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Abstract  

Semiconductor-based ionizing radiation detectors at room temperature have been widely 

applied in national security, medical imaging, and scientific research. Current commercially 

available detector materials such as cadmium zinc telluride (CdZnTe) and thallium bromide (TlBr) 

still suffer from some drawbacks, including structural defects and chemical instability. Therefore, 

researchers have continuously explored alternative high-performance and low-cost radiation 

detection materials. The all-inorganic semiconducting perovskite cesium lead bromide, CsPbBr3, 

exhibits promising properties for ionizing radiation detection applications and has attracted 

extensive research attention in recent decades. 

To achieve the high purity required for semiconducting detector operations, conventional 

growth procedures for CsPbBr3 single crystals typically involved the separate purification of 

precursor materials. Purified PbBr2 and CsBr were subsequently combined in a new reaction vessel 

for synthesis and crystal growth. The novelty of this work is the development of a set of reliable 

protocols that can combine the purification and the crystal growth into a continuous process in a 

single reaction vessel via modified zone refining to achieve higher production efficiency. In this 

work, a series of CsPbBr3 samples with different growth histories were obtained through this 

protocol. Polycrystalline CsPbBr3 was first synthesized from the melt of binary compounds CsBr 

and PbBr2. Moisture and oxides in the synthesized CsPbBr3 compounds were removed by a 

reduction process under a flowing hydrogen stream. The CsPbBr3 materials were then purified and 

grown into high-quality single crystals via the modified zone refining process.  

Obtained crystals were subjected to several characterizations such as powder X-ray 

diffraction analysis, trace impurity level determination and elemental composition identification. 
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Moreover, photo-electrical properties of CsPbBr3 samples were evaluated through characteristic 

current-voltage (I-V) tests and photoresponse measurements. Obtained single crystals exhibited an 

electrical resistivity within a range of 108~109 Ω·cm, meeting the requirement of high resistivity 

for detector materials. Different samples displayed different photoresponse performances, which 

can be used to guide future crystal preparation to produce single crystals with a high signal-to-

noise ratio (SNR) under the illumination of a light source. 
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Chapter 1 

Introduction 

1.1. Ionizing radiation and radiation detection 

Radiation can be described as the emission and propagation of energy in the form of 

moving waves or particles.1 The discovery of X-rays by Röntgen in 1895 marked the beginning of 

the research in the field of radiation generation and detection.2 Based on the energy difference, 

there are two main categories of radiation, namely, ionizing and non-ionizing radiation, shown in 

Figure 1.1. Ionizing radiation has sufficient energy to ionize materials by removing electrons from 

atoms. This type of radiation includes high-energy ultraviolet light, X-rays, and γ-rays, as well as 

particle radiation (alpha particles, beta particles, and neutrons). In contrast, non-ionizing radiation 

such as visible light, infrared, and microwaves do not have enough energy to remove electrons 

from atoms.3 Ionizing radiation is widely used in physics instrumentation and nuclear medical 

imaging. However, with a high-level exposure, the high-energy radiation can also pose a threat to 

human and animal health (such as cell death and DNA damage) if no protection is applied.4 

Notably, with more than 500 nuclear power reactors in operation worldwide, there is an urgent 

need to develop highly efficient radiation detectors to measure and identify specific radiation 

sources.1 Nowadays, high energy radiation detection has been applied in national security, 

environmental radioactivity monitoring, biomedical imaging, and scientific research.5  
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Figure 1.1. Ionizing radiation and non-ionizing radiation.6 

Within the spectrum of ionizing radiation, low flux, environmental γ-ray is the most 

difficult to detect. Researchers continue to seek advancement in the development of γ-ray 

detectors.7, 8 Gamma-ray detectors are made of materials that can produce spectral responses when 

the radiation pass through. The gamma-ray spectra can be used to identify and characterize the 

radioactive source.9 Currently, the spectroscopy detection of ionizing radiation is dominated by 

two types of detectors: indirect detection by scintillators and direct detection by semiconductors.10 

1.2. Scintillator detectors 

Scintillators are a type of luminescent material that can interact with and convert high-

energy photons (X-rays and γ-rays) into detectable lower-energy photons such as visible light.11 

Radiation detection using scintillators has been extensively studied and developed.12 Many 

important inorganic scintillators have been discovered, developed, and gradually commercialized, 

such as NaI: Tl, LaBr3: Ce, and Bi4Ge3O12 (BGO).9 Currently, NaI: Tl, as a benchmark material, 

is the most used scintillator detector in radiation detection instruments.9 There are two main 

components in a scintillating radiation detection system: the scintillator material and a 

photodetector (such as a photomultiplier tube or a photodiode).  
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During the radiation detection process, scintillator detectors first convert high-energy 

incident radiation (X-rays and γ-rays) into low-energy light, and then the photodetector will convert 

the light into an electrical signal.13 This indirect conversion process limits the efficiency of this 

type of detector. Moreover, scintillator detectors suffer from poor energy resolution due to a 

limited number of photoelectrons generated in the radiation interaction.1 So far, the highest energy 

resolution demonstrated by scintillator material LaBr3:Ce3+ with co-doping of Sr2+ and Ca2+ 

reached around 2.0% for γ-ray at 662 keV. 14 However, this is still worse than the alternative 

semiconductor detectors. Figure 1.2 shows the spectral responses from different commercialized 

scintillator and semiconductor detectors. Semiconductor detectors (CZT and HPGe) exhibited 

much better energy resolution in photopeaks than the scintillators.    

 

Figure 1.2. The spectral responses from a 133Ba source obtained from scintillator and 

semiconductor detectors: CsI(Tl) (1.27 cm Ø × 3.05 cm), NaI(Tl) (5.08 cm Ø × 5.08 cm), LaBr3 

(3.81 cm Ø × 3.81 cm), CZT (0.5 × 0.5 × 0.5 cm3), and HPGe (6.5 cm Ø × 5 cm). Reprinted from 

the 9th reference, with the permission of AIP Publishing.9 
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1.3. Solid-state semiconductor detectors 

In solid-state physics, a continuous energy band forms from a large number of overlapping 

atomic orbitals with similar energies. There are three types of energy bands in solids: valence band 

(VB), forbidden band, and conduction band (CB). VB is occupied by the electrons, and the 

electrons in fully occupied VB can not move freely. The gap between VB and CB is called the 

forbidden band, and the energy associated with this band is called the bandgap (Eg). When 

electrons gain enough energy (the bandgap is the minimum energy required) from photons or other 

sources, they can be excited into CB. With a larger bandgap, higher energy is needed for electrons 

to be excited. Based on the band structure and different sizes of bandgaps, solids can be classified 

into three categories, namely, insulators, semiconductors, and metals, shown in Figure 1.3. Metals 

possess zero bandgaps (Eg ≤ 0), and the insulators have the largest bandgap among the three 

materials.15 The division between semiconductors and insulators is somewhat blurry; generally, 

semiconductors exhibit a bandgap range between 0 to 4 eV (0 < Eg < 4 eV) at room temperature.15 

 

Figure 1.3. Energy band structures for metal, semiconductor, and insulator.15 
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Semiconductor-based radiation detection has been continuously researched and developed 

in the past few decades since Van Heerden successfully detected alpha particles and γ-rays with 

AgCl crystals in 1945.16 Semiconductor provides the best spectroscopy information of all the 

different types of radiation detectors (such as scintillator detectors and gas-filled detectors), thanks 

to the high detection efficiency and high energy resolution.1, 17  

1.3.1. Basic operation mechanism of semiconductor detectors  

To detect high-energy photons such as X-rays and γ-rays, semiconductor detectors function 

as solid-state ionization chambers.18 Figure 1.4 shows the schematic diagram of the operation 

process of a simple planar detector. When penetrating the detector materials, incoming high-

energy photons interact with the detector through three main processes: photoelectric effect, 

Compton effect, and pair production.19 In the photoelectric process (dominant at energy range over 

200 keV), incident radiation transfers all its energy to the electrons. Differently, electrons only 

obtain part of the energy from the photons in the Compton effect (dominant at energy range up to 

a few MeV). Pair production dominates when the energy is above 6 MeV, and electron-positron 

pairs e+-e-are produced.18 
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Figure 1.4. Schematic diagram of a simple planar solid-state ionizing chamber detector.1 

Reprinted by permission from the Licensor: Springer Nature. Electronic Materials Letters (Room 

Temperature Hard Radiation Detectors Based on Solid State Compound Semiconductors: An 

Overview, Ali Mirzaei et al.), COPYRIGHT 2018. 

During these processes, a large amount of photo-generated carriers (electron and hole pairs) 

are created, as the energy needed to generate carrier pairs (generally 3 to 6 eV) is much smaller 

than the incident high energy photons (over 100 keV for γ-rays).1 A hole is an absence of an 

electron in the valence band after the electron gets excited to the conduction band. Carrying a 

positive charge, holes can move in the opposite direction to the electrons. Generated electron/hole 

pairs are then separated and collected by electrodes under an electrical bias applied across the 

detector. With free electrons drifting towards the anode and holes drifting to the cathode, a charge 

signal (current) is produced and detected by an external circuit.1 Ideally, if there is no trapping or 

recombination of carriers (electrons drop from the conduction band to the valence band) during 
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charge collection, integration of the generated charge is proportional to the incident radiation 

energy.18 However, impurities and defects in the semiconductor detectors can act as trapping 

centres for electrons and holes, resulting in carrier loss, inefficient charge collection, and reduced 

detection efficiency.18 Therefore, single crystals with high purity and low defects are required for 

radiation detection. 

1.3.2. Important parameters of semiconductor detectors 

Several critical parameters are considered when evaluating semiconductor radiation 

detector materials, including stopping power, energy resolution, mobility-lifetime product, charge 

collection efficiency, and leakage current. When a semiconductor detector interacts with incident 

ionizing radiation, stopping power is described as how fast the energy loss is over a traverse 

distance.1 A large stopping power ensures high photoelectric absorption and detection efficiency.8 

Generally, compounds with high effective atomic number elements and high density are often 

required to obtain sufficient stopping power for high-energy radiation detection.1 

As one of the most important metrics of radiation detectors, energy resolution is defined as 

the ability to accurately determine the incident radiation energy. It can be calculated as the full 

width at half maximum (FWHM) of the photopeak divided by the location of the peak centroid.20 

Typical energy resolution is expressed as a fraction; the smaller the value, the higher the energy 

resolution. Compared to scintillator detectors, which generally demonstrated an energy resolution 

at around 3-10% in γ-ray spectroscopy, semiconductor detectors, can reach an energy resolution 

less than 1%, such as CdZnTe detectors showed a less than 0.5 % for 662 keV γ-ray.1, 21 

Mobility-lifetime product (μτ) is a significant attribute in detectors as it determines the 

charge collection efficiency (CCE) during the radiation detection.1 Carrier mobility (μ) is the drift 
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velocity of the carriers at a 1 V cm-1 electric field, and lifetime (τ) represents the meantime of the 

existence of the free carriers before recombination. Impurities and defects in the detector will act 

as carrier trapping and recombination centres, leading to reduced charge collection efficiency.1 To 

ensure generated carriers are effectively collected, a large μτ product (generally > 10-4 cm2 V-1) is 

required as it guarantees a longer carrier drift length (λd) under the applied electric field (E), as 

shown in Equation 1-1.22 A sufficiently large λd increases the probability of carriers reaching both 

electrodes before they are trapped or recombined under a given electric field.23 

                                                            λd = μτ E                                                              (1-1) 

During the detector operation under bias, leakage current or dark current are charges 

generated when there is no incoming radiation, and they represent a major source of the noise level 

in radiation detection.24 Generally, leakage current is determined by the bandgap of the 

semiconductor material.1 With a lower bandgap, there are more thermally generated carriers at 

room temperature, which leads to a higher leakage current. Impurities and defects can also lead to 

a decrease in the resistivity of the detector, resulting in a higher leakage current.17  

1.4. Elemental semiconductor detectors  

Based on the chemical composition, semiconductor detectors can be divided into elemental 

and compound semiconductor detectors. Typical elemental semiconductors could be found in 

Group IV in the periodic table due to their unique half-full outer shells, such as silicon (Si) and 

germanium (Ge).18 Si, the first elemental semiconductor radiation detector, has been rapidly 

evolving over the past 50 years in the semiconductor industry.25 However, due to its low atomic 

number (Z=14), Si detectors are limited to low-energy range (less than 30 keV) detection.1 Ge, 

with a relatively higher atomic number (Z=32), has been applied in the high-energy detection field. 



9 

 

Equipped with excellent electronic properties (high carrier mobility), good stopping power, and 

ease of growth of high-quality single crystals, high-purity Ge (HPGe) detectors with high-

resolution and high efficiency have become the current benchmark for ionizing radiation 

detection.1, 9 However, both Si and Ge detectors have a low bandgap (Si: 1.12 eV, Ge: 0.67 eV), 

so they cannot function properly at room temperature. They have to be cooled down to cryogenic 

temperatures to suppress the leakage current level generated from thermal energy.26 This demand 

for cooling systems has limited their applications and urged researchers to look for other 

semiconductor materials that can operate at room temperature properly. 

1.5. Compound semiconductor detectors 

Compound semiconductors, composed of two or more elements, include a large range of 

available materials. More importantly, unlike elemental semiconductors with fixed properties, 

compound semiconductors exhibit more research possibilities with flexible and tunable physical 

properties.18 Radiation detection based on compound semiconductors has attracted wide research 

interest in the past few decades. Most elements from group II to VI can easily react with each other, 

as they have similar atomic radii, valences, and electronegativities. Therefore, compound 

semiconductors could be easily formed with these elements.18 Typically, binary compound 

semiconductors could be formed from group IV-IV elements, such as SiGe and SiC; group III-V 

elements, such as GaAs and GaN; and group II-VI elements, such as CdTe and ZnS. Furthermore, 

ternary (CdZnTe) and quaternary compounds (TlHgInS3) can be synthesized from binary 

compounds, as most binary compounds are also soluble with each other.18  

1.5.1. General requirements for room temperature semiconductor-based radiation detectors 
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To function as an ionizing radiation detector at room temperature, several key properties 

are required, including high density and high effective atomic number (greater than 40) to achieve 

a large stopping power and high sensitivity; optimal bandgap energy (between 1.5-2.5 eV) and 

high resistivity (greater than 108 Ω•cm) to suppress leakage current; small electron-hole pair 

creation energy to generate a large number of carriers and hence a higher energy resolution; 

excellent mobility-lifetime product (larger than 10-4 cm2/V) to guarantee a high charge collection 

efficiency and high spectral performance during radiation detection.1, 9 Besides physical and 

electronic properties, good chemical stability, proper hardness, and ease of growth of high-purity 

single crystals are also required for ideal radiation detection materials.  

Candidates that meet all the desirable properties of a potential radiation detector are limited 

to a narrow range. Only a few compounds such as CdZnTe (typically 10% Zn doped CdTe) and 

TlBr have gone through extensive research and development, and were gradually commercialized.8, 

10, 27 Current benchmark material CdZnTe exhibits an excellent energy resolution below 1% at 662 

keV γ-rays and has been widely used in medical imaging.28 TlBr, exhibiting a large bandgap (2.56 

eV) and high density (7.56 g/cm3), is another thoroughly researched material for γ-ray spectral 

response since 1980s.9, 29 Currently, TlBr detectors have achieved an energy resolution less than 

1% at 662 keV.30, 31 Despite the many promising advantages of these compound semiconductors, 

there are also challenges such as impurities, structural defects, and stoichiometry imbalance. For 

example, CdZnTe detectors still suffer from a high concentration of Te inclusions/precipitates, 

uneven distribution of Cd and Te, and high production cost. 10, 32, 33 TlBr detectors suffer from 

chemical instability (polarization effect) and low hardness.1, 20, 34 Therefore, it is important to 

explore alternative high-performance radiation detection materials suitable for low-cost and high-

volume production. 
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1.6. Halide perovskites 

For the past decade, halide perovskites ABX3 (where A could be either inorganic ions such 

as Cs+ or organic ions such as methylammonium (MA) ion or formamidinium (FA) ion, B is Pb2+ 

or Sn 2+, and X is halogen elements such as Br-, Cl-, and I-), have received significant research 

attention in solar cells, light-emitting devices (LEDs), and lasers because of their excellent 

optoelectronic properties, such as large light absorption, large carrier mobility, and long diffusion 

length.35-38 The journey of perovskite photovoltaics started from Tsutomu et al. in 2005, and the 

first reported perovskite solar cell reached a photoelectric conversion efficiency of 3.8 % by 

Miyasaka et al. in 2009.39, 40 With continuing research efforts over the past ten years, solar cells 

based on halide perovskite materials have achieved an efficiency of 25.6% (certified 25.2%) in 

2021.41 In addition to the rapid development in solar cells, halide perovskites have also been 

identified as promising alternative materials for high energy radiation detection due to the high 

stopping power, large μτ product, tunable bandgap, and ease of growth of large bulky single 

crystals.5, 42, 43 

1.6.1. Organic and inorganic halide perovskites  

Depending on the presence of organic clusters in the halide perovskites such as MA+ or 

FA+, halide perovskites can be categorized into organic-inorganic hybrid and all-inorganic 

perovskites.  Hybrid perovskites have been explored and fabricated into γ-ray detectors such as 

FAPbI3 and MAPbI3. Yakunin et al. reported that the device made by solution-grown FAPbI3 

single crystals exhibited a good spectral response to 59.6 keV 241Am at room temperature.44 A high 

energy resolution of 6.8% for 57Co 122 keV was realized by MAPbI3 detectors by He et al.45  These 

hybrid perovskites have gradually achieved high performance and high efficiency for γ-ray 

radiation detection, thanks to their large μτ. However, due to the volatile nature of the organic 
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cations, they are generally more sensitive to humidity and oxygen in the environment, which leads 

to poor chemical and thermodynamic stability.46, 47 This instability has been confirmed since 

Nagabhushana et al. found out that MAPbI3 was intrinsically unstable and tended to gradually 

decompose into binary compounds (MAI and PbI2).
48, 49 All-inorganic halide perovskites, which 

replaces organic cation with inorganic ion, exhibit enhanced long-term mechanical and chemical 

stability at room temperature as well as excellent stability under radiation, and have attracted broad 

research interests in recent years.50  

1.7. Promising alternative radiation detection material: CsPbBr3 

As a prominent member of the inorganic halide perovskite family, cesium lead halides 

(CsPbX3, X=Cl, Br, and I) and their crystal structures and properties have been investigated since 

1958 due to their excellent optoelectronic properties.51 Among CsPbX3, CsPbBr3 received the most 

research interest because it possesses a higher effective atomic number and better charge transport 

properties than CsPbCl3.
52 CsPbI3 is unstable at room temperature, as it undergoes a devastating 

phase transition from a black perovskite phase to a yellow non-perovskite phase, which largely 

limits its potential application.53, 54 

Recently, CsPbBr3 single crystals have been widely investigated as perovskite solar cells, 

photodetectors, and high-energy radiation detectors.55-57 It was first studied and proposed as a 

promising candidate material for radiation detection in 2013 by Stoumpos et al.5 In 2018, He et al. 

prepared high-quality CsPbBr3 single-crystal detectors which displayed excellent gamma-ray 

spectrometry responses to two γ-ray sources (3.9% for 122 keV 57Co and 3.8% for 662 keV 

137Cs).58 More recently, He et al. further improved the energy resolution of the CsPbBr3 detector 

to 1.4 % for 137Cs 662-keV γ-rays.7 
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The reasons for the success of CsPbBr3 detectors in achieving such high energy resolution 

and high efficiency are the following: CsPbBr3 exhibits a great mechanical and chemical stability; 

possesses an effective atomic number (Zeff) of 65.9 (higher than CdZnTe), giving rise to an 

excellent stopping power for gamma-ray photons; a large direct bandgap of 2.25 eV to prohibit 

leakage current; a high defects tolerance and a low melting point for easy crystal growth 

development; and more importantly, CsPbBr3 shows superior carrier mobility lifetime products 

for both electrons ((μτ)e) and holes ((μτ)h), which facilitates its high performance of radiation 

detection efficiency.5, 58-60 A comparison of physical and electronic properties among CsPbBr3 and 

current commercialized compound detectors CdZnTe and TlBr is shown in Table 1.1, showing 

CsPbBr3’s capability of being the next-generation γ-ray detector.  

Table 1.1. Physical and electronic properties of CsPbBr3, CdZnTe, and TlBr detectors.5, 9, 27, 52, 61 

Material Zeff 

Density 

(g/cm3) 

Bandgap 

(eV) 

Pair 

creation 

energy (eV) 

Resistivity 

(Ω cm) 

(μτ)e 

(cm2/V) 

(μτ)h  

(cm2/V) 

CdZnTe 50.2 5.78 1.57 4.64 109–1010 7.5 × 10−3 5.0 × 10−5 

TlBr 74 7.56 2.68 6.50 1 × 1010 3 × 10−3 (1-10) × 10−5 

CsPbBr3 65.9 4.86 2.25 6.69 109–1011 1.7 × 10−3 1.3 × 10−3 

 

1.7.1. Structure, basic characteristics, phase transitions of CsPbBr3 

CsPbBr3 crystalizes as a typical ABX3 lead halide perovskite structure, as shown in Figure 

1.5. Six Br atoms (red) and one Pb atom (green) form the PbBr6 octahedra with the Pb atom at the 

centre, and Cs atoms (gray) are placed in cavities of this 3D framework.62 CsPbBr3 stabilizes at 
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the orthorhombic phase (Pbnm) at room temperature. As the temperature increases, CsPbBr3 

undergoes two non-destructive phase transitions: the tetragonal phase (P4/mbm) at 361 K and the 

cubic phase (Pm3̅m) at 403 K, respectively. 5 

 

Figure 1.5. Crystal structure of CsPbBr3 single crystal at three different phases and phase 

transitions.58 

Compared to its poly- or nano-crystalline form, a bulk CsPbBr3 single crystal exhibits 

consistent physical properties and better photo-electrical performances, as it is free of grain 

boundaries and less affected by structural defects.46, 63, 64 However, the electrical properties of 

single crystals will be affected by electronic defects and impurities, which can act as electronic 

charge trapping centres, leading to reduced charge collection efficiency.65 Thus, the growth of 

large-size, high-purity single crystals is crucial for developing CsPbBr3 material for practical 

applications. 

1.7.2. Single-crystal growth of CsPbBr3 

There are two main growth methods for CsPbBr3 single crystals, either growing from 

solution or growing from melts. Inverse temperature crystallization (ITC) and anti-solvent vapour-
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assisted crystallization (AVC) are two common solution-based growth. In ITC, crystal growth is 

achieved by the abnormal solubility of CsPbBr3 in the solution mixture (Figure 1.6a). As the 

temperature increases, the solubility of CsPbBr3 decreases, enabling crystallization.46 In 2016, 

Dirin et al. reported the crystal growth of CsPbBr3 by the ITC from a solution mixture of dimethyl 

sulfoxide (DMSO), cyclohexanol (CyOH), and dimethylformamide (DMF).66 Even though Dirin 

et al. obtained transparent CsPbBr3 single crystals by ITC, the resistivities of obtained crystals 

were much smaller (2 GΩ•cm) than crystals grown from melts (best-reported resistivity: 343 

GΩ•cm), which indicates that crystals grown from solution might introduce more impurities and 

exhibit higher defects densities.66 AVC utilizes the solubility difference of CsPbBr3 in different 

solvents to achieve crystal growth.46 As shown in Figure 1.6b, with anti-solvent slowly diffused 

into the precursor solution, the solubility of CsPbBr3 in the miscible solvent decreases, leading to 

crystal growth.67 However, crystals grown by AVC are normally millimetre-sized and too small to 

be fabricated into detectors. Generally speaking, solution-based crystal growth has some common 

challenges, as there is a high chance of introducing impurities and forming non-desirable by-

products during the growth. The pure CsPbBr3 phase is hard to obtain due to the formation of 

CsPb2Br5 (PbBr2 rich) and Cs4PbBr6 (CsBr rich) when the ratio between PbBr2 and CsBr is not 

exactly 1:1 (the formation of different phases is shown in Equation 1-2 to 1-4), and the different 

solubilities of PbBr2 and CsBr in aprotic solvents exacerbate this problem.68 

                                                           CsBr + PbBr2 = CsPbBr3                                                                       (1-2) 

                                                          CsBr + 2 PbBr2 = CsPb2Br5                                                                  (1-3) 

                                                          4 CsBr + PbBr2 = Cs4PbBr6                                                                  (1-4) 
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Figure 1.6. Schematic diagram of CsPbBr3 single crystal growth from different approaches: a) 

ITC; 46 b) AVC; 69 c) Bridgman growth.70 

Currently, the most common approach to obtain large-size and high-quality CsPbBr3 single 

crystals is from melts by Bridgman growth (Figure 1.6c). Typically, high-purity binary compounds 

PbBr2 and CsBr are used as precursor materials. The precursors are loaded in a quartz ampoule, 

sealed, and heated up in the furnace above the melting point of CsPbBr3 (567 °C) to synthesize 

CsPbBr3 polycrystalline. The ampoule is then lowered down from the hot zone to a low-

temperature zone at a set rate (usually quite small, e.g., 0.5 mm/day) to allow a slow solidification 

and crystallization of the melt. Although Bridgman growth consumes more energy as it needs to 

operate at high temperature and generally takes a longer time to complete the growth than solution-

based methods, the CsPbBr3 single crystals achieved the highest energy resolution 1.4% for high 

energy γ-rays so far were grown from the Bridgman method.7 
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1.8. Research scope 

Currently, the state-of-the-art CsPbBr3 single crystals are obtained via a multi-step process 

involving separated reaction vessels and apparatuses.71, 72 To achieve the high purity necessary for 

semiconducting detector operations, the precursor materials, PbBr2 and CsBr, are usually purified 

separately and subsequently combined in a new reaction vessel for synthesis and crystal growth. 

Such a process places a strict requirement for experimental technique and environmental control 

to prevent the unintentional introduction of trace impurities. In addition, the isolated purification, 

synthesis, and crystal growth protocols each have their thermal cycles (i.e., heating/cooling), 

resulting in relatively low production efficiency.  

Hence, there is a need to develop more efficient purification and growth protocols for the 

CsPbBr3 single crystals. In this work, the author introduces a set of reliable growth protocols via 

a modified zone-refining technique to produce high-quality CsPbBr3 single crystals with excellent 

photosensitivity. The novelty of this growth process is that it combines the purification and the 

crystal growth into a continuous process in a single reaction vessel, thus allowing for higher 

production efficiencies.  

In this thesis, Chapter 1 provides fundamental information in the field of semiconductor-

based ionizing radiation detectors, introduces the potential candidate CsPbBr3 as the next-

generation radiation detector and the research scope of this project. Chapter 2 discusses the 

experimental design and implementation and the main analytical techniques used in this project, 

including inductively coupled plasma mass spectrometry (ICP-MS) and wavelength dispersive X-

ray spectroscopy (WDS). Chapter 3 focuses on the key results and discussion, such as the 

characterization of the as-grown CsPbBr3 single crystals and their electrical performances. Lastly, 

chapter 4 summarizes the whole thesis by presenting the conclusions and future work. 
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Chapter 2 

Methodology 

This chapter discusses the synthesis, purification, and crystal growth of CsPbBr3 single 

crystals. Post-growth processing of single crystals is also discussed in this section, including 

cutting, polishing, and device fabrication. Different analytical techniques were used to characterize 

as-grown single crystals, including the identification of phase purity by powder X-ray diffraction 

(XRD); detection of trace impurity levels by inductively coupled plasma mass spectrometry (ICP-

MS); determination of elemental composition by wavelength dispersive spectroscopy (WDS); and 

black impurity identification by Raman spectroscopy. Lastly, photo-electrical properties, including 

characteristic current-voltage (I-V) curves and photoresponse performances of CsPbBr3 devices, 

were measured to assess their potential for radiation detection capabilities. 

2.1. Materials 

The reagents and materials were used as acquired from commercial sources without 

further purification. (i)Lead (II) bromide, 99.999%, Sigma-Aldrich; (ii) Cesium bromide, 

99.999%, Sigma-Aldrich; (iii) Methanol, ≥ 99.8% (ACS reagent), Sigma-Aldrich. (IV) 

Methanol, Semiconductor Grade, 99.9% min, Alfa Aesar. (V) PELCO® Conductive Silver 

Paint, TED PELLA. (VI) Gallium metal, 99.999% (metals basis), Alfa Aesar. (VII) 

Acetone, Thinner/Extender/Cleaner, TED PELLA. (VIII) SYLGARD 184 Silicone 

Elastomer Kit, Alfa Aesar. 

2.2. Synthesis of CsPbBr3 polycrystalline  

Polycrystalline CsPbBr3 was synthesized from binary CsBr and PbBr2 precursors in 

a tapered fused quartz ampoule (25 mm OD, 22 mm ID, and 350 mm length). The reaction 
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vessel containing the sample was subjected to the hydrogen reduction process, which was 

first heated to 120 °C under a dynamic vacuum for one hour to remove moisture, and then 

heated at 570 °C for an hour under a slow flowing hydrogen gas stream to complete the 

synthesis (Figure 2.1). The synthesis reaction is shown in Equation 1-2. The synthesized 

sample was cooled to room temperature under hydrogen and then flame-sealed under 0.3 

atm of H2 pressure. 

 

Figure 2.1. Schematic diagram of hydrogen reduction process of CsPbBr3 polycrystalline. 

2.3. Purification and crystal growth via horizontal zone refining 

High-purity single crystals are required for semiconductor applications, and 

purification of single crystals can be achieved by zone refining. The zone refining technique 

was firstly designed by Pfann in the 1950s to purify germanium and was mainly used in the 

purification of metals.73 In general, high purity of 99.999% can be achieved through zone 

refining.15 Nowadays, zone refining is also widely used to purify other materials such as 

elemental and compound semiconductors. The schematic diagram of the horizontal zone 

refining is displayed in Figure 2.2a. A circular heater is heated above the melting point of 
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the sample and slowly moves along the sample length from the “tip” to the “heel” end. Each 

time, a narrow region of the material will be melted by the heater, and this molten zone will 

slowly freeze and solidify as the heater moves forward. Figure 2.2b shows a temperature 

profile for a typical zone refining cycle, where the region above the melting point of 

CsPbBr3 is marked in red (567 °C). 

 

Figure 2.2. a) Schematic diagram of the horizontal zone refining process. b) Temperature 

profile of a typical zone refining cycle, including temperature gradients of heating and 

cooling processes. 

The principle of zone refining is based on the different solubility of impurities in the 

melt and solid. 15, 74  The difference in solubility of the impurities can be represented by the 

segregation coefficient (ko), expressed as the ratio of Cs/Cl (shown in Equation 2-1, Cs is 

the concentration in the solid, and Cl is the concentration in the melt).  

                                                                        ko = Cs/Cl                                                             (2-1) 

Different impurities possess different segregation coefficients in different raw materials. In 

most cases, impurities have a higher solubility in the molten zone than in the solid at the 
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interface (Cs < Cl), which makes them prefer to stay in the melt, move in the same direction 

as the heater, and eventually concentrate in the heel end.  In contrast, if Cs > Cl, impurities 

will be segregated at the tip end of the sample. Usually, this process will be repeated several 

times to improve the purification performance. When completed, the tip and heel of the 

ingot are discarded, leaving the purified middle section. In addition to semiconductor 

material purification, zone refining can also be used for crystal growth with a low traverse 

speed. The float-zone and travelling heater method (THM) crystal growth are variants of 

zone refining and are widely applied to produce high-quality crystalline materials.75, 76  

In this work, the flame-sealed samples were subjected to zone refining cycles. A 

tube furnace with a 4-inch heating zone was heated to a maximum temperature of 600 °C.  

The heater was moved along the length of the CsPbBr3-containing ampoule from the tip to 

the heel end. The furnace movement was controlled at a speed of 10-20 mm/hour by a 

programmable linear motion system. Upon the completion of each pass, the heater was 

quickly repositioned in front of the tip of the sample before the start of the next pass. After 

several zone refining passes at a higher speed, the sample was subjected to slower passes 

(5 mm/hour) to promote crystal growth. 

2.4. Identification of phase purity by powder X-ray diffraction (XRD) 

Powder X-ray diffraction is primarily used to identify the phase purity of crystalline 

materials.77-79 As shown in Figure 2.3, an X-ray diffractometer consists of three main parts, 

namely, an X-ray source such as an X-ray tube, a sample stage, and a detector. During the 

experiment, a sample is placed on the sample stage and illuminated with incident X-rays. 

This incident X-ray is generated from the X-ray tube by high-speed electrons colliding with 

a metal target. The X-ray tube and the detector move simultaneously, wherein the angle 
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between the incident X-ray and sample remains at θ, and the angle between the incident X-

ray and detector remains at 2θ. The detector produces an electrical signal which reflects the 

intensity of the X-ray it receives. 

 

Figure 2.3. Schematic diagram of an X-ray diffractometer, where the arrows on the X-ray 

tube and detector indicate the direction of movement. 

X-rays are used to interact with the crystalline materials because the wavelength (λ) 

of X-rays and the spacing (d) between regularly arranged lattice planes in crystalline 

materials are at a similar length scale. When the incident X-ray interacts with the atoms, 

elastic scattering happens, where the electrons absorb the energy from the X-ray and re-

emit the same amount of energy. If the amplitudes of scattered X-ray waves are aligned 

with each other, constructive interference occurs, which forms the basis of X-ray diffraction 

and shows as a peak in the diffraction pattern. Constructive interference only occurs at a 

specific angle between the incident X-ray and scattered X-ray (2θ), where there is at least a 

whole λ difference between the two interference X-rays. Bragg’s law (Equation 2-2) is 

applied to find the relation between spacing (d) and the diffraction angle 2θ (Figure 2.4a). 

                                              nλ = 2d sinθ (n = 1, 2, 3…)                                   (2-2) 
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During practical analysis, the crystalline materials will be ground to a homogeneously fine 

powder and then scanned through a range of angles. The signal produced by the instrument 

is a pattern showing the intensities of specific peaks at the associated diffraction angles, 

shown in Figure 2.4b. Since each material displays its unique d spacing, it generates a 

unique XRD pattern. The unknown sample can be identified and characterized by 

comparing its XRD pattern to a reference database. 

 

Figure 2.4. a) Constructive interference and Bragg’s law; b) An example XRD pattern of 

CsPbBr3. 

In this work, to identify the phase purity, as-grown single crystals were subjected to 

XRD analysis. About 2-3 mg of sample was ground to a fine powder and evenly placed on 

a zero background Si sample holder. XRD data were collected by using a Bruker D2 Phaser 

diffractometer using Cu Kα radiation (λ = 1.5418 Å) generated at a power of 30 kV × 10 

mA in the 2θ range of 10-80°, with a step size of 0.002°. 
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2.5. Trace impurity analysis by inductively coupled plasma mass spectrometry (ICP-MS)  

Inductively coupled plasma mass spectrometry (ICP-MS) is a highly sensitive 

analytical technique for elemental analysis, enabling the detection of trace elements in 

samples.80, 81 ICP-MS is capable of detecting most of the elements, with a few exceptions, 

including hydrogen, helium, and carbon. The first commercially available ICP-MS 

instrument was introduced in 1983, and since then, it has been continuously developed and 

advanced.82 With advantages such as low detection limits (below parts per trillion (ppt) or 

parts per billion (ppb)), high efficiency, and high productivity, ICP-MS has been applied in 

diverse fields such as food science and semiconductor industries.83 Generally, ICP-MS 

instruments are composed of the following main components (Figure 2.5): sample 

introduction system, which commonly consists of a nebulizer and a spray chamber, and 

usually deals with liquid samples; plasma source such as ICP torch, which breaks down 

sample molecules, atomizes, and then ionizes samples at extremely high temperatures 

(around 6000-7000 K); interface; vacuum system; lens, which focuses generated ions; 

quadrupole, which separates different ions based on the mass to charge ratios; and lastly a 

detector, measuring the intensity of individual ions.83, 84 Measured signal intensities of ions 

with different mass to charge ratios will be converted into elemental concentrations. Based 

on early research in our group, ICP-MS has been proven to be an efficient and effective 

tool to detect trace impurity levels in CsPbBr3 single crystals.85 
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Figure 2.5. Schematic diagram of the composition of ICP-MS, which is mainly consisted 

of the sample introduction system, ICP torch, interface, lens, quadrupole, and detector.86 

Reprinted from Elsevier Books, M. Aceto, Advances in Food Traceability Techniques and 

Technologies, 137, Copyright (2016), with permission from Elsevier. 

In this work, ICP-MS was used to detect trace impurity levels of as-grown CsPbBr3 

crystals. CsPbBr3 crystal samples (~0.1 g of each) were dissolved with 2% HNO3 and 

deionized water at 85°C on a hotplate and then sonicated to further dissolution. Samples 

were measured for major and trace element concentrations by Thermo Scientific iCAPTM 

PRO inductively coupled plasma optical emission spectrometer (ICP-OES) and iCAPTM 

triple quadrupole inductively coupled plasma mass spectrometry (TQ ICP-MS). AQUA1, 

SLRS6, and NIST1643f certified reference materials were measured at regular time 

intervals (n=5 samples) throughout the sequence to ensure accuracy and reproducibility of 

the measurements. Sample replicates were also measured to ensure the reproducibility of 

measurements. Calibration standards were run throughout the sequence to check and 

correct for any potential drift. The TQ was operated in three modes: single quadrupole with 

no cell gas (Li, Be, B, Sc, Ti, V, Mn, Ni, Cu, Ga, Ge, Rb, Nb, Pd, Sb, Te, Ba, Ce, Pr, Nd, 
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Re, Tl, Bi, U), single quadrupole in KED mode (He collision gas; Na, Mg, Al, Si, K, Ca, 

Fe, Co, Zn, Se, Zr, Mo, Ru, Rh, Ag, Cd, Sn, La, Sm, Eu, Dy, Ho, Er, Yb, Ta, W, Os, Ir, Pt, 

Au, Th) and triple-quadrupole with O2 as the reaction gas, utilizing mass shifting (P, S, Cr, 

As, Sr, Y, Gd, Tb, Tm, Lu, Hf). 

2.6. Elemental analysis by wavelength dispersive spectroscopy (WDS) 

Energy dispersive spectroscopy (EDS) and wavelength dispersive spectroscopy 

(WDS) are powerful and non-destructive elemental analysis tools for determining the 

chemical composition of a specimen.87-89  When an electron beam with sufficient energy 

interacts with the sample, an electron from the inner shells gets ionized and ejected. An 

outer shell electron comes down and occupies the vacancy. During this process, 

characteristic X-rays are emitted, and the associated energy is based on the electronic 

structure of the atom and the specific energy transition (Figure 2.6a). Because different 

elements possess unique energy states, the generated characteristic X-rays can be analyzed 

to determine the chemical composition qualitatively and quantitatively. Continuum X-ray 

(also called Bremsstrahlung X-ray) is generated by inelastic scattering, where the incident 

electron slows down and loses part of its energy when it passes around the nucleus, and this 

X-ray forms the background in the output spectrum.90  

There are two different ways to separate the characteristic X-rays, either based on 

measuring the energy by EDS or the wavelength by WDS. In EDS, a solid-state 

semiconductor detector (such as a silicon drift detector) is used to detect generated X-rays 

by generating charge carriers and converting the X-rays to electronic signals. The energy 

of the X-rays is then calculated by analyzing the electronic signals with a pulse processor, 

and the resulting EDS spectrum is composed of intensities as a function of energy. In WDS, 
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the spectrometer consists of analyzing crystals with particular lattice spacings that disperse 

the X-rays into different wavelengths based on diffraction. The detector then detects the 

intensity of X-rays of specific wavelengths received and generates electrical signals. While 

EDS can conduct rapid analysis and provide a full spectrum of parallel measurements, 

WDS takes a longer time to complete the analysis as it can only measure a few elements at 

a time. However, EDS suffers from a much lower energy resolution (typically around 

65~150 eV) and poor reproducibility, where WDS achieves a higher resolution (around 10 

eV) and higher accuracy in quantitative analysis, as shown in Figure 2.6b. In this work, 

WDS was used to determine the elemental compositions in the CsPbBr3 samples.  

 

Figure 2.6. a) An atomic model demonstrating the generation of the characteristic X-rays; 

b) Comparison of the energy resolution of EDS (red peaks) and WDS (blue peaks) of the 

Pb-S-Mo X-ray interference.90 

The CsPbBr3 crystals were first embedded in epoxy to form round mounts 2.5 cm in 

diameter. Grinding was done using a Struers LaboPol-30 lapping instrument, resin-bonded 
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diamond grinding discs (220, 500, 1200 grit), and mineral oil coolant. The mounts were 

then polished using the LaboPol-30, synthetic fibre polishing cloths, diamond pastes (9, 6, 

3, 0.25 µm), and oil-based coolant, followed by cleaning using methyl alcohol. Wavelength 

dispersive analyses were performed using a JEOL JXA-8230 electron microprobe housed 

in the Department of Geological Sciences and Geological Engineering at Queen's 

University. The accelerating potential was 15 kilovolts, and the beam current was 10 

nanoamps. The beam was defocused to a diameter of 10 microns to minimize beam damage. 

Peak and background count times for each X-ray line were 20 seconds each. Standards used 

in the analyses were synthetic CsTiOAsO4 (Cs Lα), natural galena (Pb Mα), and synthetic 

eutectic Tl (Br, I) (Br Lα).  The raw X-ray data were processed using the PAP model of 

Pouchou and Pichoir in conjunction with mass absorption coefficients of Heinrich.91, 92 

Secondary fluorescence was likely insignificant, and so corrections for it were omitted. X-

ray counting error was estimated using equations presented by Williams.93  

2.7. Raman spectroscopy 

Raman spectroscopy is a widely used analytical technique that determines chemical 

species and molecular structures by qualitative and quantitative analysis.94, 95 The 

fundamental principle of Raman spectroscopy is based on Raman scattering. When 

monochromatic light (mostly near-infrared and visible light) interacts with a sample, a 

small part of the light will be scattered by the material, while a significant amount of the 

light passes through. There are two types of scattering happening during this process: 

Rayleigh scattering and Raman scattering. Over 99% of the scattering is Rayleigh 

scattering, and the photon is scattered elastically with no energy loss or gain. In this case, 

no useful information about the molecular structure of the sample is provided, and it will 
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be filtered out during practical measurements. However, a very small portion of the light 

undergoes Raman scattering, where the energy of the scattering light is different from the 

incident light by either gaining or losing energy from the electrons. If the frequency of the 

scattered photon is smaller than the incident photon, it is called Stokes Raman scattering. 

Otherwise, it is anti-Stokes Raman scattering. Different energy state transitions of different 

types of scattering with corresponding intensities are shown in Figure 2.7. Identification of 

specific molecules could be achieved, as this energy change (usually measured as a change 

in wavenumber) of Raman scattering light reflects specific vibrational energy of the 

molecule and gives a unique Raman spectrum.  

 

Figure 2.7. Energy state transitions of Rayleigh scattering, Stokes scattering, anti-Stokes 

scattering, and their corresponding peak intensities.96 

In this work, the black impurity powder in the heel end of the crystal bulk after zone 

refining was collected and analyzed by a Renishaw InVia Raman Spectrometer to reveal 

the chemical composition and structural information. A 633 nm wavelength laser was used 
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to probe the molecular vibrations of the sample. The sample was analyzed at 10% power, 

with an exposure time of 30 s, and three accumulations for each area were analyzed. A 50× 

objective was used to focus the laser onto the surface, and the spot size analyzed was ~1 

μm in diameter. Seven spots in total were analyzed. 

2.8. Detector fabrication: cutting and polishing 

Before being fabricated into detectors, the as-grown single crystals need to undergo 

several processing procedures, such as cutting and polishing. Gamma-ray detectors are 

typically cut to thin wafers of several millimetres to centimetres in thickness by a high-

speed cutting saw. Polishing is required after cutting to obtain a uniform and optically flat 

crystal surface, which reduces surface defects and promotes the electrical performance of 

the detectors.15, 97 

The as-grown CsPbBr3 ingots obtained from the zone refining furnace were first 

sliced into 2-3 mm thick wafers by a precision saw (Struers Accutom-10) with a 0.010 

mm/s feeding rate. The sliced wafers were lapped and polished using an automatic Ecomet 

30 polisher with SiC sandpapers of successively finer grits. The finely polished samples 

were controlled to 1-2 mm in thickness.  

2.9. Photo-electrical measurements 

Once the cutting and polishing were completed, the test devices were prepared with 

metal contacts on both sides of the crystals. These contacts were prepared by attaching 

colloidal silver paint or liquid gallium metal to the top and bottom surface of the crystals. 

Detailed discussion about the metal contacts will be included in a later section. Copper wire 

and tape were used to connect metal contacts to the external circuit (Figure 2.8). 
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Polydimethylsiloxane (PDMS) was used to improve the stability by detector encapsulation. 

The devices were immersed in PDMS solution and cured overnight at room temperature. 

 

Figure 2.8. Main components of a fabricated CsPbBr3 test device.  

Current-voltage (I-V) curve measures the current flowing through the device under 

the applied bias.15 This measurement evaluates the electrical properties of semiconductor 

detectors, such as bulk resistivities and leakage current level. By measuring the current 

within the range from -1 to 1 voltage, a linear and symmetric I-V curve across the origin is 

obtained. At low biases, I-V is less affected by the contacts and surface issues, and the 

intrinsic resistivities of the devices can be calculated by using the slope of the curve. I-V 

measurements at high biases are necessary to determine the highest bias that can be applied 

to the detector before breakdown occurs.15 In this project, CsPbBr3 devices were placed in 

a dark metal box to block the ambient light. I-V curves of CsPbBr3 devices were measured 

by connecting the devices to a Keithley 6517b electrometer to control the external bias, and 

each recorded data point was an average of 10 measurements. 

As a crucial optoelectrical property, photosensitivity was measured by 

photoresponse tests. With the lights turned on, semiconductor materials absorb the energy 



32 

 

of incoming photons and generate electron and hole carriers. These carriers are separated 

and collected by the external circuit under the applied bias, and the photocurrent generated 

in this process flows through the circuit.98 In contrast to photocurrent, dark current is mainly 

caused by thermal energy and is the primary source of the noise level. The ratio between 

the photocurrent and the dark current, also known as signal-to-noise ratio (SNR), is a figure 

of merit in the photodetectors.99 The higher the SNR, the higher the photosensitivity of the 

detector. In this work, photosensitivity data of CsPbBr3 single crystals were measured and 

collected over time under a constantly applied bias coupled with a blue LED light (20 mW) 

turning on and off at a set time interval. The photocurrent generated at different biases as a 

function of time was plotted and analyzed. 
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Chapter 3 

Results and Discussions 

This chapter starts with the observation of the volatilization of the precursors during the 

original zone refining process. To suppress the volatilization and achieve high-quality crystal 

growth, a H2 gas back fill procedure was implemented. A series of CsPbBr3 samples were purified 

and grown from this modified zone refining under different growth histories to explore the optimal 

growth protocol. Subsequently, the properties of the as-grown single crystals were characterized. 

The orthorhombic phase purity of grown CsPbBr3 at room temperature was identified by XRD. 

The chemical composition of black impurity accumulated to the heel end of the crystal ingot during 

zone refining was identified as amorphous carbon by Raman spectroscopy. Apart from carbon 

impurity, other trace impurities were analyzed by ICP-MS, and a total impurity level of less than 

1 ppm was achieved for most samples. To evaluate the semiconducting properties of the CsPbBr3 

crystals, I-V curves and photoresponse tests were used. Samples grown from varying histories, 

such as different Cs: Pb ratios, exhibited different photosensitivity. Lastly, the instability of 

CsPbBr3 test devices coupled with Ag-Ag contacts was observed. The stability of the devices was 

largely improved by replacing Ag-Ag contacts with Ga-Ga contacts and encapsulation.  

3.1. Improved single crystal growth via modified zone refining 

3.1.1. Synthesis and purification of CsPbBr3 via zone refining 

Polycrystalline CsPbBr3 was synthesized from binary CsBr and PbBr2. The sample 

was first heated to 120 °C under vacuum for an hour to remove moisture in the precursors, 

and then heated at 570 °C (above CsPbBr3’s melting point) under a slow-flowing hydrogen 

gas stream for an hour to complete the synthesis and remove residue moisture and oxides. 
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This reduction process under H2 is essential, as oxides can lead to potential quartz breakage.  

A tube furnace with a 4-inch heating zone was heated to 600 °C to ensure a sufficient 

melting zone of CsPbBr3. This furnace moved along the length of the CsPbBr3-containing 

ampoule with a speed of 10-20 mm/hour for multiple passes to purify the sample.  

3.1.2. Severe decomposition observed during zone refining 

In earlier experiments, pre-synthesized samples were flame sealed under a high vacuum 

(around 1×10-4 mBar) followed by zone refining for purification. During the zone refining of 

CsPbBr3, as Figure 3.1a shows, severe decomposition was observed, where binaries evaporated 

upon heating and solidified while cooling down. WDS was used to identify the elemental 

composition of the white particles solidified on the ampoule. Crystal pieces taken from the tip and 

middle sections of the zone refined CsPbBr3 bulk were also subjected to WDS analysis. After being 

mounted and polished, the WDS test samples are displayed in Figure 3.1b, c, and d.  

 

Figure 3.1. a) The volatilization of the precursors during the zone refining. b), c) and d) The WDS 

test samples of white particles, tip, and middle pieces of the crystal bulk after being mounted in 

epoxy, respectively. 
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The test results are shown in Table 3.1. For the white particles, two phases were detected. 

The test data of phase 1 were normalized based on the mole fraction of Pb, and the data of phase 

2 and other samples were normalized based on the mole fraction of Cs. Two phases of the while 

particles were identified as PbBr2 and CsPb2Br5, respectively. This indicates that, during the zone 

refining, a large amount of CsPbBr3 decomposed to PbBr2 and CsBr, and PbBr2 was evaporated at 

high temperatures. With the heater slowly passing by and the temperature gradually cooling down, 

PbBr2 solidified on the surface of sample bulk and the top wall of the ampoule. CsBr, however, 

due to its high boiling point, stayed with the melt and was brought to the heel end of the sample. 

For the tip and middle pieces of the crystal bulk after zone refining, both samples were identified 

as CsPbBr3 with around 1% Cs deficiency.  

Table 3.1. WDS analysis results of three samples.* 

Sample information 

Mole fraction 

Cs Pb Br 

White particles (phase 1) 0.0118 ± 0.02 1.0000 ± 0.02 1.9530 ± 0.009 

White particles (phase 2) 1.0000 ± 0.004 2.0406 ± 0.01 5.1096 ± 0.01 

Tip crystal pieces 1.0000 ± 0.008 1.0099 ± 0.005 3.0004 ± 0.009 

Middle crystal pieces 1.0000 ± 0.005 1.0116 ± 0.007 2.9951 ± 0.006 

(*: It is worth noting that the WDS test results for CsPbBr3 samples displayed slightly low analytical totals, which 

were most likely due to systematic errors in the matrix corrections.) 
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3.1.3. Evaporation control by H2 gas back fill 

To suppress the volatilization of the precursors, a H2 gas back fill procedure was 

implemented, where the pre-synthesized CsPbBr3 was flame-sealed under 0.3 atm of H2 pressure. 

0.3 atm was used because a higher amount of H2 would cause the flame sealing process to fail. 

This H2 pressure effectively controlled the vapour pressure in the ampoule and diminished the 

volatilization of the binary salts during the zone refining. With a better stoichiometry control, a 

uniform melt was achieved along with the crystal bulk with no residual unmolten chunks or 

significant volatilization (Figure 3.2). 

 

Figure 3.2. Comparison of the zone refining performances between two different sealing: a) 

sealing under a high vacuum, b) sealing with H2 gas filling.  

3.2. As-grown single crystals and the characterizations 

3.2.1. As-grown single crystals 
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The modified zone refining with H2 gas back fill sealing was used to produce high-quality 

single crystals. When the purification and crystal growth were complete, bulk crystalline CsPbBr3 

sections were obtained.  Along the direction of furnace movement, the tip and middle parts of the 

samples (first to freeze) appeared to be orange in colour and highly transparent. The heel sections 

(last to freeze) were darker to opaque-black in colour, demonstrating a strong accumulation of 

black impurity to the heel end (shown in Figure 3.3a and b). The Powder X-ray diffraction pattern 

of as-grown CsPbBr3 crystals is shown in Figure 3.3c. Referring to the calculated data, the crystals 

grown from zone refining exhibited a pure orthorhombic phase at room temperature. The low-

intensity peak at around 19.3 degrees is a Kβ contribution. The clear sections of the as-grown 

crystals were then processed by cutting (Figure 3.3d) and polishing. The processed crystals 

displayed good transparency (Figure 3.3e).  

 

Figure 3.3. a) and b) CsPbBr3 samples after the zone refining. c) Powder X-ray diffraction pattern 

of the grown CsPbBr3 crystals. d) As-cut crystal wafers. e) The polished wafer. 
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A series of CsPbBr3 crystals (sample 1127, 1142, 1149, 1153, 2016, and 2033) were grown 

via the modified zone refining at different conditions to explore an optimal growth protocol. Table 

3.2 displays the growth histories of these samples, while a baseline sample labelled 1100 was 

grown from the Bridgman method with a 0.5 mm/hour pulling rate (thermal gradient: 21.5 ℃/cm). 

Different ratios of precursors PbBr2 and CsBr (sample 1127, 1149, 1153) were used to investigate 

the optimal molar ratio between Pb and Cs. Argon gas back fill was also investigated with sample 

1142. Sample 2016 was grown to examine the effects of separate zone refining of PbBr2 and CsBr, 

where the precursors were zone refined separately for around 20 passes. The CsPbBr3 single crystal 

was then grown from the zone refined PbBr2 and CsBr by the Bridgman method. Lastly, sample 

2033, which was zone-refined for around 15 passes, was prepared to study the impact of the 

number of zone refining passes on crystal quality. 

Table 3.2. Growth histories of different samples. 

Sample 
PbBr2/CsBr 

molar ratio 

 

 

 

 

 

Sealing 

condition 

Number of the zone- 

refining passes 

1100 1.00:1.00 Vacuum Bridgman method 

1127 1.00:1.00 0.3 atm H2 5 

1142 1.00:1.00 0.3 atm Ar 5 

1149 1.02:1.00 0.3 atm H2 11 

1153 1.00:1.01 0.3 atm H2 5 

2016 1.00:1.00 Vacuum 

Separate zone refining, 

Bridgman method 

2033 1.02:1.00 0.3 atm H2 15 
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3.2.2. Carbon impurity isolation and identification 

While the transparent sections of as-grown CsPbBr3 were fabricated into detector devices 

for photo-electrical measurements, the dark, opaque parts were subjected to impurity analysis. 

Black impurity often appeared after samples completed the reduction and zone refining. During 

the zone refining, the black impurity accumulated at the heel end of the sample (last-to-freeze). 

Based on the chemical behaviour of the black impurity, it was suspected to consist mainly of 

carbon from the decomposition of organic solvent residue in the precursors.  

To isolate the black impurity from CsPbBr3, a vacuum sublimation of the heel pieces was 

performed, and the results were shown in Figure 3.4a. Isolated black impurity powder was 

collected and subjected to Raman spectroscopy analysis to identify its composition and structure. 

Seven spots were investigated, and the corresponding spectra were normalized to the same peak 

height. As Figure 3.4a shows, all seven spots contained peaks at 1356 cm-1 and 1580 cm-1, which 

matches with amorphous carbon reference. The photoresponses of heel pieces were also measured. 

Figure 3.4b shows the photoresponse performance of a heel piece from sample 1127 (detector 

thickness: 1.25 mm). The heel piece exhibited significantly low photosensitivity with an average 

SNR of less than 5 due to the high concentration of carbon impurity that could act as carrier traps 

and reduce charge collection efficiency. 
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Figure 3.4. a) Raman spectra of the black impurity. Insert shows the isolation of the black impurity 

from CsPbBr3. b) Photoresponse of sample 1127-heel piece. 

3.2.3. Trace impurity analysis of CsPbBr3 single crystals by ICP-MS 

In addition to carbon, other trace impurity elements in the CsPbBr3 samples were also 

expected to segregate towards the tip or the heel sections during zone refining. Based on early 

research in our group, an ICP-MS protocol has been developed to detect trace impurity levels in 

CsPbBr3 single crystals.85 Here, ICP-MS was used to analyze up to 66 trace elements in the as-

grown single crystals, where carbon is excluded as ICP-MS is insensitive to carbon. Multiple 

pieces from the same sample at different locations along the crystal bulk were taken for ICP-MS. 

In all samples, most trace elements exhibited a concentration level that lies below the method 

quantification limits (< MQL). As shown in Figure 3.5, the total impurity concentration of most 

samples after zone refining is below 1 ppm, indicating the high purity of grown single crystals. 

The two dominating trace impurities are Na and Rh (90% of the total impurity concentration), 

which might be introduced from the precursor materials. Compared to sample 1100, which did not 

go through any zone refining, most of the zone-refined samples reached a lower total impurity 
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level, indicating the efficiency of the zone refining purification. For sample 1149, five crystal 

pieces from different locations along with the bulk from the tip to heel (Figure 3.5 insert)) were 

taken for ICP-MS measurements. There is a clear trend that the total impurity level increases along 

the zone refining direction (i.e., from first to freeze to last to freeze). The closer the test piece was 

to the heel, the more impurity it contained.  

 

Figure 3.5. Total impurity concentrations of different samples. Insert shows the position of the 

test pieces taken from sample 1149, e.g., ‘w010’ indicates 10 mm from the tip of the bulk.  

3.3. Photo-electrical properties of CsPbBr3 devices 

3.3.1. Photoresponses of samples grown from different molar ratios of CsBr: PbBr2 

To evaluate the semiconducting properties of the CsPbBr3 crystals, the standard 

current-voltage (I-V) tests and photo-response measurements were used. Processed 

CsPbBr3 crystals with similar thicknesses (1-2 mm) were fabricated into detectors with the 
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electrode configuration of Ag contact/CsPbBr3/Ag contact. These photo-electrical data 

form a series of comparable feedback to guide the preparative experiments to produce 

single crystals with the highest SNR under the illumination of a light source. 

As discussed previously, heel pieces containing high concentrations of carbon 

impurity exhibited extremely low SNRs (less than 5), because the impurity could act as 

trapping centres for charge carriers and reduce the photosensitivity of the material. In 

addition to the carbon impurity, the minor off-stoichiometry in the CsPbBr3 samples can 

strongly modify their electrical behaviours. A series of CsPbBr3 samples (1127, 1149, 

1153) with varying Cs: Pb ratios were prepared via the optimized zone-refining method. 

WDS was used to accurately determine the elemental compositions of these samples and 

the results are shown in Table 3.3. The baseline sample 1100 produced via the Bridgman 

method is also included in the table. Despite the different growth techniques and starting 

compositions, the molar ratios of Cs: Pb in the grown crystals are all close to 1:1.012. This 

result elucidated a natural tendency for the CsPbBr3 crystals to maintain a Cs deficiency. 

This also indicates that a slight deviation from the stoichiometry of the starting materials 

does not affect the internal Pb/Cs molar ratio in the as-grown crystals. However, samples 

with different ratios of precursors did display significantly different photoresponses. 
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Table 3.3. Pb/Cs molar ratios in different samples after crystal growth. 

Sample 

Precursor Materials            After Crystal Growth 

CsBr/ PbBr2 Cs Pb 

1100 1.00:1.00 1.0000 ± 0.006 1.0139 ± 0.006 

1127 1.00: 1.00 1.0000 ± 0.005 1.0115 ± 0.008 

1149 1.00: 1.02 1.0000 ± 0.005 1.0117 ± 0.008 

1153 1.01: 1.00 1.0000 ± 0.003 1.0117 ± 0.005 

 

The photoresponses of the above four samples are shown in Figure 3.6 a-d. Sample 

1100 (Figure 3.6a, detector thickness: 1.50 mm) exhibited an average SNR of less than 5 at 

50 V and 100 V. This sample exhibited similar photoresponse performances to the heel 

pieces containing high concentrations of carbon, suggesting that the low photosensitivity 

of 1100 is caused by the dominating impact of carbon as carrier traps. Compared to 1100, 

the photoresponse of sample 1127 (Figure 3.6b, detector thickness: 1.50 mm) was largely 

improved with an over 130 on/off ratio at 50V. The photosensitivity was further enhanced 

by sample 1149 (Figure 3.6c, detector thickness: 1.20 mm), grown from a 2% extra molar 

ratio of PbBr2. The SNR reached over 200 at 50 V and over 100 at 100 V, presenting the 

best photoresponse and the highest photocurrent among all the tested samples. The potential 

explanation may be that the Pb-rich system prohibited the formation of certain types of 

deep level carrier traps of CsPbBr3 single crystals. Sample 1153 (Figure 3.6d, detector 

thickness: 1.10 mm), started with a 1% molar ratio extra CsBr, exhibited low and 
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continuously decreasing photocurrent, indicating that the use of slightly excess Cs did not 

improve charge transport properties. 

 

Figure 3.6. Photoresponses of CsPbBr3 detectors fabricated from a) sample 1100, b) sample 

1127, c) sample 1149, d) sample 1153 at 50 V and 100 V.  

Compared to the three samples that went through zone refining, Bridgman-grown 

sample 1100 showed the lowest photoresponse, demonstrating the importance of zone 

refining in improving the photosensitivity by removing carbon impurity. Among all the 

samples with different ratios of precursor materials, sample 1149, which was grown from 

extra PbBr2, showed a superior photoresponse. This indicates that a slightly extra Pb as 
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precursors was beneficial for enhancing the electrical properties of the single crystals by improving 

the photosensitivity and controlling the dark current level. 

3.3.2. Effects of Ar gas back fill 

Sample 1142 was filled with 0.3 atm of Ar gas and grown via zone refining. The detector 

(thickness: 1.40 mm) fabricated from this sample with Ag-Ag contacts was subjected to 

photoresponse measurements. Compared to the H2 filling sample 1127 (Figure 3.7a), 1142 

exhibited much lower photocurrent and SNRs under different voltages (Figure 3.7b). H2 back fill 

seems to be more favourable for crystal growth, possibly due to the reductive nature of hydrogen, 

which helps to prevent the formation of oxides during crystal growth. 

 

Figure 3.7. Photoresponses of sample a) 1127, b) 1142 at 50 V and 100 V. 

3.3.3. Effects of separate zone refining of CsBr and PbBr2 

Unlike the other samples, sample 2016 was grown from separately zone-refined 

PbBr2 and CsBr. This process separately purified the precursor materials, followed by the 

synthesis of CsPbBr3 and the crystal growth via the Bridgman method in a new ampoule. 
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Such a complex sample preparation process is likely to introduce more unintentional 

impurities into the material. When the growth was complete, a crystal ingot around 45mm 

long with several internal cracks was obtained (Figure 3.8a). As Figure 3.8b shows, the 

photoresponse performances of the device (1.28 mm) fabricated from this sample with Ga-

Ga contacts exhibited low SNRs (less than 100) at different voltages. A potential cause of 

the low photocurrent could be the high impurities and defects in the crystal.  

 

Figure 3.8. a) As-grown crystal ingot of sample 2016. b) Photoresponses of sample 2016 at 

50 V and 100 V. 

3.3.4. Effects of extended zone refining 

Sample 2033 was grown via zone refining for around 15 passes. As shown in Figure 3.9a-

d, as the number of zone refining passes increased, more cracks and cloudiness formed in the 

sample. At the 4th pass (Figure 3.9a), the sample exhibited good transparency. The crystal started 

to get opaque at the 7th pass (Figure 3.9b), and large cracks were formed in the sample after the 

10th pass (Figure 3.9c and d). This shows that the quality slowly deteriorated as the number of zone 
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refining passes increased. When growth was complete, this sample was analyzed by WDS, and the 

results show that the molar ratio of Cs to Pb is close to 1.0000: 1.0290, indicating a severe off-

stoichiometry. Photoresponse of this sample was also tested via a 1.10 mm-thick device equipped 

with Ga-Ga contacts, as shown in Figure 3.9e. At 10 V and 100 V, it reached around 40~50 SNR. 

However, the dark current exceeded over 100 nA at 500 V. Low photosensitivity and poor control 

of dark current at high voltages may be due to the presence of internal cracks and defects. 

 

Figure 3.9. Sample 2033 appearances after different passes of zone refining: a) 4 passes. b) 

7 passes. c) 10 passes. d) 13 passes. e) Photoresponses of sample 2033 at 10 V and 100 V.  

3.3.5. Characteristic current-voltage (I-V) measurements 

The intrinsic resistivity measurements of all the samples have been investigated via 

characteristic I-V curves. Figure 3.10a and b show the I-V curves measured from sample 

1127 and 1149, respectively. All tested samples reached a resistivity at around 108~109 

Ω·cm, calculated from the slopes of the I-V curves from -1 V to 1 V or -10 V to 10 V range, 

meeting the requirements of high resistivity for high-performance radiation detectors. 
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Figure 3.10. I-V curves of a) sample 1127 from -10 V to 10 V, b) sample 1149 from -1 V to 1 V. 

3.4. CsPbBr3 device design and improvement 

3.4.1. Ag-Ag contacts performances and behaviours 

In earlier experiments, the test devices were equipped with Ag contacts on both sides of 

the CsPbBr3 crystal wafers. Figure 3.11a and b show the photoresponse performances of samples 

1149-040 and 1149-046, respectively. Fast rise and decay time could be seen in both devices. 

However, sawtooth photocurrent was often observed, which showed that the photocurrent was not 

stable over time. Also, the instability of test devices with Ag-Ag contacts was noticed by re-

measuring their photoresponse performances after a period of time from the first test. 

Figure 3.11a displayed the photoresponse measurement of 1149-040 at the first test. The 

dark current was controlled at a low level, and a decent photocurrent was observed, which 

exhibited SNRs over 100 under different voltages. This device was retested three days later, and 

the photoresponse is shown in Figure 3.11c. The dark current increased significantly, and its 

photosensitivity greatly reduced with a significant fluctuation, resulting in much lower SNRs (less 

than 20 at different voltages) than the original test result. Similar tests were done on 1149-046. 

The photoresponses of the first and second test (5 days later) are displayed in Figure 3.11b and d, 
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respectively. The dark current at 50 V increased from around 1 nA (first test) to over 100 nA 

(second test), leading to an extremely high noise level. 

 

Figure 3.11. Photoresponses of sample a) 1149-040 first test, b) 1149-046 first test, c)1149-040 

second test, d)1149-046 second test. 

In summary, instability of the test devices with Ag-Ag contacts was discovered, which led 

to a severe decrease in SNR and high dark current. The decreased stability may be due to the 

reaction between the silver paste in acetone solution and the surface of CsPbBr3 crystals, as a black 

mark was often found where the contact attached to the crystals. Another reason may be that the 

test devices were constantly exposed to the air, and moisture and oxygen in the environment could 

gradually damage the crystal quality.  
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3.4.2. Improved CsPbBr3 device design 

As discussed above, the test devices coupled with Ag-Ag contacts displayed unstable 

photocurrent, low stability, and high dark current at high applied voltages. According to earlier 

studies, CsPbBr3 single crystals exhibited p-type conductivity behaviour, in which the holes 

(positive charge) are the majority carriers.58 To achieve higher stability over time and better control 

of dark current, metallic gallium (Ga) was used on both sides of the crystal wafers because it can 

act as a blocking contact for p-type semiconductors to suppress the dark current. A fabricated 

device with Ga-Ga contacts is shown in Figure 3.12a. In addition, the device was encapsulated 

with PDMS solution to insulate it from air and moisture and improve its durability (Figure 3.12b).  

 

Figure 3.12. Fabricated test devices with Ga-Ga contacts, a) without PDMS, b) with PDMS. 

Devices fabricated from sample 1130 (growth history shown in Appendix 2) and 1149-027 

were coupled with Ga-Ga contacts and encapsulation. These devices were then subjected to 

photoresponse measurements to investigate their stability. Figures 3.13a-d show the 

photoresponses of the 1130 first test, 1130 second test (5 days later), 1149-027 first test, and 1149-

027 second test (5 days later), respectively. In contrast to sawtooth photocurrent observed in the 

previous photoresponse measurements, devices with Ga-Ga contacts displayed smooth 
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photocurrent, indicating a better control of dark current. In addition, the dark current and 

photocurrent remained at a similar level between the two tests for both samples, resulting in a more 

stable SNR. Therefore, with Ga-Ga contacts and the encapsulation, the stability of CsPbBr3 test 

devices was greatly improved, and the dark current was controlled at a lower level at high voltages. 

However, Ga-Ga contacts still suffered from a long rise time, causing delays to reach the maximum 

photocurrent at applied biases. Thus, more potential metal contacts should be investigated to 

promote better photo-electrical performances. 

 

Figure 3.13. Photoresponses of sample 1130 a) first test, b) second test. Photoresponses of sample 

1149-027 c) first test, d) second test.  
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Chapter 4 

Conclusions and Future Work 

4.1. Conclusions 

All-inorganic lead perovskite semiconductor, CsPbBr3, exhibits a great potential for being 

the next generation of commercial ionizing radiation detector material due to its excellent carrier 

transport properties. Low cost and simple growth from melt or solution have also promoted the 

development of this material. This project aims to explore a more efficient purification and growth 

protocol to produce high-quality CsPbBr3 single crystals. In this work, polycrystalline CsPbBr3 

was synthesized from the melt of binary compounds CsBr and PbBr2. Moisture and oxides in the 

synthesized CsPbBr3 compounds were removed by a reduction process under hydrogen. A 

modified zone refining process that combines purification and crystal growth was used to produce 

high-quality CsPbBr3 single crystals. However, severe volatilization of the precursors was 

observed in the samples flame-sealed under a high vacuum. To improve the growth process and 

control the vapour pressure during the zone refining, 0.3 atm H2 gas back fill was implemented 

before flame sealing. In addition to H2 gas, the same amount of Ar was used to fill a sample. The 

Ar filling sample exhibited a much lower photocurrent than the H2 filled samples, suggesting that 

H2 appears to be more favourable for crystal growth due to its reductive nature. 

A series of CsPbBr3 single crystals with different growth histories were grown via modified 

zone refining to explore the optimal growth conditions. As-grown single crystals were subjected 

to a number of analytical measurements. The black impurity that accumulated to the last-to-freeze 

section was identified as amorphous carbon by Raman spectroscopy. Apart from carbon impurity, 
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the concentrations of up to 66 trace elements were determined by ICP-MS. Most of the samples 

contained less than 1 ppm of total impurities, indicating the high purity of the grown crystals. 

After the purification and crystal growth, CsPbBr3 single crystals were processed and 

fabricated into devices to measure their electrical properties. Calculated from I-V curves, all 

samples reached a high resistivity within a range of 108~109 Ω·cm, meeting the requirements of 

high resistivity for high-performance radiation detector materials. Photoresponse performances of 

as-grown crystals from different growth conditions were carried out, and these photo-electrical 

data reflected the semiconducting properties of the CsPbBr3 crystals. The non-zone refining 

sample 1100 exhibited the lowest SNRs due to the dominating impact of carbon. In contrast, test 

devices fabricated from zone-refined CsPbBr3 exhibited dozens of times higher photoresponse 

performances, highlighting the importance of zone refining in purification. Among samples grown 

from different ratios of precursors, a natural tendency of around 1% Cs deficiency was found in 

the grown crystals by WDS analysis. However, samples with varying ratios of precursor did show 

significantly different photoresponse performances. Sample 1149, synthesized from a 2% molar 

ratio of extra PbBr2, exhibited the best photoresponse performance and displayed an average of 

SNR over 200 at 50 V. In addition, the number of zone refining passes also affects the quality of 

the grown crystals, as excess zone refining might lead to a high density of defects during growth.  

The photo-electrical behaviour of different metal contacts, Ag and Ga, were investigated. 

The test devices coupled with Ag-Ag contacts displayed unstable photocurrent, low stability, and 

high dark current level at high applied voltages. High stability of the test devices was achieved by 

equipping them with Ga-Ga contacts and PDMS encapsulation. Compared to the devices with 

Ag/Ag contacts, this improved device design was able to maintain high photosensitivity and low 

dark current levels over time.  
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4.2. Future work 

Although the modified zone refining introduced in this work has produced high-quality 

single crystals with excellent photosensitivity, crystal quality can be further improved by 

optimizing more critical factors in the purification and crystal growth process, including the 

optimal traverse speed of the furnace, the ideal number of total zone refining passes, and precise 

control of the heating and cooling process. In addition, more electronic characterization of grown 

crystals should be carried out, including the estimation of the mobility-lifetime product of the 

detector and trap density studies, which helps to understand the properties of the grown crystals at 

a deeper level. Moreover, a standardized device processing and fabrication with controlled 

thickness and size, and polishing protocols of the test devices should be designed to maintain 

consistency in the samples. Lastly, more potential metal contacts should be investigated to promote 

optimal electrical properties and performances.  
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Appendix 

Appendix A. The concentrations of 66 trace elements detected in the sample 1149 w030 by ICP-

MS. The total impurity level is around 729 ppb wt. 

Elements 

Concentrations 

/ppb wt. 

Elements 

Concentrations 

/ppb wt. 

Elements 

Concentrations 

/ppb wt. 

Li < MQL Ge < MQL Sm 0.000 

Be < MQL As < MQL Eu 0.013 

B < MQL Se 1.9 Gd 0.014 

Na 465.0 Rb < MQL Tb < MQL 

Mg < MQL Sr < MQL Dy 0.003 

Al < MQL Y < MQL Ho 0.003 

Si < MQL Zr < MQL Er 0.000 

P < MQL Nb < MQL Tm 0.000 

S < MQL Mo 6.7 Yb 0.002 

K < MQL Ru < MQL Lu 0.000 

Ca < MQL Rh 246.0 Hf < MQL 

Sc < MQL Pd < MQL Ta < MQL 

Ti < MQL Ag < MQL W < MQL 

V < MQL Cd 0.000 Re 0.003 

Cr < MQL Sn < MQL Os < MQL 

Mn < MQL Sb < MQL Ir < MQL 

Fe < MQL Te < MQL Pt < MQL 

Co < MQL Ba 0.539 Au < MQL 

Ni < MQL La 0.038 TI 0.926 
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Cu < MQL Ce 0.061 Bi 8.5 

Zn < MQL Pr 0.001 Th < MQL 

Ga < MQL Nd < MQL U < MQL 

 

Appendix B. Growth history of sample 1130 

Sample 1130 was grown from the remaining material of sample 1127 after removing the 

black impurity. A 3% molar ratio of PbBr2 was added before the growth. The sample was dried 

under vacuum at 120 °C and went through a reduction process under H2 flow at 570 °C. When the 

reduction was completed, the ampoule containing the sample was flame sealed with 0.3 atm H2 

gas fill. 5 runs of zone refining were performed, with 4 runs at 10 mm/hour and the last one at 5 

mm/hour. 

Appendix C. Summary of the photo-electrical properties of all tested sample devices. 

Sample 

code 

Zone 

refining 

passes 

Device 

thickness 

Metal 

contacts 

Resistivity 

Ω·cm 

Photoresponse 

SNRs (average) 

1100 N/A 1.50 mm Ag-Ag ~1.5 * 109 50 V: 3 

100 V: 3 

1127 5 1.50 mm Ag-Ag ~1.7 * 109 50 V: 139 

100 V: 83 

1142 5 1.40 mm Ag-Ag ~8.5 *109 50 V: 39 

100 V: 61 

1149 11 1.20 mm Ag-Ag ~1.0 * 109 50 V: 201 

100 V: 103 
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1153 5 1.12 mm Ag-Ag ~4.0 * 108 50 V:  53 

100 V: 35 

2016 N/A 1.28 mm Ga-Ga ~ 8.1 * 108 50 V: 53 

100 V: 69 

2033 15 1.10 mm Ga-Ga ~1.8 * 108 10 V: 39 

100 V: 33 

 


