath = 2mm). 

 

The solution containing CsPbBr3 nanocrystals and PM580 in toluene was then used as 

a liquid scintillator to measure the 137Cs 662 keV gamma pulse height spectrum. The 

137Cs scintillation pulse height spectra of liquid scintillator containing 20 wt% of 
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CsPbBr3 nanocrystals, 0.01 to 1.5 wt% of PM580 primary dye in toluene solvent are 

shown in Figure 3.4a. Light yield of the sample is proportional to the Compton edge 

in the pulse height spectrum. Measurement and calculation of light yield will be 

explained in detail in the experimental section. At very low loading of a primary dye of 

0.01 wt%, Compton edge appears at 344 channels. FRET efficiency is very low at this 

concentration and exciton energy generated at the nanocrystals are mainly trapped 

without down-converting to the primary dye. As dye concentration was increasing, 

Compton edge moves to higher channel number due to more and more efficient FRET 

efficiency. At very high dye loading such as 1.5 wt%, Compton edge appeared at a quite 

low channel number, around 421 channels. Energy of most excitons transferred to the 

primary dye non-radiatively, yet fluorescence from the dye got reabsorbed in the 

scintillator leading to a decrease of light yield. Light yield of each sample was 

calculated and computed as shown in Table 3.1. Light yield reaches the highest around 

10000 photons/MeV at around 0.5 wt%, where good balance is reached between good 

FRET efficiency and relatively low self-absorption. From the curve of ratios of 

emission intensities between NCs and NCs with PM580, we can see that the ratio is 

almost stable at such concentration. Further increasing the dye concentration would 

lead to much more self-absorption. The optimal concentration is smaller than that in 

plastic nanocomposite scintillator, as observed in cases of traditional organic 

scintillators.[12] One reason is that in liquid scintillator, energy transfer is more efficient 

than solid since molecules are mobile and lower solute concentration is required to get 

the optimal efficiency. Another reason is that the PM580 dye used here has much 



 

59 

stronger self-absorption than the primary dye used in our previous system so that the 

optimal concentration would be smaller. 

 

Table 3.1. Computed results of Compton edge, PMT sensitivity correction factor, light 

yield of reference liquid scintillator, 20 wt% NCs/0.01-1.5 wt% PM580/toluene and 60 

wt% NCs/0.1 wt% PM580/toluene liquid scintillators 

Nanocrystal 

loading 

/wt% 

Dye 

concentration 

/wt% 

Compton edge 

/channel 

nubmer 

PMT 

sensitivity 

correction 

factor 

Light Yield 

/photons 

MeV-1 

EJ-305 2878 0.2943 12000 

20 

0.01 344 0.1052 4012 

0.05 528 0.0949 6825 

0.1 598 0.0939 7816 

0.5 671 0.0819 10052 

0.75 676 0.0815 10184 

1 630 0.0783 9869 

1.5 421 0.0754 6851 

60 0.1 637 0.088 8923 

 

 

We also noticed that all samples showed some possible full energy conversion signal 
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beyond Compton continuum in the pulse height spectra. Deconvolution of the energy-

resolved spectra was performed, however the fitting results turned out to not showing 

consistent results on photopeak. The main reason is that the liquid scintillator overall 

effective Z is calculated to be merely 31 at 20 wt% and the whole liquid scintillator 

photoelectric absorption cross-section is still quite low. Full energy peak events were 

not high due to limited full energy conversion. 

 

 

Figure 3.4 137Cs gamma scintillation measurement of CsPbBr3 NCs/PM580/toluene 

liquid scintillators. (a) Pulse height spectra of 20 wt% NCs/0.01-1.5 wt% 

PM580/toluene liquid scintillators. (b) Hamamatsu R878 PMT spectral sensitivity, 

and emission spectra of EJ-305 and 20 wt% NCs/0.5 wt% PM580/toluene liquid 

scintillator. (c) Apparent scintillation light yield of 20 wt% NCs/0.01-1.5 wt% 
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PM580/toluene and 60 wt% NCs/0.1 wt% PM580/toluene liquid scintillators. (d) 

Energy resolved spectrum of 60 wt% NCs/0.1 wt% PM580/toluene liquid scintillator 

with deconvoluted Compton edge, Pb Kα escape peak and photopeak.  

 

In order to further increase liquid scintillator’s light yield and obtain a well resolved 

photopeak, liquid scintillators containing 60 wt% of nanocrystals and 0.1 wt% primary 

dye were prepared. A dye concentration of 0.1 wt% was selected since weight 

percentage of toluene decreased and lower concentration is enough for efficient FRET 

process. Pulse height spectra of the liquid scintillator was taken. The sample shows a 

much more prominent photoelectric peak than the samples containing 20 wt% 

nanocrystals, since the calculated effective Z of the liquid scintillator increased to 46. 

The sample showed a quite high Compton edge at around 640 channel number, (Table 

3.1) which is quite close to the channel number we got at lower nanocrystal loading. 

Comparing to energy resolved spectrum of 20 wt% nanocrystals loading with the same 

concentration of dye, the light yield increased 14% from 7816 to 8923 photons/MeV. A 

similar trend has been observed in our previous system, and the reason is that increasing 

loading of high exciton productivity nanocrystals would lead to more efficient energy 

transfer from nanocrystals to dye and a higher overall apparent light yield. We noticed 

that light yield achieved with liquid scintillator using PVSK as high Z material is higher 

than that of our previously reported nanocomposite based on CZS QD, even loaded 

with 60 wt% of QD. To resolve the puzzle, we first referred to the apparent light yield 

formula as following: 
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LY = A ∙ E ∙ P ∙ F ∙ Φ𝑓 ∙ T 

where A, E, P, F, Φf and T denote the percentage of ionization radiation energy absorbed 

by components in the mixture, the efficiency of hot electron energy deposited to 

scintillator, exciton generation efficiency, energy transfer efficiency to dye, 

photoluminescence quantum efficiency and transmittance of liquid scintillator. Of all 

those parameters, T of PM580 is much smaller than the dye used in our previous work 

FBTF, as self-absorption of PM580 is quite severe. PM580's Stokes shift of 12 nm is 

much smaller than 100 nm of FBTF and suffers a lot from self-absorption. In addition, 

the transmission-mode PL peak red-shifted a lot compared to surface mode, resulting 

from the self-absorption in the bulk. The overall LY of the liquid scintillator is still 

higher than the CZS-based plastic nanocomposite, indicating that the improvement in 

the percentage of ionization radiation energy absorbed by components (A) is making a 

big contribution to the high light yield. A can be described as 

A = 1 − 𝑒−𝜇𝑑 

where μ and d are linear attenuation coefficient and scintillator thickness, separately. 

The μ is calculated by 

𝜇

𝜌
= ∑

𝜇𝑖

𝜌𝑖
𝑤𝑖

𝑖

 

Where ρ and w are density and weight fraction, separately. Calculated ANC is about 30% 

higher than ACZS, with known mass attenuation coefficient from literature (calculation 

details shown in Table 3.2, 3.3).[13] 

 

Table 3.2 Calculated result of the percentage of ionization radiation energy absorbby 
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components (A) of Cd0.1Zn0.9S (density of Cd0.1Zn0.9S is 4.19 g/cm3) 

Cd0.1Zn0.9S Cd Zn S 

μi/ρi at 0.6 MeV (cm2/g) 0.08064 0.07695 0.08102 

Atomic mass 112.4 65.38 32.06 

Weight fraction 0.1100 0.5761 0.3139 

μ/ρ at 0.6 MeV (cm2/g) 0.07863 

μ (cm2/g) 0.3295 

A 0.06377 

 

Table 3.3 Calculated result of the percentage of ionization radiation energy absorbed 

by components (A) of CsPbBr3 (density of CsPbBr3 is 4.5 g/cm3) 

CsPbBr3 Cs Pb Br 

μi/ρi at 0.6 MeV (cm2/g)  0.08431 0.1248 0.07515 

Atomic mass 132.9 207.2 79.9 

Weight fraction 0.2292 0.3574 0.4134 

μ/ρ at 0.6 MeV (cm2/g)  0.09499 

μ (cm2/g)  0.4275 

A 0.08194 

 

From the energy resolved pulse height spectrum, Compton edge, escape peak and 

photopeak were deconvoluted as shown in Figure 3.4d. The relative peak height of 

PVSK nanocrystals is much higher than CZS mostly because of much higher effective 
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Z of perovskite than CZS quantum dots. Deconvolution was able to be conducted 

because of higher counts making deconvolution more reliable. Attempts have been 

made to deconvolute Compton edge, Pb Kα escape peak, Cs Kα escape peak and 

photopeak. However, the fitting results are neither reasonable nor convincing since 

there are too many variables (12). So only Compton edge, Pb Kα escape peak, and 

photopeak were deconvoluted. The deconvoluted results of the spectrum is shown as in 

Figure 3.4d (R2 = 0.996). There is a huge escape peak located at 601 keV, which can 

be designated to neither Pb nor Cs Kα escape peaks. The only possible explanation is 

in the real case, the gamma photon can interact with K shell electrons of both Pb and 

Cs atoms and emit characteristic X-ray fluorescence, and therefore there should be two 

escape peaks at 587 keV and 631 keV. Similar results have been observed in perovskite 

single crystal photodetector.[14] The peak position is closer to Pb Kα escape peak since 

Pb Kα X-ray energy is larger than that of Cs and less likely to be absorbed by the 

scintillator. Notably, escape peak can be weakened at a larger sample size due to 

recapture of escaping Pb Kα photon. The photopeak resolution is then determined to be 

10.6% by dividing peak energy by FWHM of the peak, which is close to the result of 

CZS scintillator. One of the main reasons is that PMT quantum yield became much 

more inefficient at a longer wavelength (Figure 3.4b). Yellow and orange light almost 

reach the limit of the PMT detection limit. It is to be expected that by using a silicon 

photomultiplier, it would increase both light yield and photopeak resolution because of 

higher long wavelength sensitivity. Synthesizing CsPbCl3 nanocrystals would also be 

potential to increase photopeak energy resolution since purple-blue light is in the range 
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of PMT's highest sensitivity. 
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Conclusion 

In summary, a liquid scintillator loaded with CsPbBr3 nanocrystals has been 

successfully synthesized. Unlike plastic nanocomposite scintillator, the facile 

preparation of liquid scintillator requires neither ligand exchange nor curing of 

monomers. Samples larger than 10 mL can be potentially prepared easily without 

concerning about defects such as bubbles caused by curing. Light yield as high as 10000 

photons/MeV can be achieved at only 20 wt% of loading with carefully controlled 

primary dye concentration. Increasing loading to 60 wt% increased light yield 

furthermore at the same dye loading, and a photopeak with 10.6% energy resolution 

was successfully deconvoluted from the energy-resolved spectra. This work has pointed 

out the necessity to use primary dye to reduce nanocrystals strong self-absorption and 

that using high-Z luminescent nanocrystals at high loading in organic scintillator is 

favorable. 
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Experimental Section 

Materials. Cesium carbonate (99%), oleic acid (OA, technical grade, 90%), 1-

octadecene (ODE, technical grade, 90%), tetraoctylammonium bromide (TOAB, 98%) 

were purchased from Sigma-Aldrich and used as received. Lead (II) oxide (99%) were 

purchased from Alfa Aesar and used as received. 1,3,5,7,8-pentamethyl-2,6-di-n-

butylpyrromethene-difluoroborate complex (PM580) was purchased from Exciton. EJ-

305 liquid scintillator was purchased from Eljen Technology, loaded into a cylindrical 

spectrophotometer cell (2 mm lightpath, 22 mm outside diameter, optical glass) in a 

glove box and sealed. It serves as the reference for scintillator light yield calculation. 

Organic solvents used for synthesis and purification were ACS grade, and HPLC grade 

solvents were used for spectroscopy. All the chemicals are used as received unless 

otherwise noted.  

 

Nanocrystals synthesis and liquid scintillator preparation. CsPbBr3 nanocrystals were 

synthesized with a modified method by Yassitepe.[10] For a typical batch of synthesis, 

cesium carbonate and lead (II) oxide were added to oleic acid and 1-octadecene, and 

the mixture was heated to 80 degree Celsius to react until a clear colorless solution was 

obtained. The solution was then heated to 120 degree Celsius and dried for 2 hours. 

Then the temperature was lowered to 65 degree Celsius and solution of 

tetraoctylammonium bromide in 1-octadecene was injected. The solution turned yellow 

immediately, and after 5 seconds, toluene and acetone were added to finish the reaction. 

The reaction mixture was then centrifuged at a speed of 6000 rpm for 5 minutes, and 
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the supernatant was discarded. The precipitate was washed one more time and dispersed 

in toluene for long term storage. To prepare liquid scintillator, a calculated amount of 

nanocrystal solution was rotary evaporated and dried with compressed air. In a glove 

box, toluene was added to the flask to dissolve nanocrystals and PM580. The solution 

was then carefully added to the spectrophotometer cell, sealed with Teflon tape and 

ready for characterizations. 

 

Characterizations. UV-Vis absorption spectra were obtained on a Shimadzu UV-1700 

spectrophotometer. A PTI QuantaMaster 30 spectrofluorometer acquired surface mode 

photoluminescence spectra. Solution samples were measured in a standard type 1 

spectrophotometer cell with 10 mm light path by a right-angle geometry. Cylindrical 

cell loaded with liquid scintillator was clamped on a homemade rotation stage with 

masks. A homemade measurement system acquired transmission mode 

photoluminescence spectra. Transmission electron microscopy (TEM) pictures were 

taken on a FEI T12 Quick CryoEM and CryoET microscope operated at 120 keV. 

Fourier-transform infrared spectroscopy (FTIR) was performed on Jasco 420 FTIR 

spectrophotometer. FTIR samples were prepared by evaporating one drop of 

nanocrystal solution (50 mg/mL) on potassium bromide window of Real Crystal IR 

sample cards. X-ray diffraction (XRD) was conducted on a Bruker D8 Discover powder 

X-ray diffractometer with Cu Kα radiation. Thermogravimetric analysis (TGA) was 

performed on a PerkinElmer Diamond thermogravimetric/differential thermal analyzer. 
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Gamma scintillation pulse height analysis. Scintillation measurement was performed 

on a homemade set-up in a dark box. Gamma source was 137Cs with 15 μCi activity 

(obtained by stacking one 10 μCi and one 5 μCi together). The cylindrical cell loaded 

with liquid scintillator was placed in a customized PTFE sample holder. Between the 

137Cs source and the cell, a 2.2 mm thick 22 mm diameter circular PTFE disc was placed 

to block the β rays emitted concomitantly from the gamma source. EJ-550 optical grade 

silicone grease was applied generously on one side of the liquid cell in order to have 

decent coupling to the window of Hamamatsu R878 PMT. The PMT was plugged into 

a Canberra Model 2007P Photomultiplier Tube Base/Preamplifier. Then the dark box 

was closed and sealed, and PMT was equilibrated for 30 min in the dark. The signal 

was recorded by a Canberra Lynx multichannel analyzer using a trapezoidal shaping 

filter with 1.0 μs rise time and 0.5 μs flat-top time. Light yields of the scintillators were 

determined by comparing the sample's Compton edge channel number with the 

reference EJ-305 by correlating PMT spectral sensitivity at different scintillation light 

wavelength. The formula used to calculate light yield is: 

LYNC = LYEJ−305 ∙
CENC

CEEJ−305
∙

𝜙EJ−305

𝜙NC
 

where LY, CE, and ϕ are light yield, channel number of Compton edge and PMT 

sensitivity correction factor that describes the spectral match between scintillator 

emission and photocathode response, respectively. LY of scintillator reference EJ-305 

is 12000 photons/MeV. The inflection point could determine channel number of a 

Compton edge on the Compton continuum of the pulse height spectrum. PMT 

sensitivity correction factor is calculated with the following formula: 
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M =
∫ 𝐼(𝜆) 𝜑(𝜆) d𝜆

∫ 𝐼(𝜆) d𝜆
 

where I(λ) and φ(λ) are scintillator’s emission intensity and PMT’s quantum efficiency 

at wavelength λ, respectively. 
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Chapter 4 Scintillation Liquid Loaded with High-Z Nanoparticles for Spectral 

Resolution of Gamma Ray 

Introduction 

Spectroscopic scintillators have been an important tool in fields such as medical 

imaging, national defense against nuclear proliferation, and astronomical studies.[1,2] 

Commercially available scintillators are classified as organic or inorganic by their 

different chemical composition. Organic scintillators are generally based on aromatic 

hydrocarbon compounds and used in pulse shape discrimination (PSD), ultra-fast 

timing and counting applications.[3–9] They are not suitable for the spectroscopic 

detection of high energy photons such as gamma and X-rays due to the low atomic 

numbers (Z) of the organics which have low cross section for the high energy photons 

and cannot effectively produce photoelectrons.[10] Inorganic scintillators with heavy 

elements, such as alkali halides, bismuth germanate (BGO) and yttrium aluminum 

garnet (YAG), have been the main scintillators for precise detection of high energy 

photons.[11–13] However, these inorganic crystals are usually grown at high temperature 

by Czochralski or Bridgmann methods, which are cost prohibitive to scale up.[14,15] The 

scintillation decay of these inorganics is slow, limiting their applications for ultra-fast 

timing and counting.[16,17] 

 

Nanoparticle-polymer composites have been studied for a variety of applications 

including organic photovoltaics, electroluminescence, photodetection, and capacitive 
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energy storage.[18–25] Due to low fabrication temperature and potentially high loading 

of inorganic nanoparticles, nanocomposite is also a promising candidate for low-cost 

spectroscopic scintillator. Recently, polyvinyltoluene (PVT) and polyvinylcarbazole 

(PVK) have been loaded with high-Z inorganic nanoparticles to synthesize plastic 

scintillators capable of spectroscopic detection of gamma photons.[26,27] We first 

reported a Gd2O3 (ZGd=64) nanoparticle-PVT scintillator with energy resolution of 11.4% 

of a 662 keV gamma photopeak.[28] Gd2O3 has a large band gap to prevent potential 

visible photon re-absorption and emission quenching. Strong photoelectric effect of the 

nanoparticles contributes to the increased photofraction of the plastic scintillator. HfO2 

nanoparticles were subsequently employed for its higher Z.[29] At 20 wt% loading of the 

HfO2 nanoparticles, the nanocomposite scintillator exhibits improved photopeak 

resolution of 8.0%. However, increasing the loading of the nanoparticles, which are 

non-luminescent, causes two adverse effects: the optical transmittance diminishes due 

to Rayleigh scattering, and the photoelectric energy deposited on the nanoparticles 

cannot be efficiently transferred onto the luminescent polymer matrix. Luminescent 

quantum dots can efficiently transfer the deposited photoelectric energy via Förster 

resonance energy transfer (FRET).[30] CdxZn1−xS/ZnS core/shell QDs-PVT 

nanocomposites indeed show increasing scintillation light yield with QDs loading, but 

the obtained gamma photopeak energy resolution is not improved due to the limited 

effective Z of the QDs as compared to that of HfO2. Another critical challenge with the 

use of QDs stems from their small Stokes’ shift. FRET energy accepters must be added 

at a high concentration to prevent self-absorption of the QDs emission.[31] For blue light 
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emitting QDs, the eventual photons emitted from the QD-nanocomposite scintillators 

will be down shifted into green or even longer wavelengths that are mismatched with 

commercial photomultiplier tubes (PMT) whose quantum efficiency peaks around 

420nm.  

 

Here we report the synthesis of a liquid scintillator incorporating high concentration of 

HfO2 nanoparticles. An aromatic solvent and a co-solvent of smaller bandgap were used 

to disperse the nanoparticles, as well as a luminescent dye as FRET acceptor. The 

transmittance of the liquid solution at the scintillation emission wavelength range 

reached 80% when 50 wt% of nanoparticles were loaded. A scintillation solution 

containing 20 wt% HfO2 nanoparticles, 25 wt% naphthalene as a co-solvent in toluene 

showed a light yield of around 12,000 photons/MeV and produced a 662 keV gamma 

photopeak with 4.8% energy resolution.  
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Results and Discussions 

The scintillation liquid is comprised of HfO2 nanoparticles for photoelectric attenuation 

of gamma photons, solvent and co-solvent for dispersing the nanoparticles and dyes, 

and primary and secondary dyes for scintillation photon emission, as shown in Figure 

4.1a. A gamma photon interacts with the high-Z atom (Hf) in HfO2 nanoparticles 

through photoelectric effect and deposits all its energy to the generated photoelectron. 

This hot electron undergoes an energy cascade process resulting in excitation of π 

electrons of the solvent (toluene) and co-solvent (naphthalene or 9,9-dimethylfluorene) 

molecules and therefore generation of excitons. Excitons transfer from the solvent to 

co-solvent, then from co-solvent to primary dye via FRET process, since FRET process 

requires short distance (typically 1-10 nm) between donor and acceptor. Excitons on 

the primary dye transfer radiatively to the secondary dye which has very low 

concentration. Eventually, the scintillation photons are emitted from the secondary dye 

and captured by the coupled PMT. The efficiency of the FRET process relies on proper 

spectral overlap between the donor emission spectrum and the acceptor absorption 

spectrum. Figure 4.1b shows the absorption and emission spectra of the secondary dye 

overlaps well with the emission spectrum of the primary dye, leading to efficient 

radiative energy transfer. 
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Figure 4.1 (a) Scintillation mechanism of a liquid scintillator (HfO2 NPs + toluene + 

naphthalene + PBD + POPOP). (b) Absorption (dashed) and photoluminescence 

(solid) spectra of dilute solution of toluene in hexane (λex = 240 nm), naphthalene in 

hexane (λex = 260 nm), 9,9-dimethylfluorene in hexane (λex = 260 nm), PBD in 

chloroform (λex = 300 nm) and POPOP in chloroform (λex = 350 nm). 

 

HfO2 nanoparticles were synthesized and purified following a previously reported 

hydrothermal method.[29] Average size of the spherical nanoparticles was determined 

by transmission electron microscopy (TEM) and X-ray diffraction (XRD) to be around 

5 nm (see Figure 4.2 and 4.3). The XRD spectrum shows good accordance with the 

Powder Diffraction File (PDF) of monoclinic HfO2 provided by the International Centre 
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for Diffraction Data (ICDD) database, confirming successful synthesis of crystalline 

HfO2 nanoparticles. Comparing with various crystalline phases of HfO2 such as cubic, 

tetragonal and orthorhombic, monoclinic phase is most favorable at mild temperature 

(below 1700°C) and atmospheric pressure.[32] The reaction mechanism of hafnium 

trifluoroacetate and oleylamine during the sol-gel synthesis of nanoparticles was 

proposed in a previous report.[29] The nanoparticles synthesized at 340 °C were 

stabilized by oleylamine ligand. From the Fourier-transform infrared spectroscopy 

(FTIR) spectrum of the nanoparticles (Figure 4.4), no peak at 1760 cm-1 characteristic 

of the C=O stretching of a carboxylic acid is observed, indicating that trifluoroacetic 

acid was completely washed off from the nanoparticles. Other peaks, such as N-H 

stretching at 3430 cm-1, C-H stretching at 2920 and 2850 cm-1 and C=C stretching at 

1620 cm-1 were all from oleylamine. The two peaks at 1510 and 1460 cm-1 can be 

attributed to N-O stretching, which was most likely from impurities in the technical 

grade oleylamine (70%), such as nitroalkanes and unsaturated variants.[33] 
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Figure 4.2 TEM image of synthesized HfO2 nanoparticles 

 

 

Figure 4.3 Powder XRD spectrum of HfO2 nanoparticles and PDF of HfO2 

monoclinic phase by ICDD (red line) 

 

 

Figure 4.4 FTIR spectrum of the as-synthesized HfO2 nanoparticles 
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Liquid scintillators with different proportions of HfO2 nanoparticles in toluene were 

first prepared without any co-solvent. The concentrations of PBD and POPOP in the 

solutions were maintained at 10 mg/mL and 1 mg/mL, separately. The transmittance 

spectra of these solutions are shown in Figure 4.5a which shows a transmittance onset 

at 408 nm; the secondary dye POPOP makes the solution opaque in the ultraviolet range. 

In the visible range up to 800 nm, the transmittance is mostly above 90% for all 

solutions except for the one containing 50 wt% HfO2 nanoparticles. At nanoparticles 

loading of 40%, the transmission at 420 nm (the emission peak of POPOP) is 89%. At 

50 wt% loading, the transmittance of the liquid scintillator is decreased significantly to 

80% at 420 nm.  All samples showed almost similarly high transmittance at long 

wavelength region (800 nm), and the transmittance gradually decreaseswith wavelength. 

The trend can be explained by Rayleigh scattering, where the intensity of the scattered 

light is inversely proportional to the fourth power of wavelength. The transmittance of 

a 40 wt% HfO2 nanoparticle solution in vinyltoluene is 93% at 420nm (Figure 4.6). 

However, after curing vinyltoluene, the resulting plastic nanocomposite has a 

transmittance of only 62% at 420 nm.[29] The diminished transmittance from the liquid 

solution to solid matrix is due to exclusion of the polymer chains which leads to 

aggregation of the nanoparticles.[4]  
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Figure 4.5 Transmittance and photoluminescent spectra of liquid scintillators 

containing 0-50 wt% HfO2 NPs, PBD, and POPOP in toluene. (a) Transmittance 

spectra. (b) A schematic illustration of surface-mode and transmittance-mode 

photoluminescence measurement setups. (c) Normalized surface-mode 

photoluminescence spectra (λex = 300 nm). (d) Normalized transmission-mode 

photoluminescence spectra (λex = 300 nm, lightpath = 2 mm). 
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Figure 4.6 Transmittance spectrum of liquid sample containing 40 wt% HfO2 NPs, 2 

wt% PBD, and 0.01 wt% POPOP in mixed monomers (VT/DVB volume ratio = 

20:1). 

 

 

PL spectra of the liquid scintillators were obtained based on either the surface-mode or 

transmission-mode emission, as shown in Figure 4.5b. In the surface-mode, the 

excitation source and detector were on the same side of the sample, and the emitted 

photons do not transport a long range in the solution. In the transmission-mode, photons 

have to propagate through the bulk liquid scintillator before being detected. Photons of 

higher energy will be self-absorbed if there is any overlap between the emission and 

absorption spectra. Figure 4.5c shows the surface-mode PL spectra of the liquid 

scintillators. The peak at 361 nm and its shoulder at 344 nm are emission from the 

primary dye PBD. Peaks at 395 nm, 418 nm and 440 nm are from the secondary dye 

POPOP. The ratio of the emission intensity from PBD to POPOP does not change 

significantly with the nanoparticle loading from 0 to 40 wt%, yet the PBD peak 
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becomes more intense at 50 wt% loading. In the transmission-mode (Figure 4.5d), the 

emission peak from PBD is absent. The main peak at 419 nm and shoulders are from 

POPOP. A comparison between Figures 4.5c and 4.5d indicates that (1) the energy 

transfer from PBD to POPOP is largely via a radiative pathway. In the surface-mode, 

due to the low concentrations of the dyes and the short photon propagation length, 

emissions from both dyes are observed. In the transmission-mode, the emission from 

PBD is all down shifted to that of POPOP. (2) The increased emission from PBD in the 

50 wt% nanoparticle solution is resulted from the enhanced light scattering. The 

excitation photons do not penetrate the solution as deep as in the solutions of less 

scattering. (3) The portion of the emission of POPOP at wavelengths smaller than 400 

nm is self-absorbed by the dye. This self-absorption will diminish the scintillation light 

yield, because the gamma radiation energy is deposited in the bulk of the liquid 

scintillator whereas in the surface-mode PL measurement, the incident UV photons are 

absorbed near the surface.  

 

Gamma scintillation measurement was conducted with an in-house built system. The 

Teflon back reflector was placed between the radiation source 137Cs and liquid 

scintillator to block beta emission from the decay process to 137mBa. Figure 4.7a shows 

pulse height spectra of the liquid scintillators. The Compton edge is observed at 2638 

channel number and decreases to 1277 as the nanoparticle concentration is increased to 

40 wt%. This channel number is proportional to the light yield, and thus by comparison 

to a commercial liquid scintilaltor standard EJ-305, light yield of the synthesized liquid 
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scintillators is calculated. The light yield is 13194 photons/MeV without nanoparticles, 

and decreases with the nanoparticle loading to 6350 photons/MeV at 40 wt%. Since the 

transmittance of the solutions barely changes with the nanoparticle loading, the 

diminished light yield may be attributed to the low efficiency of exciton energy transfer 

from HfO2 nanoparticles to solvent molecules. The nanoparticles are non-luminescent; 

excitons generated on the nanoparticles are rapidly quenched. The ratio of the 

photoelectric energy deposited on the nanoparticles is proportional to the nanoparticle 

loading, thus the scintillation light yield declines with the nanoparticle loading. Further 

increase of nanoparticles loading to 50 wt% leads to transmittance loss, and a 

significant further drop of the light yield to 4433 photons/MeV. 
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Figure 4.7 137Cs gamma scintillation measurement of liquid scintillators loaded with 

HfO2 NPs. (a) Pulse height spectra of 0-50 wt% HfO2 NPs + toluene + PBD + POPOP 

liquid scintillators. (b) Energy resolved spectrum of 40 wt% HfO2 NPs + toluene + 

PBD + POPOP liquid scintillator with deconvoluted Compton edge, Hf Kα escape 

peak and photopeak. (c) Pulse height spectra of 20 wt% HfO2 NPs + toluene + solvent 

additive + PBD + POPOP liquid scintillators. (d) Energy resolved spectrum of 20 

wt% HfO2 NPs + toluene + naphthalene + PBD + POPOP liquid scintillator with 
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deconvoluted Compton edge, Hf Kα escape peak and photopeak. (e) Energy resolved 

spectrum of 40 wt% HfO2 NPs + toluene + naphthalene + PBD + POPOP liquid 

scintillator (20 mm thick) with deconvoluted Compton edge, Hf Kα escape peak and 

photopeak. R(photopeak) = 16%. (f) Radioluminescence decay curve of 20 wt% HfO2 

NPs + toluene + naphthalene + PBD + POPOP liquid scintillator. 

 

A photopeak which comprises the gamma photopeak and Hf Kα escape peak (present 

due to the limited scintillator volume) is observed when the liquid contains 

nanoparticles. Adding HfO2 nanoparticles increases the effective Z of the liquid and 

thus the ratio of photoelectric effect over Compton effect. The Compton edge, Hf Kα 

escape peak and gamma photopeak of the 40 wt% solution were deconvoluted as shown 

in Figure 4.7b. Centroid of the fitted escape peak was at 606 keV, matching well with 

the theoretical value determined from subtracting the energy of Hf Kα X-ray emission 

from the photopeak energy of 137Cs. Due to the limited scintillator volume (0.63 mL), 

the X-ray fluorescence emitted from Hf atoms is not fully attenuated within the 

scintillator, thus the escape peak is much larger than the gamma full energy peak. 

Calculated energy resolution of the gamma photopeak (662 keV) is 5.3%. The liquid 

scintillator containing 50 wt% nanoparticles shows calculated energy resolution of 

6.8%.  

 

The bandgap of toluene is much larger than that of PBD, as shown in Figure 4.1b, 

which may affect the FRET efficiency from toluene to PBD. Co-solvents with bandgap 
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in between were added to 20 wt% nanoparticles loaded liquid scintillators, and the 

measured pulse height spectra are shown in Figure 4.7c. Adding co-solvents increased 

Compton edge channel number significantly. By substituting 25 wt% of toluene with 

naphthalene or 9,9-dimethylfluorene, the Compton edge is increased from 1673 to 2306 

and 2132 channels, corresponding to 41% and 31% increase in light yield, respectively. 

Deconvolution results of the sample containing naphthalene as co-solvent is shown in 

Figure 4.7d. The gamma photopeak has an energy resolution of 4.8%. This value 

compares favorably with the 6.5% of the benchmark inorganic scintillator NaI(Tl); 

however, this photopeak is obscured by the escape peak due to the small scintillator 

volume. 

 

A larger volume liquid scintillator (20 mm thickness, 6.3 mL in total volume) was 

prepared containing 40 wt% nanoparticles, 1 wt% PBD, 0.1 wt% POPOP in the mixed 

solvent (volume ratio of toluene: naphthalene = 5.2 : 1). The solution emit intense blue 

light under UV exposure. Figure 4.7e shows its gamma pulse height spectrum. The 

photopeak intensity is dramatically increased compared with the small-volume samples.  

As sample size becomes larger, a higher ratio of the incident gamma photon can be 

absorbed photoelectrically by the liquid scintillator. Besides, gamma photon would 

more likely to deposit all its energy to the scintillator through a series of photon-electron 

interactions, including Compton scattering and photoelectric effect, within a larger size 

of medium and produce a higher photopeak intensity. We also observed that the 

deconvoluted photopeak versus escape peak intensity was much larger than the thinner 
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sample. The escape peak was formed by X-ray fluorescence occurring during the 

photoelectric process and escaping from the scintillator. Gamma photon energy can be 

completely absorbed by photoelectric effect, yet partial loss of energy led to the 

observation of escape peak located at lower energy position. As sample thickness 

increased from 2 mm to 20 mm, longer attenuation length of X-ray fluorescence led to 

higher absorbance of the escaping photon and less photon energy loss. Thus, the relative 

fitted photopeak height was higher than smaller sample. Despite the improved 

photopeak signal intensity, energy resolution of the full energy peak was merely 16%. 

One of the main reasons for this unsatisfying resolution was significant reduced light 

output caused by poor optical transmittance of the thicker scintillator. Transmittance of 

the 20-mm-thick sample at 430 nm was only 44% comparing with 90% for the 2-mm-

thick sample. 

 

The scintillation decay time is determined by the speed of the cascade energy transfer 

of the hot photoelectron on the ionization track to the luminescent secondary dye and 

the luminescence lifetime of the dyes involved. Time-resolved radioluminescence curve 

of a scintillation solution containing 20 wt% of HfO2 nanoparticles, 1 wt% PBD, 0.1 

wt% POPOP in toluene/ naphthalene (volume ratio = 5.2 : 1) is shown in Figure 4.7f. 

The curve was fitted with a single-exponential function to get the time constant of a fast 

scintillation decay component (3.3 ns). The fast decay component is slightly slower 

than the reference organic scintillation liquid (2.5 ns), yet much faster than inorganic 

scintillators including NaI(Tl) (230 ns), YAG (88 ns) and BGO (300 ns).[34] Fast 
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response of the scintillation to gamma photons is critical to applications such as medical 

radiography and ultra-fast timing and counting. 
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Conclusion 

In summary, we have successfully prepared a liquid scintillator containing high content 

of HfO2 nanoparticles as gamma sensitizer in toluene. The solvent and dyes were 

carefully chosen to obtain efficient cascade energy transfers, in a combination of non-

radiative and radiative modes, and high photon generation from the scintillator. Liquid 

solutions containing up to 50 wt% nanoparticle loadings are highly transparent. The 

scintillation light yield decreases as the nanoparticle loading increases, due to the non-

luminescent nature of the nanoparticles, but remains a fairly high value of 6350 

photons/MeV at 40 wt% loading. Deconvolution of the pulse height spectrum was 

conducted at 40 wt% loading of nanoparticles, and the fitted gamma full energy 

photopeak has an energy resolution of 5.3%. Adding 25 wt% of naphthalene was found 

to enhance the non-radiative exciton energy transfer from toluene to the dyes, and the 

scintillation light yield is increased by as high as 40%. Deconvoluted gamma photopeak 

from the co-solvent solution has an energy resolution of 4.8%. A relatively large volume 

(6.3 mL) was also prepared which produced an intense gamma photopeak. This liquid 

scintillator retains the fast decay of conventional organic scintillators which do not 

produce any gamma photopeak due to the low Z of the organic compounds.  
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Experimental Details 

Materials: Hafnium tetrachloride (99%, 80 mesh) was purchased from Acros Organics. 

Oleylamine (OAm, Technical grade, 70%), 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-

1,3,4-oxadiazole (PBD, 99%) and 1,4-bis(5-phenyl-2-oxazolyl)benzene (POPOP) were 

purchased from Sigma-Aldrich. Trifluoroacetic acid (99%) was purchased from EMD. 

Eljen-305 liquid scintillator was obtained from Eljen Technology and was served as the 

standard for scintillation measurements. All other materials were used as received. 

 

Precursor synthesis: Hafnium trifluoroacetate was synthesized according to a previous 

report. Hafnium tetrachloride (30 mmol) was first dissolved in 10 mL of anhydrous 

ethanol. Under vigorous stirring, 50 mL of trifluoroacetic acid was added to the solution 

dropwise. The mixture was stirred at 40 °C overnight and unreacted trifluoroacetic acid 

was rotary-evaporated. The white paste was further dried by high vacuum to obtain off-

white powder. EDX spectrum of the powder shows reaction is completed since no 

chlorine peak is observed. The precursor was ready for HfO2 nanoparticle synthesis 

without further purification. 

 

HfO2 nanoparticles synthesis: In a typical synthesis, a mixture of 2.52 g (4 mmol) of 

hafnium trifluoroacetate and 52.6 mL (160 mmol) of oleylamine was heated to 110 °C 

under vacuum for 1 hour. Then the solution was heated to 340 °C slowly under argon 

protection and stirred for 1 hour. The clear, pale yellow solution was cooled down to 

room temperature, to which 150 mL of acetone was added to precipitate. After 
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centrifugation, the precipitate was washed by toluene and ethanol for six times. 

 

Liquid scintillator preparation: Different amount of dried nanoparticles were 

dispersed with toluene solution of PBD (10 mg mL-1) and POPOP (1 mg mL-1) in a 

glove box. 25 wt% of co-solvent (naphthalene or 9,9-dimethylfluorene) was added for 

more efficient exciton energy transfer. The scintillation liquid was loaded and sealed in 

a spectrophotometer cell with inner diameter of 20 mm and optical path of 2 mm or 20 

mm. 

 

Characterizations: UV-Vis absorption spectra were obtained on a Shimadzu UV-1700 

spectrophotometer. A PTI QuantaMaster 30 spectrofluorometer acquired surface mode 

photoluminescence spectra. Solution samples were measured in a standard type 1 

spectrophotometer cell with 10 mm light path by a right-angle geometry. Cylindrical 

cell loaded with liquid scintillator was clamped on a homemade rotation stage with 

masks. A homemade measurement system acquired transmission mode 

photoluminescence spectra. Transmission electron microscopy (TEM) pictures were 

taken on a FEI T12 Quick CryoEM and CryoET microscope operated at 120 keV. 

Fourier-transform infrared spectroscopy (FTIR) was performed on Jasco 420 FTIR 

spectrophotometer. FTIR samples were prepared by evaporating one drop of 

nanocrystal solution (50 mg/mL) on potassium bromide window of Real Crystal IR 

sample cards. X-ray diffraction (XRD) was conducted on a Bruker D8 Discover powder 

X-ray diffractometer with Cu Kα radiation. Thermogravimetric analysis (TGA) was 
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performed on a PerkinElmer Diamond thermogravimetric/differential thermal analyzer. 

 

Gamma scintillation pulse height analysis: Scintillation measurement was performed 

on a homemade set-up in a dark box. Gamma source was 137Cs with 15 μCi activity 

(obtained by stacking one 10 μCi and one 5 μCi together). The cylindrical cell loaded 

with liquid scintillator was placed in a customized PTFE sample holder. Between the 

137Cs source and the cell, a 2.2 mm thick 22 mm diameter circular PTFE disc was placed 

to block the β rays emitted concomitantly from the gamma source. EJ-550 optical grade 

silicone grease was applied generously on one side of the liquid cell in order to have 

decent coupling to the window of Hamamatsu R878 PMT. The PMT was plugged into 

a Canberra Model 2007P Photomultiplier Tube Base/Preamplifier. Then the dark box 

was closed and sealed, and PMT was equilibrated for 30 min in the dark. The signal 

was recorded by a Canberra Lynx multichannel analyzer using a trapezoidal shaping 

filter with 1.0 μs rise time and 0.5 μs flat-top time. Light yields of the scintillators were 

determined by comparing the sample's Compton edge channel number with the 

reference EJ-305 by correlating PMT spectral sensitivity at different scintillation light 

wavelength. The formula used to calculate light yield is: 

LYLS = LYEJ−305 ∙
CELS

CEEJ−305
∙

𝜙EJ−305

𝜙LS
 

where LY, CE, and ϕ are light yield, channel number of Compton edge and PMT 

sensitivity correction factor that describes the spectral match between scintillator 

emission and photocathode response, respectively. LY of scintillator reference EJ-305 

is 12000 photons/MeV. The inflection point could determine channel number of a 
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Compton edge on the Compton continuum of the pulse height spectrum. PMT 

sensitivity correction factor is calculated with the following formula: 

M =
∫ 𝐼(𝜆) 𝜑(𝜆) d𝜆

∫ 𝐼(𝜆) d𝜆
 

where I(λ) and φ(λ) are scintillator’s emission intensity and PMT’s quantum efficiency 

at wavelength λ, respectively. 

 

Radioluminescence lifetime measurement: Radioluminescence decay was performed 

on a homemade set-up in a dark box. Gamma source was 137Cs with 15 μCi activity 

(obtained by stacking one 10 μCi and one 5 μCi together). This single photon counting 

system uses Hamamatsu H2431-50 as the start PMT and Hamamatsu H10721P-110 as 

the stop PMT. The liquid scintillator was placed in a customized PTFE sample holder 

with an 800 µm multimode optical fiber inserted for conducting single photon signals 

to the stop PMT. Between the 137Cs source and the cell, a 2.2 mm thick 22 mm diameter 

circular PTFE disc was placed to block the β rays emitted concomitantly from the 

gamma source. EJ-550 optical grade silicone grease was applied generously on one side 

of the liquid cell in order to have decent coupling to the window of Hamamatsu H2431-

50 PMT. Then the dark box was closed and sealed, and PMT was equilibrated for 30 

min in the dark for measurement. 
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Chapter 5 Summary and Perspective 

Inorganic crystals and ceramics scintillators have been the dominant radiation detection 

materials, but they have high cost and are difficulty to scale up. Organic scintillators 

loaded with high-Z nanoparticles, such as nanocomposite scintillators, have been 

investigated to achieve high-performance, yet low-cost scintillation detectors. 

Composites with 20 wt% of perovskite nanocrystals in PVT matrix were synthesized, 

yet light yield of the scintillator was low mainly due to strong self-absorption of the 

nanocrystals. To solve the problem, attempts were made to incorporate organic dye in 

the bulk for a larger engineered Stokes shift. However organic dyes got bleached during 

the UV curing process, impeding synthesis of nanocomposite containing both 

perovskite nanocrystals and organic dyes. Later, toluene was used as scintillator matrix 

to disperse both PM580 dye and as high as 60 wt% of perovskite nanocrystals. The 

scintillator reached a light yield of 10000 photons/MeV and photopeak energy 

resolution of 10.6% under irradiation of 662 keV gamma photon. Emission spectrum 

of the perovskite liquid scintillator peaked at 570 nm, matching poorly with our PMT’s 

photodetection efficiency spectrum, which was one of the main limitations. 

 

Hafnium oxide nanoparticles were synthesized for liquid scintillators. These 

nanoparticles, while non-luminescent, have a very large bandgap. A primary dye PBD 

and secondary dye POPOP could be used in the scintillation solution with emission 

peak at 420 nm to match well with PMT’s spectral response. Scintillation light yield 
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decreased with nanoparticles loading since the non-luminescent nanoparticles could 

trap excitons generated on the nanoparticles. Addition of a co-solvent could increase 

non-radiative energy transfer efficiency from solvent to primary dye and thus enhance 

the scintillation light yield. Photopeak energy resolution of 4.8% was achieved. In 

comparison, commercial organic scintillators do not provide any spectroscopic 

information of gamma photons. The benchmark inorganic scintillator NaI(Tl) has a 

gamma energy resolution of 6.5%. 

 

Table 5.1 Photopeak energy resolution of different scintillators 

 Anthracene EJ-212 EJ-305 NaI(Tl) 

CsPbBr3 

NCs 

Solution 

HfO2 

NPs 

Solution 

Photopeak 

Energy 

Resolution 

(R)/% 

No Photopeak 6.5 10.6 4.8 

 

Although our scintillation liquid loaded with high-Z nanoparticles showed a good 

energy resolution profile, photopeak intensity is still inferior to inorganic scintillators. 

Besides loading more nanoparticles in the solution, increasing size of the scintillator 

could significantly enhance the relative peak height. However, for large HfO2 liquid 

sample, reduced transmittance at emission wavelength is the main reason for 

unsatisfying resolution. Improved synthesis and purification procedure should be 

developed for reduced Rayleigh scattering of nanoparticles. Since current CsPbBr3 
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perovskite liquid scintillator is mainly limited by its green emission, nanocrystals with 

larger optical bandgap should be developed, including CsPbBr3-xClx and RbxCs1-xPbBr3. 

Shorter emission wavelength of the scintillator would benefit the “actual” PMT spectral 

response and the apparent light yield. Besides material composition choice, the 

engineered Stokes shift should be controlled more carefully. Instead of merely relying 

on limited choice of organic dyes, future research should focus on nanoparticle size and 

shape variation for more precise control of material bandgap and potentially better 

spectral match. 

 




