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Abstract

Organic-inorganic hybrid perovskites, such as MAPbBT3, have garnered significant interest in
recent years as a potential material for radiation detection due to their outstanding optoelectronic
properties, low-cost solution growth, and easily tunable stoichiometry. As a result, perovskites
have emerged as a promising low-cost option for spectroscopy and nuclear imaging applications.
However, several challenges must be addressed to develop MAPbBr; for ionizing radiation
detection. This dissertation presents the development of MAPbBr; for radiation detection through
three interrelated components. First, an improved crystal growth method was designed and studied
to address the large size and high-quality crystals needs of radiation detectors. This method has
significantly advanced the growth of MAPbBr3 single crystals, yielding crystals with fewer trap
sites and better performance. These crystals have been thoroughly tested and exhibit exceptional
purity, thermal stability, and enhanced optical and electrical properties. Their X-ray detection
sensitivity is notably higher than existing materials and meets the requirements of radiation
detection. Second, Cl-doping with MAPbBr3 was studied to enhance material properties necessary
for radiation detection. MAPbBr3 single crystals with varying amounts of Cl doping and their
chemical, optical, electrical, and radiation detector performance were evaluated. The results
showed that Cl doping successfully enhanced the electrical properties of the crystal, resulting in
improved electrical resistivity. Gamma-ray and X-ray detection were achieved, and the X-ray
sensitivity of 4% Cl-doped MAPbBr3 single crystal was found to be 155 times better than the
currently widely utilized a-Se X-ray detector material. Lastly, the effect of electrode selection on
detection performance was investigated by preparing semiconductor devices with various metal

combinations. The results showed that chromium and nickel are excellent electrode selections and

il



have demonstrated improved X-ray sensitivity. Although certain challenges remain, the methods
and developments presented in this dissertation demonstrate the exceptional potential of MAPbBT3

for detection of ionizing radiation.
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Chapter 1. Research Background

1.1 Introduction

Technological advancements in nuclear science and engineering have enabled the harnessing
and use of ionizing radiation to improve our lives[1], [2], [3]. Consequently, radiation detection
technologies have found irreplaceable roles in applications such as the detection and analysis of
radioactive materials, identification of nuclear security threats, monitoring industrial radiation
emissions for safety and compliance, medical imaging, nuclear medicine, and academic
research[4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19][20], [21],
[22], [23], [24], [25]. Commercially deployed detection systems require improvements including
the use of new materials to reduce costs, improve detection efficiency, and maintain long-term
stability[26], [27], [28], [29], [30]. As a result, perovskites have received attention as low-cost and
high-efficiency alternatives to state-of-the-art detector materials[26], [31], [32], [33], [34], [35].
This dissertation presents a methodical study conducted in the development of MAPbBr; for
detectors of ionizing detectors, the first chapter presents a review of the development of detector
materials, followed by a discussion of the essential physics and requirements for such detector
materials, and explains why methylammonium lead tribromide (MAPbBr3) perovskite is a good
candidate material. Finally, the chapter concludes by discussing the challenges that must be
addressed to develop MAPbBr; based radiation detectors. The second chapter presents the
experimental methods for all the chapters to follow. The third chapter discusses the design and
development of polymer assisted crystal growth process. The fourth chapter discusses the rational

and results of Cl-doping with MAPbBr3, the fifth chapter discusses the results of electrode



engineering studies. Lastly the dissertation concludes by discussing conclusion and future work in

Chapter 6.

1.2 Gamma-Ray Detection Technologies

First discovered by Paul Villard in 1900 , gamma rays are high-energy electromagnetic waves
generated from the nucleus of an atom. Ten years after their discovery, Bragg demonstrated that
much like X-rays, gamma rays are an ionizing radiation. The early days of gamma-ray detection
were mainly focused on observing their presence using photographic plates, and proper gamma

radiation measuring technologies were not developed until 1928 .

In 1928, Hans Geiger and Erwin Wilhelm Muller developed the Geiger-Mueller (G-M) tube,
which, in the same year, led to the development of the first radiation counter called the Geiger
counter. Geiger counters are composed of a gas-filled tube with a wire-type electrode; when
ionizing radiation is incident on the counter, it ionizes the gas and generates an avalanche of
electrons, resulting in a current pulse. Counting these electric pulses enables measurements of the
intensity of the incident radiation[36], [37], [38]. For specific values of the high voltage applied to
the electrode of the gas-filled counter, the generated current pulse can be proportional to the energy
of the ionizing radiation incident on the counter, and the counter in such ‘proportional’ mode is
used to measure the energy of gamma rays. However, due to their inability to measure gamma-ray

energy spectrum, they are entirely used for radiation dosimetry applications.

Gamma spectroscopy is a quantitative measurement of the energy of gamma-ray
radiation[39], [40], [41]. A gamma-ray spectrum is a histogram of the number of counts recorded
at each specific energy bin. The energy scales of the histograms are calibrated using the known

radiation emitters. By measuring the energy of a gamma ray and counting the number of



occurrences, a gamma-ray spectroscopy system produces an energy spectrum (an example is
shown in Figure 1.1.), the shape and the pattern of such spectral histograms are characteristic of a
single radiation source or multiple sources. As a result, the radiation emitters could be fingerprinted

by comparing the spectrum generated by the detection system with the gamma spectrum library of

radionuclides.
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Figure 1.1. *Ba gamma-ray spectrum.

The spectroscopic gamma detectors are characterized using energy resolution (ER) and
detection efficiency (DE). Energy resolution describes the detector’s ability to resolve gamma-ray
peaks in the energy spectrum; it is defined using the full width at half maximum (FWHM) of a

peak, divided by the energy of the peak’s centroid[42], [43]. Generally, detectors that generate



sharper peaks are preferred for precise radiation measurements. Scintillators and semiconductors
are the two main types of gamma detectors used for gamma spectroscopy. As shown in Figure 1.2.,
the detector’s energy resolution depends on the gamma detector technology and materials.
Generally, scintillators underperform semiconductors when it comes to the energy resolution.
Gamma detection efficiency (DE) characterizes how well a detector can detect the gamma rayj, it
is defined as the ratio between the number of counts recorded by the detector to the number of
gamma-rays emitted by the source. DE depends on several factors such as, detector material, size,

radiation energy, and the source-to-detector distance.
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Figure 1.2. 3 Ba gamma-ray spectrum measured by various photon detectors [44].



1.2.1 Scintillator Detectors

Scintillator detectors are devices that use scintillating materials that generate light when hit
with the ionizing radiation[45], [46], [47], [48], [49][24], [50], [51], [52]. A scintillator detector
consists of scintillators that emit light of the intensity that is proportional to the energy of the
absorbed radiation, a photodetector that converts the scintillation photons into photoelectrons, and
a photomultiplier tube (or a similar optical readout device, e.g., a silicon photomultiplier) that
multiplies the electrons thus amplifying the electric current signal at the output anode as shown in

Figure 1.3.

Scintillation detector materials can be classified into three main categories: organic, inorganic,
and liquid scintillators. Each category has its advantages and disadvantages. Liquid and organic
scintillators generally have a low atomic number and low stopping power. Consequently, their use
for gamma spectroscopy has remained limited. On the other hand, the inorganic scintillator,
sodium iodide doped with thallium (Nal(Tl)), is the oldest, most efficient (ER < 10%), and the
most widely used for gamma spectroscopy. Despite the tremendous effort applied to improve the

ER of Nal(Tl) and other prospective materials, progress have still remained limited [53].
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Figure 1.3. Diagram of a scintillation detector.

1.2.2 Semiconductor Detectors

Semiconductor detectors use single-crystal semiconductor wafers that respond to ionizing
radiation by directly generating an electric signal[54], [55], [56][57]. The components of a
semiconductor radiation detector include a semiconductor wafer and thin layers of metal electrodes
deposited on the surface of the wafer. For gamma spectroscopy application, the wafer with
electrodes must be connected to a power supply to set the bias voltage across the crystal, and to
the electronics to process and analyze the generated signals. The electronics components required

are a preamplifier, an amplifier or a digitizer, a multi-channel analyzer (MCA), and a computer.

The main attraction of semiconductor detectors is their ability to provide high energy resolution
and efficiency for detecting gamma rays and X-rays. Semiconductor detector materials have a long
and fascinating history that reflects the progress of science and technology in physics, chemistry,
and engineering. The first modern semiconductor detector was a small p-n junction diode that was

built at Bell Laboratories in 1951 [58]. The detector was used to detect alpha particles; however,



the performance of this device was far lower than scintillators, which were the gold standard for

radiation detectors of the time.

The real breakthrough occurred in the 1960s, when developments in crystallography enabled
the production of high-quality large-size semiconductor single crystals, and the advances in
engineering enabled practical pulse height analysis systems. During this period, research focused
on the development of silicon and germanium-based alpha and gamma spectroscopy detectors.
Alister Tavendale and George Ewan invented a lithium-drifted germanium (Ge(Li)) detector in
1963 [59]. The Ge(Li) detector enabled an order of magnitude improvement in the energy
resolution compared to the Nal(Tl) scintillator and, in just one year, replaced scintillator detectors

as the gold standard for gamma spectroscopy systems.

During the early 1960s, there were no reliable ways to predict the impurity levels of
semiconductor single crystals. As such, there were difficulties consistently building high-quality
detector systems. The problem was resolved by the decade’s end through research and
development funded by the Atomic Energy Commission. At the same time, scientists at Oak Ridge
National Laboratory discovered a method to grow Ge crystals of high purity. They named the
crystal after the process, high-purity germanium (HPGe) [60]. In about a decade, HPGe crystals
made Li drifting obsolete, and the Ge(Li) system evacuated its seat as the gold standard gamma
spectroscopy technology to HPGe based systems. Even though HPGe detectors are the best gamma
spectroscopy systems we have got to date, they have two main drawbacks. Firstly, HPGe detectors
require operationally challenging cryocooling. Secondly, HPGe single crystals are very expensive

to produce.



1.2.2.1 Ambient Temperature Semiconductor Detectors

The cryogenic cooling requirements for HPGe have spurred interest in a separate group of
semiconductor materials called ambient-temperature semiconductor detectors (ATSD)[61], [62],
[63], [64], [65]. While the band gap of HPGe is 0.63eV, ATSDs employ semiconductor crystals
with band gap energy greater than 1 eV, which limits the thermal noise and enables reasonable
discrimination between the signal and the background noise. The early venture in ASTDs by the
Paul Scherrer Institute in Switzerland in 1968 led to the development of cadmium telluride (CdTe)
detectors. CdTe crystals have a high atomic number and good stopping power, which enables them
to have an appreciable spectroscopic response. However, CdTe suffers from many intrinsic
drawbacks, such as low resistivity, low charge collection efficiency, and crystal polarization,

which limits the detector’s efficiency [44][66], [67], [68], [69], [70].

Many of the CdTe deficiencies were later overcome by doping CdTe with other metals [71].
Brookhaven National Laboratory accomplished the leading work in CdTe doping in 1989, which
developed the first zinc-doped CdTe (CZT) detector. CZT detectors often contain less than 15%
Zn doping. Zn doping is reported to cause the widening of the CdTe bandgap, increase the
resistivity by up to two orders of magnitude, and decrease the polarization by balancing the
mobility of electrons and holes [60]. Due to the combined effects caused by Zn doping, CZT has
achieved ER below 1% at room temperature [72], [73]. As a result, CZT detectors are the primary
ambient-temperature gamma spectroscopy detector systems, and it is not common to see

prospective new detectors get compared with CZT.

Despite the outstanding progress in using CZT as an ATSD, growing large-size CZT crystals

is an unaccomplished task due to several intrinsic issues [74]. The primary and most challenging



problem is the presence of a secondary phase that appears during the crystal growth; this secondary
phase limits the maximum size of the crystal that can be used for the detector. Additionally, the
presence of the secondary phase in impurity acts as a quenching site for charge carriers and
degrades the detector’s performance. Furthermore, CZT is prone to structural defects such as a
grain boundary, twins, and secondary density precipitation. Lastly, growing CZT crystals is a very

expensive process.

Inspired by the success of CZT, several research groups have explored doping CdTe with other
metals; among the studied materials, CdMnTe (CMT) is found to be the most promising and has
achieved ER 2.1% at 662 keV [75], like all the Te based materials, CMT falls for the same issues
like CZT. An effort has also been made to replace Te with Se to avoid the secondary phase.
Crystals of CdZnSe and CdMnSe have been grown and showed a spectroscopic response to

ionizing radiation. Nonetheless, the effort has not paid a meaningful dividend yet [76].

The other most developed detector material for ambient-temperature gamma spectroscopy is
mercury iodide (Hgl2). Excellent stopping power and high density make Hgl. suitable for gamma
detection applications. Single crystals of Hgl> are grown through the physical vapor transport
(PVT) method; progress in PVT method optimization has unlocked improvement in energy
resolution from 3.5% to 1% at 122 keV gamma rays as the crystal size increased from 16 mm? to
2000 mm? [77]. However, Hgl, is plagued with a persistent mismatch problem between the
movement of holes and electrons, which causes spectroscopy capability loss when both holes and

electrons are equal contributors to the signal.

In summary, significant progress has been made towards development of efficient ambient
temperature radiation detectors. Despite the progress, the difficulty of growing large crystals and

the associated cost has become a bottleneck for the comprehensive utilization of such detectors.
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Hence, further advancement in semiconductor radiation detectors requires developing less costly

and more efficient materials.

1.3 Interaction of Gamma Rays and X-Rays with Matter

Before discussing the design requirements for gamma-ray detectors, it is expedient to explain
how ionizing radiation interacts with matter. Gamma rays and X-rays are high-energy photons that
are highly ionizing. The only difference between X-rays and gamma rays is their place of origin;
the earlier one originates from the electronic shells of an atom, whereas the latter arises from an
atom’s nucleus. Depending on the incident photon’s energy, ionizing radiation could drive various
types of response from the material it interacts with. At energy below 2 MeV, interactions such as
photoelectric absorption, Compton scattering, pair production or no interaction could be observed.
Energy in excess of 2 MeV can cause photonuclear reactions including photofission (it depends
on the type of the target nucleus and the energy of the incident photon), however this type of

photons do not exist naturally and they have to be made artificially.

No interaction describes a scenario where literally no interaction or change in the energy of
the incident gamma ray is observed after its transport through the matter; it could also be extended
to represent Rayleigh scattering, which is a process where an incident photon interacts with an
electron of an atom and changes its direction without losing a portion of its energy. In either case,
the incident gamma ray leaves the material without causing any change or depositing any part of

its energy.

Photoelectric effect describes a process by which an interaction of a photon with a
semiconductor frees an electron from an atom. All semiconductors have a minimum threshold

energy required to separate an electron from the atom, known as pair creation energy (Ep). A good
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rule of thumb is that E, is between two and three times the semiconductor’s band gap energy (Eg).
In the photoelectric effect, a gamma ray with energy greater than E;, deposits all of its energy and
knocks off an electron from the atom. The energy of the separated electron is the difference
between the energy of gamma ray and E,. If the separated electron has enough energy, it will go
on to create secondary electrons through impact ionization, which, in the process, generates
numbers of free charge carriers, electrons, and holes. As a result, photoelectric effect enables a

direct measurement of the gamma-ray energy.

Compton scattering is a process, in which, as the name implies, a gamma ray scatters off of
an electron, depositing a portion of its energy and freeing an electron. The conservation of
momentum governs the amount of energy deposited (Eqep) onto the electron. Both free and atom-
bound electrons could have a Compton scatter event. The energy of the Compton-freed electron is
essentially the difference between the energy of the incident and scattered gamma rays. A single
gamma ray could cause cascades of Compton scattering events, depositing varying amounts of
energy in each event; also, a scattered gamma ray could go through the material without having
another interaction, which makes Compton scattering the undesired event for spectroscopy

applications because of the difficulty of directly measuring the energy of the gamma-ray.

Pair production happens when a high-energy gamma ray interacts with an atom, generating
an electron and positron pair. The minimum energy required for pair production is 1.022 MeV. If
the incident gamma ray has energy more than 1.022 MeV, the particles produced will carry this
excess energy. Once created, the electron and the positron lose their kinetic energy scattering
through the material matrix, eventually annihilating by generating 511 keV photons. Most
naturally occurring gamma rays have lower energy than the requirements to create pairs. Therefore,

pair production is not a primary contributor to gamma-ray detectors’ signals.
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Figure 1.4 shows the relationship between the probability of occurrence of various interactions
based on the energy of the incident radiation and the atomic number of the subject being irradiated.
At energy below 1 MeV, the photoelectric effect is the dominant form of interaction; this
dominance increases with an increase in Z. Compton scattering is primarily responsible for how
an incident photon loses energy in low Z materials. Lastly, high energy radiation (>5 MeV) is more
likely to cause pair production. If we assume the irradiated subject is a radiation detector, Figure
1.5 provides essential guidance on selecting the appropriate material to optimize the desired
interaction. For instance, semiconductor radiation detectors mainly employ the photoelectric effect
to measure radiation; the plot indicates high Z materials increase the probability of the

photoelectric effect. As such, they are sought after for gamma detection.

12



v

Figure 1.4. Schematic diagram of ionizing radiation interaction with a semiconductor: (4)
Righley scattering, (B) no interaction, (C) Compton scattering, (D) pair production, (F) electron
created by annihilation, (F) positron created by annihilation, (G) positron and electron coming
together, (H) photoelectric effect, (1) cloud of secondary electrons produced by impact ionization

of electrons from C,H and G.
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Figure 1.5. Diagram showing the photon cross-sections (interaction probabilities) as a

function of the atomic number of the absorber material.[78]

1.4 Requirements for Semiconductor Gamma Detectors

As previously discussed, semiconductor gamma-ray detectors primarily rely on the
photoelectric effect to generate charge carriers. The generated charge carriers are subsequently
drifted and collected at a metal electrode through the application of an external bias voltage. To
achieve efficient detection, three key properties require optimization [71]—[73]. Firstly, the detector
material must maximize the probability of gamma-ray interaction within the detector body.

Secondly, the excited electrons must possess the capability to generate additional charge carriers
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in order to efficiently measure the entire energy. Lastly, the created charge carriers must be

collected by the circuitry prior to their loss due to recombination or relaxation to ground states.

1.4.1 Stopping Power

Before delving into the semiconductor properties that pertain to signal generation and
collection, it is essential to confirm that the incident radiation can interact with the candidate
detector material. Stopping power, which characterizes the detector material's ability to interact
with radiation and stop it, is a crucial parameter. The larger the volume, the higher the probability
of interaction. In other words, the use of larger-sized crystals is a primary means of increasing the

rate of interactions, provided that other material properties are not adversely affected.

Stopping (attenuation) of gamma rays is illustrated by Equation 1-1[78], where u is the linear
attenuation coefficient, / and /, are the intensity of incident radiation exiting and entering the
detector, respectively; ¢ is the thickness of the detector. As shown in Equation 1-2, the linear
attenuation coefficient is a sum of the probabilities of various gamma interactions, photoelectric
effect (or), Compton (o), and pair production (ag;). Also, as shown in Equations 1-3,1-4,1-5, the
probabilities of each interaction type are related to the number density (), atomic number, and
energy of the gamma ray. In totality, the equations imply that the attenuation increases with
increasing Z (density). Let’s compare to what is the state of the art: CZT has an average effective
Z=49 [58] and density over 5 g/cm?; therefore, materials with Z and density values close to CZT

or higher make a good candidate for a radiation detector.

(1-1)

— = e_ut
I
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1.4.2 Band Gap Energy

Once it is assured that a gamma ray could be stopped and interacted with in a detector body,
the next set of requirements deals with successfully converting the gamma interaction event into
an electric signal [78]. The first parameter in this line is the energy required to ionize (activate) an
electron-hole pair from the atoms of the detector material. The pair creation energy (E,;) is directly
related with the band gap energy of the semiconductor detector; generally, E, is more than two
times the band gap energy[44]. Semiconductors with a low bandgap require relatively lower energy
to ionize an atom releasing an electron, due to that higher number of charge carriers could be
generated from a single interaction. In addition, the minimum ionization energy is the best energy
resolution a detector could achieve, which enhances the need for narrow-bandgap materials.
However, semiconductors with narrow Eg are susceptible to enhanced thermal activation of charge
carriers, which generates significant background noise signal. Perfect example for this situation is

HPGe, this detector has a bandgap energy of 0.63 eV [44] which makes it ideal for high energy
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resolution measurements, however, the low bandgap means the detector could easily be thermally
activated at room temperature, which completely inhibit its spectroscopic capacity. Therefore,

cryogenic cooling is required to prevent thermal activation of the HPGe detector.

Designing a room temperature detector requires a barbell balancing act between maximizing
the number of charge carriers created per a gamma-ray interaction and minimizing the background
noise level to discriminate each gamma interaction effectively. The maximum amount of charge
carriers generated from a single gamma interaction (Nt) is directly related to the band gap energy,
as illustrated by Equation 6. The noise-causing intrinsic carrier concentration is an exponential
function of the band gap and operating temperature. The intrinsic charge carrier concentration (Vi)
is the number of available charge carriers in a pure semiconductor at a given temperature (7), N;
could be calculated using Equation 7, where nc, and ny are effective densities of states related to
masses of electrons and holes in the conduction and valence bands, respectively, and £ is the
Boltzmann constant. As shown in Figure 1.6, N; increases with temperature and decreases with an
increase in band gap. Ge, which has the narrowest band gap, has significantly higher Vi, which
caused the need for cryogenic cooling to decrease noise; meanwhile, a diamond, the material with
the largest band gap among the listed, has minimal carrier concentration, which is excellent for
room temperature operation. However, diamond has not been able to achieve spectroscopic
response yet, due to the large pair creation energy it requires and the reduced number of carriers
available. Therefore, an excellent band gap ‘sweet spot’ for ambient-temperature radiation detector

semiconductor material is between 1 eV and 3 eV.

N=lr (1-6)
Eg
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Figure 1.6. Plot showing the intrinsic charge carrier concentration as a function of

temperature for Ge, diamond, and MAPbBr3; semiconductors.

1.4.3 Charge Collection Efficiency

Charge collection efficiency (CCE) measures the ratio of radiation-generated charge carriers
that can effectively travel across the detector thickness (d) and be registered as a signal. Various
semiconductor and externally applied parameters affect the charge collection efficiency. These

parameters could be mathematically related to CCE, as shown in Equation 8 [79]
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where Q and Q, are the charge collected and the charge generated from the incident radiation,
respectively, u.t, and pu,t, are the mobility - lifetime products for electrons and holes,
respectively, V is the externally applied bias voltage. The parameter ut is also known as the
mobility-lifetime product; it is an often-cited figure of merit in semiconductor radiation detectors
because it describes the potential of charge collection efficiency in any given crystal. The charge
collection efficiency is strongly imposed by the ut product, therefore materials with higher value
of ut are sought after to optimize the CCE of a radiation detector. The current state-of-the-art
ambient-temperature detector CZT has ut in excess of 10°cm?/V, a material with ut value closer

to the one of the CZT or better makes for a good candidate for radiation detectors.

Semiconductors are prone to various types of defects ranging from point to volumetric defects.
These defect sites affect both the mobility and lifetime of carriers. In the case of mobility, defect
sites slow down and reduce the charge mobility by acting as a scattering point. Also, defect sites
affect charge lifetime by acting as a trap site, that charge carriers could be trapped for a time while
in route to collection points, which overall reduces the effective lifetime during which a carrier
could be collected. In a nutshell, the defect concentration is inversely proportional to both the
mobility and the lifetime of charge carriers; as a result, to optimize the charge collection efficiency,

materials with low defect concentrations are preferred.
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1.4.4 Resistivity

The external applied bias voltage is the driving force for the collection of charge carriers in
gamma detectors. A higher driving force means higher efficiency of collecting the generated charge
carriers. However, the ability to apply bias voltage is dependent on the intrinsic resistivity of the
detector material. Higher resistivity is required to limit the collection of thermally activated charge
carries and the noise level. The currently commercially available ambient-temperature gamma
detectors have a resistivity of 10° Q-cm or greater. Therefore, an ambient- temperature gamma

detector requires better or similar resistivity value.

1.5 Why Perovskite and MAPbBr;?

Recently, perovskites have garnered tremendous attention as a semiconductor material for
various applications due to their success at significantly improving solar cell efficiencies [79],
[80], [81], [82], [83], [84]. The excellent electrical and optical properties, flexibility of
manufacturing methods, lower cost of growing perovskite crystals make them good candidates for
radiation detection systems. Below, a brief discussion is provided about perovskite structures, and

what makes them good candidates as new materials for radiation detection.

Perovskites represent a variety of materials that share ABX3 structure, where A sites are
occupied by a monovalent cation such as Cs, Methylammonium (MA), and Formamidinium (FA).
B sites are for divalent cation such as Pb, Sn, Ge, and X is halide anions such as Cl, Br, 1. The

shape of a perovskite structure is governed by the Goldschmidt tolerance factor t = (14 +

ry) /V2(rg + 1y) [85]. A value of # between 0.8 and 1 is required to form a perovskite material.
A unity value of 7 gives an ideal cubic structure (see Figure 1.7) whereas as the value of 7 decreases

to 0.8, the structure trends towards orthorhombic shape.
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The discovery of halide perovskites dates to 1893, when CsPbBr3; was synthesized by wells for
the first time. Later organic-inorganic halide perovskites were discovered by replacing the A cites
with the organic MA and FA. The simplicity to completely or partial substitute A, B, and X site is
what gives perovskite the amenability to fine-tune the property of the material. Literature indicates
that halide substitution allows for tuning band gap, B site substitution could enable increase in
carrier density as in the case of Bi** doping with Pb. Lastly, A site replacements have shown

promising results in stabilizing the perovskite structure [44], [86].

Figure 1.7. Cubic crystal structure [87).

1.5.1 Low-Cost Crystal Growth

Almost all commercial grade semiconductor radiation detectors are produced through
expensive high temperature furnace growth methods. It costs more than $10,000 and $2,000 [88]
to grow a 1 cm® of HPGe and CZT radiation detector grade single crystals, respectively. While
MAPDBI3; single crystals can be fabricated through an easy solution method of mixing precursor

powders, and it costs less than $10 to grow a 1 cm? single crystal. Although, less controllable, and
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the quality of single crystals made through solution method could be lower than the furnace
method, the defect tolerance behavior of perovskite could still enable them to be an excellent low-

cost option for ambient-temperature radiation detection applications.

1.5.2 Radiation Stopping Potential

Previous discussions have shown that materials with high Z value have better stopping power
for ionizing radiation. MAPbBr3 is a material with a high effective Z value of 67.13 [89], which is
higher than the average atomic number of CZT (Z=49). This is because MAPbBr3 contains Pb
(Z=82) atoms, which compensate for the low Z elements such as C, N, and H. Although MAPbBr3
has a lower density (3.5 g/cm?) than CZT, its attenuation coefficient is higher at a low radiation
energy, as shown in Figure 1.8. Therefore, MAPbBr3 has a good potential as a detector material

due to its high radiation stopping ability.
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Figure 1.8. Attenuation length of CZT, TIBr, and MAPbBr3, the data taken from NIST XCOM

library.
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1.5.3 Excellent Semiconductor Property

Radiation detection at ambient temperature requires a material with a wide band gap to avoid
thermal excitation of charge carriers. MAPDbBr3; is a material that meets this criterion, with a
reported band gap of 2.3 eV, which is within the optimal range of 1 eV to 3 eV. Moreover,
MAPDBr; has a high charge carrier mobility-lifetime product, up to 102 cm?*V-! (as shown in Table
1.1). This is an important factor for achieving high energy resolution and charge collection
efficiency. Unlike many other detector materials, MAPbBr3 also has balanced transport properties
for both holes and electrons, which can prevent polarization effects and enhance the detector
performance. Therefore, MAPbBr3; is a promising candidate for ambient-temperature radiation

detection.

Table 1.1. Summary of material properties of selected ambient-temperature radiation
detectors

Material | Density =Bandgap @ Resistivity pu,t, UnTh Ref.
(g/cm3) | (eV) (2.cm) (em2V1) (cm2V1)

CdTe 5.85 1.44 10° 3x1073 2x10™ [90]

CZT 5.78 1.57 10%° 4x10°3 1.2x10* [90]

TIBr 7.56 2.68 10*2 5x10 2x10® [91]

CsPbBr3 4.85 2.25 10° 1.7x10°3 9.5x10* [92]

MAPDBrs 3.58 2.3 107 1.2x1072 2.1x107 [89]
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1.5.4 Tunable Stoichiometry

MAPDBT3; is a versatile material that can be easily modified by adding or substituting different
ions at any of its perovskite sites (A, B, and X). This allows for tailoring the material properties
for specific applications. For example, Li can be added at the A site to make MAPbBr3; sensitive
to thermal neutron detection, or Br can be replaced by Cl at the X site to increase the bandgap and
improve the gamma-ray and X-ray detection performance. Therefore, MAPbBr3 offers a promising

opportunity to design customized detector materials by manipulating its ionic composition.

1.6 MAPbDbBr; Challenges

1.6.1 Crystal Growth Methods

The development of efficient radiation detection technologies requires large volume, and high-
quality single crystals[93], [94], [95]. In recent years, the growth of perovskite crystals has been a
central area of research due to its pivotal role in this endeavor[96], [97], [98]. Conventional
radiation detectors have traditionally been fabricated using crystals grown from precursor powder
melts, which offer meticulous control over the growth process and result in high-quality
crystals[99], [100], [101]. However, the organic components of hybrid perovskites exhibit high-
temperature instability, rendering melt growth methods ineffective and prompting a shift towards
low-temperature solution processes. While these methods offer advantages in terms of flexibility
and cost-effectiveness, the single crystals produced through such methods are significantly lower
in quality, and growing large crystals through these methods is challenging. Therefore, there is a

need to explore alternative methods for producing high-quality single crystals of MAPbBr3.
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1.6.2 Electrode Engineering

The signal generating crystal and the external circuit system that measures and interprets the
signal are connected only by electrode contacts. Hence, producing an efficient and reliable contact
surface is obligatory for the detector system to achieve its desired purpose. However, despite the
due attention it received, developing a stable contact interface has remained an elusive task because

of the high polarity and chemical reactivity of the ionic bond in perovskites.

Selection of electrode material should consider several factors. Traditionally the utmost
importance in the selection process was given to matching the work function of the semiconductor
crystal and the metal. The work function is defined as the minimum energy required to remove an
electron from a material. Matching the work function is necessary because a mismatch causes
inefficient charge transfer. In the case of a higher electrode work function, there will be a potential
barrier at the metal-semiconductor interface that prevents the electrons from flowing freely, which
leads to a high leakage current and a low signal-to-noise ratio. On the other hand, in the case of
lower electrode work function, electrons will scatter from the electrode and build up on the surface;
the buildup will then reduce the effectiveness of the externally applied electric field and cause

charge collection efficiency loss.

Another set of considerations for selection is electrode materials reaction with the crystal’s
surface. Contrary to most traditional detectors, which mainly comprise stable covalent boding,
perovskites are composed of very mobile and active ionic components. The highly reactive crystal
surface can often cause an electrochemical reaction with the electrode material. The

electrochemical effect is reported [102], [103]to cause several undesired results, such as corrosion
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of electrode materials, unstable contact interface, diffusion of electrode metal into the perovskite

crystal lattice, and vice versa.

1.6.3 Low Resistivity

The reported resistivity values (107-108 Q.cm) of MAPbBr; are low compared to traditional
detector materials (10°-10'! Q.cm) [89]. Due to such a fact, building a spectroscopic MAPbBr; is
a challenging task. Low resistivity affects detector signal in two main ways; primarily, it prevents
enhancement in carrier drift length. Drift length is defined as the product of carrier mobility,
lifetime, and the applied electric field (utE’) and in addition to improving the quality of the crystal,
which enhances the ut part of the equation, in gamma spectroscopy, it is a common practice to
apply large electric filed to increase the carrier drift length and reduce charge trapping. But an
increase in the electric field also increases the dark current. Therefore, large resistivity is required.
Besides, low resistive materials have significant leakage current and noise levels, which causes a
low signal-to-noise ratio; to a certain extent, a very high noise could completely mask the detector

signal and make it unusable.
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Chapter 2. Methods

2.1 Material Synthesis

The chemicals employed in this study were acquired from Sigma Aldrich with a purity of more
than 99.9%, and were utilized without further purification. The following is a list of the chemicals
used in the experiment: Lead (II) acetate trihydrate (Pb(Ac)2:3H20), hydrobromic acid (40 wt%
in water), hydrochloric acid (36.5 wt% in water), methylamine (CH3NH>, 40 wt% in water), y-
butyrolactone (GBL, >99%), N, N-dimethylformamide (DMF, >99.9%,), Polypropylene glycol

(PPG) with a molecular weight of 2000 Da, 200 proof ethanol, and toluene.

2.1.1 MAPbBr3 and MAPDbCl3 Powder Synthesis

The synthesis of MAPbBr; powder was achieved by combining lead acetate trihydrate
(CH3COO)2Pb-3H20), methylamine (CH3NH») (40 wt% in water), and hydrobromic acid (HBr)
(40 wt% in water) as shown in Figure 2.1. First, the lead acetate trihydrate powder was mixed with
hydrobromic acid in a 1:6 molar ratio, and the solution was stirred until the lead acetate trihydrate
was completely dissolved, which typically takes an hour. Then, methylamine with a molar ratio of
1:1 with the lead acetate tri hydrate was added to the solution dropwise, resulting in the formation
of MAPDbBI3 precipitate. The solution was stirred for 2 hours, and the precipitate was collected and
washed with pure ethanol four times using a centrifuge. Finally, the powder was dried in a vacuum
oven at 60°C for 4 hours. The synthesis of MAPbCls powder was accomplished by following the
same steps used for the synthesis of MAPbBr; and by replacing hydrobromic acid with

hydrochloric acid.
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Figure 2.1 Schematic illustration of the process to synthesize the MAPbBr3; powder.

2.1.2 Single Crystal Growth

2.1.2.1 MAPDbBr3

In a standard polymer-assisted crystal growth process, as illustrated in Figure 2.2, 2.5 g of the
as-prepared MAPbBr; powder was dissolved in 6 ml of DMF solvent at room temperature. The
resulting solution was stirred at room temperature for 4 hours to ensure complete dissolution, after
which (0.01 - 0.03 g/ml) polypropylene glycol (PPG) was added and the mixture was stirred for
an additional 4 hours. Subsequently, the solution was filtered through a 0.2 um PTFE filter to
eliminate particulate matter and unwanted nucleation sites. The filtered solution was then placed
in an oil bath at 40°C, and the temperature was increased at a rate of 5°C per hour until it reached
60°C, at which point small crystals began to form and grow over the next two days. Finally, the
solution containing the single crystals was removed from the oil bath and the crystals were
collected and washed with toluene to eliminate organic solvents from the crystal surface. To
compare the effects of utilizing and not utilizing polymers, MAPbBr; crystals were also grown

without the PPG addition step.
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Figure 2.2. Schematic illustration of the process to grow MAPbBr;3 single crystals.

2.1.2.2 Chlorine-Doped MAPbBTr3

The Cl-doped MAPDBT3; single crystals were obtained by employing procedures similar to
those utilized for the growth of pure MAPbBr3 with a polymer, with the exception that a portion
of MAPbBr3 was replaced with MAPBCI3 to achieve varying degrees of Cl doping. To accomplish
this, 1% - 4% of 2.5 g MAPbBr; was replaced with MAPbCI3 powder, and the resulting mixture
was dissolved with 6 ml of DMF solvent at room temperature. The solution was then stirred at
room temperature for 4 hours to ensure complete dissolution, after which 0.01 g/ml of
polypropylene glycol (PPG) was added, and the mixture was stirred for an additional 4 hours. To
eliminate particulate matter and unwanted nucleation sites, the solution was subsequently filtered
through a 0.2 um PTFE filter. The filtered solution was then placed in an oil bath at 40°C, and the

temperature was increased at a rate of 5°C per hour until it reached 60°C, at which point small
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crystals began to form and grow over the next two days. Finally, the solution containing the single
crystals was removed from the oil bath and the crystals were collected and washed with toluene to

eliminate organic solvents from the crystal surface.

2.2 Material Characterization

A range of standard methods of material characterization was employed to evaluate the
chemical, optical, and electrical properties of the crystals. Specifically, X-ray diffractometry
(XRD), Scanning Electron Microscopy (SEM), and Energy Dispersive Spectroscopy (EDS) were
utilized to assess the purity, composition, and crystallinity of the precursor powder. Additionally,
room temperature and cryogenic photoluminescent (PL) studies were conducted to investigate the
optical properties of the material, while I-V characterization was performed to examine the

detectors’ charge mobility, defect concentration, and resistivity.

2.2.1 XRD

The X-ray diffraction (XRD) patterns of pure MAPbBr3 powders and single crystals, as well
as those of MAPbCIl; and Cl-doped MAPbBr3 single crystals, were obtained using a Burker V8
powder XRD instrument with Cu Ka emission. In the standard XRD testing process, the raw XRD
data was initially acquired by surveying the as-prepared samples from 10 to 90 degrees with a
scanning rate of 0.7 degrees per minute. Finally, the raw data was processed using MATCH
software to determine the phase and unit cell of the samples.

2.2.2 EDS
The surface imaging and elemental composition of the MAPbBr; single crystals were assessed

using a scanning electron microscope and an energy-dispersive X-ray spectroscope (SEM/ EDS,

JSM-5610, JEOL Ltd., Tokyo, Japan).
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2.2.3 Room Temperature and Cryogenic PL

The PL emission spectrum of MAPbBr; single crystals was obtained using a setup that included
a 500 nm, 25 mm diameter high-performance long-pass filter, neutral density filters, an optical
chopper monochromator, a lock-in amplifier, and a 2151 silicon femtowatt detector. A helium
cryopump system was used to range the vacuum chamber temperature from room temperature to
13 K. To acquire room temperature PL spectra, the diode laser was turned on to 7.0 V with a current
of approximately 1.20 A. The laser passed through the optical chopper and neutral density filters,
which were placed in front of the perovskite sample. The 450-nm laser light emission was filtered
by the 500 nm long-pass filter positioned in front of the monochromator, while the sample light
emission was collected by the monochromator and silicon femtowatt detector. The signal was then
recorded by the lock-in amplifier and processed on a computer. The same process was followed
for the cryogenic PL, with the perovskite placed on a copper cold head cooled by compressed

helium and held in place with Apiezon N grease.

2241-V

2.2.4.1 Resistivity and Trap Density

In order to investigate the I-V response of the crystal, as well as to determine the resistivity
and the trap density, measurements of DC current were taken under dark condition ,by completely
shielding the device from light High-quality crystals among the as-grown crystals were carefully
selected and prepared, with both faces being polished mechanically, and lastly, metal electrode
contacts were deposited on both sides. The devices were then placed under a dark environment,
and the current response was measured as the bias voltage was swept from 0 to 20 V using a

Keithley 2450 source measuring unit (SMU).
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Typically, the I-V curves of crystals exhibit both linear and non-linear regions. According to
the space charge limited current (SCLC) theory, these regions can be further divided into multi
[104], [105], [106]. In the low voltage region, the current is linearly related to the voltage, and the
linear region of the I-V curves is governed by Ohm's law, which was used to calculate the
resistivity of the crystals. The second region emerges after all defect sites are filled with charge
carriers, and the current begins to rise rapidly at the onset voltage of the trap-field limit (Vrtrr).
Thus, defect trap density can be determined using Equation 2-1, where € is the material’s dielectric
constant, €, is the vacuum permittivity, e is the charge of an electron, and d is the thickness of the
crystal [17]. To determine the relative dielectric constant of the samples, the capacitance was
measured using an East Taster ET 4510 inductance capacitance resistance (LCR) meter, and the
relative dielectric constants were calculated from the measured capacitance using Equation 2-2,

where C is the capacitance, and 4 is the active electrode area of the devices.

V. _ entrapd2 (2'1)
TFL =~ 5 __
Z2e€,
o cd (2-2)
€A
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2.2.4.2 Mobility Lifetime

The evaluation of the mobility lifetime product (ut) for the fabricated crystals was carried out
by measuring the photocurrent response of MAPbBr3 devices through exposure to blue LED light
with a wavelength of 365 nm and a power output of 12 W, while simultaneously sweeping an
electric field from 0 to 20 V using a Keithley source measuring unit 2450. The relationship between
photocurrent and bias voltage was utilized according to the modified Hecht Equation [4], as shown
in Equation 2-3, where I, is the saturated current and L and V represent the device thickness and

bias voltage, respectively.

IoutV 1 — exp(—L? / utV) (2-3)
I, = Iz I
1+,

2.3 Detector Fabrication

Detectors refer to single crystals that have an electrode deposited on their surface. The process
of fabricating standard detectors is depicted in Figure 2.3. The steps involved are as follows: first,
the single crystals were mechanically polished using sandpaper of varying grit sizes, from 1 to
15000, to create a smooth and high-quality surface for the electrode deposition. The smoothness
of the surface is verified by observing it under a microscope. Subsequently, the crystals were
washed with toluene to remove any dust or organic materials from the surface. Finally, electrode
metals with a thickness of up to 100 nanometers were deposited on both sides of the crystal using

an E-Beam evaporator.
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Washing using Contact material deposition
toluene using E-beam evaporator

Mechanical polishing using
abrasive paper, 1-15K grit

Figure 2.3. Schematic illustration of steps followed to fabricate MAPbBr3 detectors.

2.4 Radiation Tests

2.4.1 X-Ray Detection

The fabricated devices were subjected to X-ray measurements in order to evaluate their X-ray
sensitivity and capacity to absorb X-rays. To accomplish this, the detector devices were biased
using a Keithley 2450 SMU and a medical diagnostic X-ray unit equipped with a Del Medical
Anthem 32-500 generator, and a portable universal X-ray head was used to deliver the X-ray flux.
In standard tests, the detector was placed 20 inches away from the X-ray source and biased between
5 V and 40 V, with the machine set to emit 50 KeV for one second. The DC current generated by
the device was then measured by the SMU to determine the X-ray sensitivity. Additionally, the X-
ray dose rate was measured using a universal X-ray instrument (UXI) all-purpose meter 324.

Figure 2.4 shows the experimental setup.
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Figure 2.4. Image of the X-ray detection setup.
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2.4.2 Gamma-Ray Detection

The ideal conditions for detecting gamma rays necessitate minimizing electrical noise
emanating from both the detector and its surroundings. To reduce noise from the detectors, they
were mounted on a custom-printed circuit board. Furthermore, a metal box as shown in Figure 2.5
was prepared to shield against electromagnetic noise, and the box was fitted with a vacuum port

to prevent surface recombination and reduce leakage current.

The importance of the electronics chain in detecting radiation-induced signals becomes
particularly apparent when the number of charge carriers generated is low. Furthermore, an
impedance mismatch between the electronics and the detector can lead to the failure to register the
signal, hence the selection of the detector electronics chain was guided by the capacitance and
noise level of the crystals. The components of the signal processing electronics chosen for the
radiation test setup in gamma-ray spectroscopy are illustrated in Figure 2.6. In standard operation,
the detector box was first evacuated to 0.1 mbar using a vacuum pump to minimize noise, and the
detector was connected to a Kromek ev550 charge-sensitive preamplifier via a 6-inch BNC cable.
The output of the preamplifier was then routed to an Ortec 672 amplifier, whose output was fed to
a Kromek 102 multichannel analyzer (MCA). Finally, the spectrum was acquired using MultiSpect
software by Kromek. Typically, the gamma source was positioned 3 centimeters above the detector,
which was supplied with a bias of +200 V, with the positive terminal connected to the Cr electrode.

The preamplifier gain was set at 200x, and the shaping time was set at 10 microseconds.
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Figure 2.5. Image of the custom build detector box.
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Figure 2.6. Schematic illustration of the radiation spectroscopy setup.
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Chapter 3. Detection of Ionizing Radiation Using MAPbBr; Single
Crystals Grown Through Polymer-Assisted Inverse Temperature

Crystallization (PAITC) Method

3.1 Introduction

Ground zero for a good radiation detection material is a large, high-quality single crystal.
Consequently, the growth of perovskite crystals with sufficient quality has attracted tremendous
interest over the last decade[53]. Traditionally, radiation detectors have used crystals grown from
a melt of the precursor powder[107]. These growth methods offer great control over the crystal
growth process and yield high-quality crystals. However, because of the instability of the organic
components of organic-inorganic hybrid perovskites at high temperatures, melt-growth methods
cannot be utilized. As a result, methods explored to grow organic-inorganic hybrid perovskites
have so far focused on low-temperature solution processes[108]. Despite the advantages of
solution-based methods, such as increased flexibility and cost-effectiveness, the challenge of

growing large and high-quality crystals using this method persists.

In solution-based crystal growth, the concentration and temperature of the solution are the main
parameters that must be controlled[109]. Consequently, most of the methods developed have
focused on growing high-quality crystals by efficiently controlling one or both of these parameters.
Recently, several promising solution-based methods have been reported that can be categorized
into four general categories: (1) inverse temperature crystallization, (2) slow cooling, (3) anti-

solvent, and (4) solvent evaporation.
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Inverse temperature crystallization (ITC) is a technique that exploits the inverse
relationship between solubility and temperature. At low temperatures, raw perovskite powders are
readily soluble in organic solvents such as butyrolactone (GBL) and N,N-dimethylformamide
(DMF), but their solubility decreases with increasing temperature. In a typical ITC process, the
perovskite powder is dissolved in a solvent at low temperature, and the resulting solution is placed
in a heating system to gradually increase the temperature and lower the solubility equilibrium. This
causes a change in the saturation state and initiates crystal nucleation, which ultimately leads to

the formation of single crystals.

Slow cooling is a method that utilizes the inverse relationship between solubility and
temperature. This method involves dissolving the precursor powders at high temperatures and then

slowly cooling the solution to promote the nucleation and growth of single crystals.

Anti-solvent is a method that involves the gradual diffusion of organic solvents into a
perovskite precursor-solvent mixture to induce solubility and concentration changes, as well as
crystal formation. In a typical anti-solvent technique, a precursor powder is initially dissolved in
DMF or GBL, followed by the placement of the container containing the resulting solution in an
organic solvent bath, such as toluene, methanol, or ethanol. The slow diffusion of the anti-solvent
into the inner container decreases the solubility of the solution, thereby promoting nucleation and

crystal growth.

Solvent evaporation is the simplest technique to grow single crystals. In this method, the
precursor powder is dissolved in organic solvents, such as GBL and DMF, and the resulting mixed
solution is then exposed and left open at room temperature, allowing for an open exchange with
the environment. This leads to the slow evaporation of the organic solvent, which in turn causes

saturation of the solution and promotes nucleation and crystal growth.
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Various levels of success have been attained through the implementation of the four
methods[109], [110], [111]. A consistent theme that emerged from the analysis of the outcomes
was that the size and quality of the crystals were influenced by the crystal growth rate and
formation temperature[ 112]. It has been reported that the solution temperature-lowering method is
effective in growing high-quality crystals because it minimizes defect inclusion due to the reduced
temperature. However, this method is time-consuming and requires several weeks to grow
centimeter-sized crystals. Similarly, it has been proven to be time-consuming to grow large crystals

through solvent evaporation and anti-solvent methods.

However, the inverse temperature crystallization method has been reported to offer a rapid
crystal growth rate owing to the high supersaturation caused by the increase in temperature. Yet,
this method is faced with two main challenges[110]; first, if not controlled, the rapid
supersaturation leads to many small crystals instead of one large crystal. Second, the rapid high
supersaturation was shown to weaken the stability of the growth solution and cause impurity phase
and defect structures. Few techniques have been developed to circumvent these challenges. Liu et-
al. reported MAPbBr3 crystals of up to 25 mm in size by planting pre-prepared crystal seeds in the
growth solution, which reduced the appearance of many small crystals, and seed crystals served as
the only growth site [109]. The same group has also reported a slightly improved ITC, which they
called the “low-temperature gradient crystallization method”[110]. In this method, the prepared
seed was added to MAPbBr3 growth solution at room temperature, the temperature was raised 2
°C/day, and single crystals up to 41 mm were grown in 20 days. The success of the method was
ascribed to the small temperature gradient. While the success of such methods is impressive,
similar to the solution-lowering method, they require an extended period of time. Furthermore, the

utilization of seed crystals may cause impurity phases and defects. In recent times, Ma et al. [3]
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have exhibited the efficacy of oxygen-containing polymer ligands in governing solution-based
crystal growth processes, which do not necessitate the use of seed crystals and have yielded crystals
with exceptional optoelectronic properties. However, the radiation detection capabilities of these

crystals have yet to be fully explored.

3.2 Polymer-Assisted Inverse Temperature Crystallization (PAITC) Method

Building on the success of Ma et al. [108]and lessons learned from the low-temperature
gradient method, a slightly improved crystal growth method that we call the PAITC method is
proposed in this study. The mechanisms of such a method could be contrasted to the customary
ITC method to describe their difference. As shown in Figure 3.1, in the regular ITC method,
MAPDBT3 precursor powder is dissolved to form a precursor solvent complex; as the temperature
is gradually increased, the solubility of the precursor rapidly changes, causing a rapid formation
of Pb-Brs nuclei sites. The uncontrolled emergence of such nuclei sites minimizes the size and
quality of a single crystal that could be grown through ITC. In contrast, the PAITC method utilizes
an oxygen group containing polypropylene glycol (PPG) polymer, as shown in Figure 3.2, PPG
binds to some of the Pb** coordination sites, a gradual increase in the solution temperature will
then cause the dissociation of precursor-DMF complex, and supersaturation starts to form,
however, the dissociation equilibrium of Pb-PPG complex shifts slowly that rapid Pb-Brs nuclei
site formation is effectively slowed, which in turn significantly reduces the number of nuclei sites

and causes the crystal formation to happen at one or few crystallization sites [108].

This chapter discusses the characterization of MAPbBr3 single crystals grown through the
PAITC method. The performance PAITC grown crystals was compared to crystals grown through

the ITC method. To investigate the effect of polymer amount on the properties of MAPbBT3, single
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crystals with varying amounts of PPG were prepared. The chemical, thermal, optical, and electrical
properties of the crystals were measured and analyzed. Lastly, the chapter concludes by discussing

the radiation detection performance of the prepared crystals. The detailed experimental methods

are discussed in chapter two.
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Figure 3.1. Depiction of crystal growth steps in standard inverse temperature crystallization

method.
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3.3 Results

High-quality MAPbBr3 perovskite single crystals were synthesized through the utilization of a
PAITC method. To optimize the quality of the single crystals obtained, a bottom-up approach was
employed, which entailed the synthesis of fresh MAPbBr3; powder followed by the growth of the
crystals in a second stage. The images of the as-synthesized MAPbBr3; powder and single crystal
are shown in Figures 3.3a and 3.3b. As demonstrated in Figure 3.3c, this method has enabled the
successful growth of large, transparent, and crack-free MAPDbBr3; single crystals with a size
exceeding a centimeter. While size is a critical factor for radiation detection applications,
transparency and the absence of cracks are also essential. The presence of cracks can limit the

utilizable volume of the crystal, thereby reducing its overall effectiveness. As shown in Figure
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3.3d, the maximum utilizable volume of single crystals we were able to grow increased tenfold
when assisted by PPG compared to the traditional method, which demonstrates the significant

advantage of the polymer-assisted method.
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Figure 3.3. Image of the synthesized MAPbBr3; powder(a), single crystal(b),(c) histogram plot

comparing the maximum size of single crystal grown through ITC and PAITC methods(d).
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3.3.1 X-ray diffractometry analysis

The crystallinity and purity of the synthesized powders and crystals were characterized
utilizing X-ray diffractometry (XRD). The obtained XRD patterns showed a cubic Pm 3 m space
group at room temperature, with a unit cell length (a) calculated as 5.93280 A [113]. As depicted
in Figure 3.4, the powder XRD peaks at 20 = 14.9, 21.1, 25.9, 29.9, 35.5, 36.8, 42.7, 45.5, and
48.06° were attributed to the (100), (110), (111), (200), (210), (211), (220), (300), and (310) planes
of cubic MAPDbBr3, respectively. The XRD pattern of the as-grown single crystal demonstrated
sharp peaks at 20 = 15.3, 30.5, and 46.2°, which were indexed to the (100), (200), and (300) faces,
indicating the presence of a well-structured cubic single crystal phase [114]. Additionally, the
powder and single crystal patterns exhibited no impurity peaks, which confirmed the pure

crystallinity and high quality of the synthesized materials.

The thermal stability of the single crystals that were prepared was assessed using
thermogravimetric analysis. The analysis was carried out between 25 and 600 °C at a heating rate
of 10 °C per minute. The results, which are illustrated in Figure 3.5 showed that the MAPbBT13
crystals that were grown without the aid of PPG exhibited stability (mass loss less than 1%) up to
265 °C, while the crystals that were grown through the polymer-assisted method exhibited
extended stability up to 320 °C. This is an improvement compared to previously reported value
(268 °C) for this material [1], [6], and can be attributed to the superior quality of the crystals
obtained through the polymer-assisted crystallization method. However, after 320 °C, the crystal

demonstrated increased mass loss, likely due to the disintegration of the organic component MA+.
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3.3.2 Photoluminescence (PL) Study

Photoluminescence (PL) refers to the emission of light from a material following the
absorption of photons. The shape and width of the PL peak provide information pertaining to the
electronic structure and properties of the material. An ideal semiconductor is characterized by a
sharp peak, which signifies the high purity and crystallinity of the material [115]. Conversely, a
broad peak suggests a considerable distribution of energy levels, which may result from defects,
impurities, or disorders in the material. Figure 3.6a illustrates the PL peak of MAPbBr3; single
crystals grown using the ITC and PAITC methods. The emission peak at room temperature was
observed at 538 nm, which is consistent with literature[115], [116] and corresponds to a band gap
of 2.30 eV. The average full width at half maximum (FWHM) of the peaks was 126 and 180 meV
for crystals grown with and without polymer, respectively. The sharper peak of the crystal grown
with polymer indicates the enhanced optical performance of the polymer-assisted crystal growth

method [115].

The emission of photoluminescence (PL) from semiconductors is influenced by two crucial
material-specific parameters: exciton-phonon scattering and exciton binding energy [117], [118].
Exciton-phonon scattering, primarily attributed to various types of defects, provides a pathway for
nonradiative recombination. In contrast, higher exciton binding energy enables the formation of
stable excitons that can reduce nonradiative recombination. Furthermore, the broadening of
temperature-dependent photoluminescence (PL) spectra can be explained by Equation (3-1) [117],
[119], where I'(T)represents the full width at half maximum (FWHM) at temperature T, [ is a
temperature-independent inhomogeneous broadening term, [, and [} o are temperature-dependent

homogeneous acoustic and optical broadening terms respectively. It should be noted that the
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contribution of acoustic scattering in single crystals is negligible; therefore, it can be disregarded
[119]. Consequently, the broadening of PL spectra is primarily attributed to optical phonon

scattering.

I(T) =TIy + Ihc + I1o (-1

A temperature-dependent PL study was conducted to investigate the effects of a polymer-
assisted method on the optical properties of the prepared crystals. Figure 3.6b illustrates the
FWHM of crystals grown with and without the aid of a polymer. As evident from the data, the
crystal grown with the polymer exhibited a narrower FWHM across the entire temperature range
compared to its counterpart. This suggests that the reduced FWHM of the crystal made through
the PAITC method may be due to the reduced number of defects, which would have otherwise

acted as scattering sites and caused broadening.

The normalized integrated cryogenic PL emission intensity pseudo-color map of the crystals
grown without and with polymer are shown in Figure 3.7a and Figure 3.7b, respectively. Two key
observations can be made from the plots. Firstly, both crystals exhibit a blue shift in their emission
peak as the temperature increases, which will be further discussed in the following paragraph.
Secondly, the crystal grown using the PAITC method consistently exhibited higher emission
energy than ITC-grown single crystals throughout the entire cryogenic test range, which can be
attributed to the higher exciton binding energy of the PAITC crystal [115]. The higher exciton
energy is advantageous for reducing nonradiative recombination and lends superior optical

performance to the PAITC crystals.
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Figure 3.7c reveals the evolution of the PL emission peaks of the PAITC crystals. Both crystals
have shown a continuous redshift, counterintuitive to traditional semiconductors that generally
show a blue shift with decreasing temperature [119], [120], [121]. In principle, the band gap of a
semiconductor is a consequence of electron-phonon interaction, and thermal lattice expansion
[119], [120], [122], [123]. Decrease in temperature reduces electron-phonon interaction, thereby
causing band gap expansion. the contribution of lattice expansion in semiconductors is reported to
be weak, which is why conventional semiconductors generally show a blue shift with decreasing
temperature [117]. In contrast, our crystals showed a blue shift with increasing temperature, which
is occasionally observed in other semiconductors [121], [124], [125]. Several groups have
attempted to explain this phenomenon through either electron-phonon interaction, such as the
conduction band maximum and valence band maximum method, or through lattice expansion
[119], [121], [122], [124], [125]. However, a consensus has not been reached on the subject, and

further study is needed to identify and understand the origin of the blue shift.
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3.3.3 I-V Characterization

In order to investigate the electrical properties of the crystals prepared in this study,
measurements of DC current were taken under dark conditions. High-quality crystals among the
as-grown crystals were carefully selected and prepared, with both faces being polished
mechanically, and lastly, 100 nm Ni and Cr electrode contacts deposited on either side. The devices
were then placed under a dark environment, and the current response was measured as the bias
voltage was swept from 0 to 20V. As shown in Figure 3.8, the I-V curves of the crystals prepared
with and without varying amounts of PPG showed both linear and non-linear regions. The linear
region of the [-V curves obeyed Ohm's law, and the law was used to calculate the resistivity of the
crystals. As summarized in Table 3.1, the resistivity of the crystals prepared through the polymer-
assisted method was higher than that of those prepared without the use of the polymer. However,
an increase in the amount of polymer did not show a direct correlation with an increase in the

resistivity of the crystals.

The emergence of the non-linear region of the I-V curve is linked to changes in the number of
charge-trapping sites in the bulk of the semiconductor [44]. In the linear region, the trap sites are
not entirely filled; as a result, an increase in bias voltage leads to a proportional increase in the
dark current. Further increases in bias cause the trap sites to be completely filled with electrons,
causing the dark current to rise non-linearly. This occurs because charge carriers that would
otherwise have been trapped can now flow through the circuit, resulting in a large current. The
onset of this non-linear rise is referred to as the voltage at trap-filled limit (VrrL) and is used to
determine the trap density of crystals according to the Equation. 3-2. Here, € is the material’s
dielectric constant, €,is the vacuum permittivity, e is the charge of an electron, and d is the

thickness of the crystal [17]. In order to determine the trap densities in the crystals, the relative
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dielectric constants of the MAPbBr3; crystals were estimated through capacitance-frequency
measurements. Capacitance-frequency curves Figure 3.9 were obtained using an impedance
capacitance resistance (LCR) meter, and the relative dielectric constants were calculated from the
measured capacitance using the Equation. 3-3, where C is capacitance, and A4 is the active electrode

area of the devices.

eNgrgpd? (3-2)
Vi, = —2 ce
o]
cd (3-3)
€=——
€A

The calculated trap density of MAPDbBr3; single crystals is summarized in Table. 3.1. As
demonstrated in the table, the greatest trap density was observed in crystals grown without
polymer, while the crystal prepared with the most amount of PPG showed the least amount of trap
sites. Through the process of growing multiple rounds of crystals for this research, it was observed
that the time it takes to grow the crystals was directly related to the amount of PPG utilized, the
quickest being when the smallest amount was used and the slowest being when the most amount
was used. Meanwhile, the trap density results demonstrated that the crystal with the slower growth
rate had better quality, confirming our theory that the action of PPG polymer by regulating the
crystal growth speed results in better quality crystals. The best observed trap density 1x10° cm? is
better than similar class of materials [126] and significantly lower than (>10!° cm™) that of the

well-known semiconductor CdTe [127].

54



a T T T T
2.0x1078 - g
r
‘6
t(,:1.5x1o*’~ ““,V"
= f
5 1.0x107 -
o
{ -
jod
0 5.0%107 4
0.0 p=94E6 Q.cm
' ' ' n',@_,=951o 'cm~3
0 5 10 15 20
Electric filed (V)
7107 T T T T
C (
6x1077 Jof
¢ .
5x1077 7
< £
= 4x107 4 g E
5 ‘
3 3x107 +
{ .
& 2x1077
1x1077 .
e p=3.2E7 Qcm
0+ il Mirap™ 1.9E 9 cm™
0 5 10 15 20

Electric field (V)
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methods with PPG amount of 0.01 g/ml (b), 0.02 g/ml (c), and 0.03 g/ml (d).
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Figure 3.9. Capacitance-frequency curves of MAPbBr;3 crystals grown with ITC, (0 g/ml),

and PAITC methods with PPG amount of 0.01 g/ml, 0.02 g/ml, and 0.03 g/ml.

Table 3.1. Summary of electrical resistivity and trap density of MAPbBr3 single crystals.

PPG amount utilized to grow the | Resistivity (Q.cm) Trap density (cm™)
crystal (mg/l)

0 9.4x10° 9x10'°

0.01 3.37x107 5.1x10'°

0.02 4.8x10’ 2.46x10"

0.03 3.2x10’ 1.9x10°
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The characterization of the mobility lifetime product (ut)of the prepared crystals was
accomplished using the relationship between photocurrent and bias voltage according to the
modified Hecht Equation [128], shown in Equation. 3-4, where p is the mobility of charge carriers,
7 is the life-time of charge carriers, /, is the saturated current, and L and V" are the device thickness
and bias voltage, respectively. The MAPbBr3; devices photocurrent response was measured by
exposing the crystals to a 365 nm, 12 W, blue LED light, as shown in the inset of Figure 3.10, and
by sweeping an electric field from 0 V to 20 V using a Keithley source measuring unit 2450. Figure
3.10 shows the plot of the electric field against the measured photocurrent; the calculated ut values
from the fitting of the modified Hecht equation are 4.1x102, 1.04x102, 1.16x102, and
4.63x107 cm™V-! for crystals grown with 0.03, 0.02, 0.01, and 0 g/ml of PPG, respectively. The
results indicate that crystals prepared through the PAITC method have improved pr values
compared to those prepared without polymer assistance. The trap density analysis confirms that
crystals prepared through the PAITC route have a lower trap density, which may be the reason for
the improvement in the charge mobility of the crystals due to the reduced number of obstacles that

charge carriers will face while drifting toward the electrode.

. IoutV 1 — exp(—L? / utV) (3-
o 142
Vu 4)
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Figure 3.10. Current-voltage (I-V) curve of MAPbBr; crystals grown with ITC (a), PAITC

methods with PPG amount of 0.01 g/ml (b), 0.02 g/ml (c), and 0.03 g/ml (d).

3.3. 4. X-Ray Detection Using MAPbBr3 Single Crystals Grown with PAITC Method.

In conventional digital X-ray imaging techniques, the imaging process involves positioning a
subject between an X-ray source and a detector, and then directly measuring the direct current
(DC) produced by the pixels of the detector [128]. The intensity of the DC current is directly
proportional to the intensity of the radiation received by the various areas of the detector. The
amount of radiation received by the pixels of the detector is also influenced by the density of the
material in front of them. Areas with denser material in front of them receive less radiation, while

those with less dense material receive more. Consequently, the contrast of the intensity of the
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measured radiation can be used to form the X-ray image. A critical aspect of the procedure is the
detector material's sensitivity to X-rays. Therefore, in this work, the X-ray sensitivity of the

MAPDBT3 single crystals prepared was evaluated to determine their suitability for X-ray detection.

In order to assess the sensitivity of MAPbBr3 devices, the on and off current responses of the
devices were measured under various electric fields at an X-ray dose rate of 69.1 uGyair s™. The
net current, which is the difference between on and off current, was plotted in Figure 3.11. The
results indicate that crystals fabricated using the PAITC method exhibited higher current
responses, which could be due to the increased charge collection efficiency afforded by their

improved pt values.

The sensitivity of an X-ray detector is expressed in Equation 3-5 [129], where Al denotes the
net current, D is the X-ray dose rate, and 4 represents the active area of the detector (2 mmx2 mm).
The sensitivity of the device against the electric bias field is plotted as shown in Figure 3.12.
Similar to the current response, the crystals produced through the PAITC method exhibited
superior sensitivity. The sensitivity of the devices fabricated in this study at a bias of 40 V is
compared against the best reported values for new materials and currently available commercial
detectors in Table 3.2. As depicted in the table, the sensitivity of MAPbBr3 devices produced in
this work 1s 43.5 times higher than the commercially available a-Se detectors, and comparable to

the best in the class sensitivity of Si integrated MAPbBr3 devices.

Al (3-5)

S= —
DA
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Figure 3.11. Net X-ray photo current-voltage (I-V) curve of MAPbBr; crystals grown with
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Table 3.2. Summary of selected representative X-ray sensitivity of new and commercially
available detector materials.

Material X-ray sensitivity Applied bias Reference
(uC Gyair cm™) (V/mm)

MAPDBBr3 (0.03g/ml PPG) 19140 14 This work
MAPDBBr3 (0.02g/ml PPG) 12988 14 This work
MAPDBBr3 (0.02g/ml PPG) 4572 14 This work
MAPbBBr3 (0.0g/ml PPG) 2745 14 This work
MAPDBr3 2552 4.5 [129]
Cs3Bi2ly 1652 50 [128]
CsPbBr3 619 45 [129]
Si-integrated MAPbBr3 21000 7 [130]
a-Se 440 15000 [128]
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3.4 Conclusion

In conclusion, the results demonstrate that MAPbBr3 single crystals can be successfully grown
using the PAITC method. This method has proven to be effective in improving the quality, size,
and growth speed of the crystals by reducing nucleation sites and regulating the nucleation rate.
The method has resulted in MAPbBr3; single crystals with low trap site density and improved
performance. The crystals were characterized for purity, thermal stability, optical, and electrical
properties, and it was found that those grown using the PAITC method exhibited superior
properties compared to those grown without the aid of the polymer. The X-ray detection
performance of the crystals was evaluated and the best sensitivity reported in this study is higher
than previously reported values for the same class of material and is significantly better than
currently commercially available X-ray detection materials. Furthermore, the simplicity of
growing MAPbBT3 crystals and their low cost make them an attractive option. Overall, it can be

concluded that MAPDbBr3; has excellent potential as a material for detecting ionizing radiation.
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Chapter 4. Radiation Detection Using Cl-doped MAPbBr3 Single
Crystals Grown Through the Polymer-Assisted Inverse Temperature

Crystallization Method.

4.1 Introduction

Gamma spectroscopy, which measures the energy of ionizing radiation, is a crucial tool
for identifying radioactive nuclides [107]. Unlike the direct current mode used for intensity
measurements such as X-ray imaging, gamma-spectroscopy requires the detector to operate
in the pulse mode [107], [131], and often, this occurs in a very low radiation field, which
requires the detector to be ultra-sensitive to small changes. Despite this, the detector is
expected to perform the event-by-event analysis to accurately generate the gamma energy
spectrum. As a result, achieving the objective of gamma spectroscopy with pure MAPbBr3;
grown with the PAITC method requires further work to meet the strict requirement imposed

by pulse mode operation.

The stringent requirements of gamma-spectroscopy applications necessitate the use of
large-volume and high-quality crystals to ensure the interception and interaction of radiation
with the detector material [78]. Additionally, a large charge carrier mobility (n) lifetime (t)
product is necessary to efficiently collect charge carriers created by the radiation interaction.
Lastly, a detector with low trap density and high resistance is required to minimize charge
trapping and low noise operation, which could severely impact the single-event analysis

mode [78].
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The influence of noise and low resistivity on the pulse mode of operation can be
understood by examining their impact on relevant performance parameters, as demonstrated
by Equations 4-1 to 4-3. The charge collection efficiency (CCE) measures the detector’s
ability to convert generated carriers into a signal, while the charge drift length (1) determines
the maximum distance that carriers can travel before being lost to recombination. Finally, the
drift velocity (v;) determines how quickly carriers can reach the collection electrodes. As
shown in the equations, all three parameters are directly related to the material's mobility
properties and the externally applied electric field (V). However, the mobility properties of
the material cannot be controlled operationally. Therefore, experts often attempt to optimize
detector performance by applying high electric fields [132]. However, the use of high electric
fields is a double-edged sword, as it increases charge collection as well as detector noise and
can mask the signal with noise. Therefore, a resistivity in excess of 10° Q.cm is required to

take advantage of the benefit of applying high electric field [44].

Q HeTe \ ( ¢ ) .uhThV
CCE =—= 1 — e\leTe V _
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The low resistivity and high dark current in MAPbBr3 are reportedly attributed to its high
density of charge carriers [44], [92]. One feasible method of decreasing the charge carrier density
is to increase the material’s band gap. As demonstrated in Figure 4. 1, by increasing the band gap
of MAPDbBr3 by 13% and 43%, for instance, the intrinsic charge carrier concentration at room
temperature would decrease by three and six orders of magnitude, respectively. Fortunately, the
excellent chemical tunability of MAPbX3 (X = Cl, Br, I) halide perovskites allow for simple
manipulation of the band gap. Research has shown that the band gap of MAPbX3 is influenced
by two key factors of the halide variant [133]. Firstly, the band gap is inversely proportional to
the atomic size of the halide. Chloride, the smallest halide, has the widest band gap (3.1 eV),
while iodide, the largest halide, has the narrowest band gap (1.54 eV). Bromide is in between
(2.3 eV) [134], [135], [136]. Secondly, the band gap of the hybrid perovskite is positively
correlated with the valence band composition of the halide component. For example, the 3p
composition of chloride requires a higher ionization potential than the 4p composition associated
with bromide [5], [6]. Therefore, it is theorized that partial substitution of bromide with chloride
in MAPbBr3 could lead to a material with lower carrier density and a slightly wider bandgap,

resulting in higher resistivity and lower dark current.

As previously discussed, the utilization of the PAITC method has resulted in the
successful growth of large and high-quality crystals with significantly improved pt and trap
density properties. Nonetheless, spectroscopy with pure MAPbBr3; single could not be
achieved due to the very high noise associated with their low resistivity. This chapter
discusses the attempt made to address the resistivity and noise challenges associated with
MAPDBBTr3. The chapter details the synthesis of MAPDbBTr3 single crystals with varying levels

of Cl-doping, utilizing the PAITC method. The chemical, optical, and electrical properties of
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the grown crystals were analyzed using XRD, EDS, room temperature and cryogenic PL,
and [-V characterizations. Lastly, the chapter discusses the gamma-ray, X-ray , detection

experiment results of the Cl-doped MAPbBr3 single crystals.
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Figure 4.1. Plot of temperature and intrinsic carrier concentration, plot shows intrinsic

charged carrier concentration decreases because of band gap widening.
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4.2 Results
4.2.1 XRD

MAPDbBT13 and MAPbCI3 powders were synthesized as a precursor to grow pure and Cl-doped
MAPDB13 single crystals. The crystallinity and purity of the synthesized materials were
characterized using X-ray diffractometry (XRD). The XRD patterns of the MAPbBr3 and
MAPDCI; crystals, Figure 4.2a, showed that they both have a cubic structure, with a unit cell length
of 5.93280 A and 5.68546 A, respectively [113], [137]. The diffraction peaks of the MAPbBr; at
20 =149, 21.1, 25.9, 29.9, 35.5, 36.8, 42.7, 45.5, and 48.06° were attributed to the (100), (110),
(111), (200), (210), (211), (220), (300), and (310) planes of the cubic structure, while the MAPbCl3
peaks at 20 = 14.6, 19.6, 25.4,29.4, 34.1, 38.0, 41.6, and 45.4° were attributed to the (100), (110),
(111), (200), (210), (211), (220), and (221) planes of the cubic structure [137]. The XRD pattern
of the as-grown MAPbBr; single crystal demonstrated sharp peaks at 20 = 15.3, 30.5, and 46.2°
[137], which were indexed to the (100), (200), and (300) faces, indicating the presence of a well-
structured cubic single crystal phase. No impurity peaks were observed. As confirmed by the
similarity of the XRD patterns of the pure MAPbBr; and Cl-doped MAPbBr3 showed in Figure
4.2b, Cl doping did not change the phase of the single crystal [138]. The Cl-doped crystal showed
higher peak intensity, which may be due to improved crystal quality [138]. As shown in Figure
4.2c, the Cl-doped crystal pattern was slightly shifted to the left, which is due to the inclusion of
CI[139]. Lastly, both powder and single crystal patterns exhibited no impurity peaks, which

confirmed the pure crystallinity and high quality of the synthesized materials.
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4.2.2 EDS

MAPDBBT3; single crystals with 1% - 4% Cl1 doping were prepared to investigate the effect
of Cl doping on the optical and electrical properties of the material. Energy Dispersive X-ray
Spectroscopy (EDS) study was conducted to confirm the presence and relative increase in Cl
content resulting from doping, EDS elemental mapping technique was employed to generate
the images displayed in Figure 4.3 which correspond to the CI doping content of 1%, 2%,
3%, and 4%, respectively. As depicted in the images and Table 4.1., Cl was detected in all
the doped single crystals, thereby confirming its presence. However, EDS is incapable of
detecting small atoms, such as hydrogen, which is present in MAPbBr; (CH3NH3PbBr3);
therefore, a 100% mass ratio could not be calculated. Nonetheless, EDS is capable of
accurately determining Cl and Br amounts, and thus the ratio of Cl to the sum of Cl and Br
atoms was calculated to assess the increase in Cl content of the crystals due to the increase
in MAPbBCI; in the precursor. Figure 4.4 shows the calculated Cl/(Cl+Br) ratio, which
indicates that the concentration of Cl changed linearly with the increase in MAPbCI;,
confirming the success of the method used to grow MAPbBr3 single crystals with varying

amounts of Cl doping.
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Figure 4.3. EDS elemental map of Cl-dopped MAPbBrs; single crystals, 1%, 2%, 3% and 4%

Cl doped from top to bottom, respectively.
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Table 4.1. Summary of EDS measured elemental atomic percentage of MAPbBr, single crystals,
prepared with 1% - 4% substitution of MAPbBr, with MAPbCL,

Cl doping

amount (%) C N Pb Br Cl Total
1 42.75 13.46 10.25 33.27 0.27 100
2 40.74 13.61 10.45 34.53 0.67 100
3 40.24 13.56 10.63 34.56 1.01 100
4 40.68 14.6 10.34 33.17 1.21 100
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Figure 4.4. Cl to Br atom ratio of Cl-doped MAPbBr;3 single crystals, prepared with 1% - 4%

substitution of MAPbBrs; with MAPbCl.
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4.2.3 Photoluminescence (PL) Study

Figure 4.5a presents the PL spectra of MAPbBr3 single crystals grown with varying
levels of chlorine substitution for bromine. The emission peak for pure MAPbBr3 at room
temperature is observed at 538 nm, which is consistent with literature [4], [5] and
corresponds to a band gap of 2.30 eV. Additionally, the plot reveals that the emission peaks
of the crystal are progressively shifted towards shorter wavelengths; it decreased from 538
nm for pure MAPbBr3 to 526 nm when 4% CI doping is used, which is consistent with an

increase in energy band gap width.

The calculation of the band gap in single crystals of MAPbBr3 can be performed using
Equation 4-4 [140], where Eg is the band gap in eV, and A is the main emission peak in nm.
As shown in Figure 4.5b, the calculated E; values for MAPbBT3 single crystals with varying
amounts of CI doping are plotted. The figure indicates that the band gap increased from 2.30
eV to 2.35 eV with 4% CI doping. This expansion of the band gap can be attributed to two
main reasons. Firstly, the band gap of hybrid perovskite is positively correlated with the
amount of C1[133], [141] as the valence band composition of Cl is 3p which requires a higher
ionization potential than the 4p composition associated with bromine [133], [141]. Hence,
an increase in Cl amount leads to an increase in the band gap due to the increased ionization
energy requirement. Secondly, the size of the cations also affects the band gap of hybrid
perovskites by impacting the crystal lattice structure [142], [143]. In the case of Br
substitution with Cl atom, it causes contraction of the lattice, thereby causing a widening of

the band gap.
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Figure 4.5. Photoluminescence peaks of MAPbBrs3 single crystal with 0% - 4% CI doping (a),

and the measured band gap of the crystals (b).
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A study was conducted to evaluate the effects of chlorine (Cl) doping on the optical properties
of MAPbBr3 crystals using a temperature-dependent photoluminescence (PL) technique. Figure
4.6 depicts the normalized cryogenic PL emission intensity of the prepared crystals in the form of
a pseudo-color map. As shown in the plot, the cryogenic PL patterns of Cl-doped crystals were

observed to be broader and less intense compared to the pure MAPbBrs3.

As discussed in the preceding chapter, the emission of photoluminescence (PL) from
semiconductors is influenced by two crucial material-specific parameters: exciton-phonon
scattering and exciton binding energy [117], [118]. Exciton-phonon scattering, primarily attributed
to various types of defects, intentional, and unintentional inclusion of impurities, such as doping,
provides a pathway for nonradiative recombination. On the other hand, the exciton binding energy
is largely dependent on the band composition of the material, and if this energy is higher, it can
provide pathways to increase radiative recombination, because the high energy reduces non

radiative recombination [115].

The effect of both parameters is evident in the pseudo plot, which demonstrated peak
broadening, attributed to increased exciton-phonon scattering as a result of an increase in Cl doping
concentration, which by definition is an impurity. On the other hand, the observed increase in the
emission energy of Cl-doped crystals with increasing CI concentration could serve as an avenue to
decrease nonradiative recombination. Therefore, the net effect of Cl doping on the optical

performance is a compromise between these two factors.
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Figure 4.6. Pseudo-color maps of temperature dependent PL emission spectra of pure

MAPbBBrs (a) 1%, 2

% and 4% Cl doped MAPDBr; single crystals (b),(c), and (d), respectively.

Figures 4.7a and 4.7b display the cryogenic photoluminescence (PL) emission spectra for both
pure and 4% Cl-doped MAPbBBr3 single crystals. Both samples exhibit the atypical [12]-[14] blue
shift, which has been previously discussed and will not be expanded upon in this context. Crystal
phase changes can also cause emission shifts, and it is known that MAPbBr3; undergoes several
phase transitions, including alpha to beta, gamma, and delta phases, at temperatures of 230 K, 160

K, and 150 K, respectively, as illustrated in Figure 4.7, while the pure crystal consistently displays
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a shift towards longer wavelengths, the 4% chloride-doped crystal reveals a deviation from this

pattern, exhibiting a shift towards longer wavelengths up to 200 K, followed by a reversal and a

return to the regular trend between 200 K and 150 K. This suggests that the phase changes

occurring in this temperature range may be responsible for the observed deviation, and absence of

it could suggests the better stability of the pure crystal.
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Figure 4.7. Temperature dependent PL emission spectra of pure (a) and 4% CI- doped

(b)MAPBbrs single crystals.
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4.2.4 1-V Characterization

To investigate the changes in electrical properties of MAPbBr3 crystals resulting from Cl
doping, direct current (DC) measurements were conducted under dark conditions. This was
achieved by selecting crack and surface defect-free crystals from the as-grown samples and
preparing devices by polishing the surfaces mechanically and depositing 100 nm Ni and Cr
electrode contacts on opposite sides. The devices were then placed in a dark environment, and the
current response was measured as the bias voltage was swept from 0 to 20V. As depicted in Figure
4.8, the current-voltage (I-V) curves of the pure and Cl-doped MAPbBr3 single crystals exhibited
both linear and non-linear regions. Two key observations were made from these plots: first, a
declining dark current trend was observed with an increase in the Cl doping amount, and second,
as summarized in Table 4.2. a trend of increasing resistivity with an increase in Cl doping amount
was observed. Additionally, the voltage at the trap-filled limit (Vtrr) values obtained from the I-V
curve was used to determine the trap density of crystals using Equation. 3-2 and Equation 3-3

elaborated in the preceding chapter.

The findings corroborate the hypothesis that Cl doping has a dual positive effect on the
electrical properties of MAPbBTr3 single crystals. Initially, as depicted in the figure, the dark current
of the Cl-doped single crystals exhibited a reduction of over 8%, attributable to the reduction in
the number of free electrons and holes that contribute to the dark current. Furthermore, the
resistivity of the single crystals was increased by more than an order of magnitude, from 3.4x10’
to 1.7x10° Q-cm, with the addition of 4% CI. This enhancement can be attributed to the expansion
of the band gap, which increased the energy required for electrons to transition from the valence
band to the conduction band, thereby limiting the number of carriers that could be activated. Lastly,

while doping, which involves introducing impurities into a material, caused raised concerns about
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the potential increase in trap density, it is reassuring to find that doping did not actually result in
an increase in trap sites but rather slightly decreased the trap density. This improved trap density
may be attributed to the strong attraction force between the cations and Cl™ anions compared to the
Br™ anions. That better strength reduces the mobility or migration of ions and, in effect minimizes

the number of trap sites.

Table 4.2. Summary of electrical resistivity and trap density of Cl doped-MAPbBr3 single
crystals.

CI amount (%) Resistivity (Q.cm) Trap density (cm™)
0 3.4x107 5.1 x 10'°
1 2.7 % 108 3.9x10'°
2 5.1x108 3.1 x10'°
3 7.2 x 108 4.6x10'°
4 1.7 x 10° 1.0x10'°
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Figure 4.8. Dark current response of MAPbBr 3 single crystals with 0% up to 4% CI doping

(a), Dark current response of a pure MAPbBrs3 single crystal (b).
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4.2.4.1 Charge Carriers Mobility lifetime product

The evaluation of the mobility lifetime product (ut) for the prepared crystals was carried out
using the modified Hecht Equation [20], as previously described. The photocurrent response of the
MAPDBBr3; devices was measured by exposing the crystals to a 365 nm, 12 W, blue LED light, and
by applying an electric field ranging from 0 V to 20 V using a Keithley source measuring unit
2450. The plot of the electric field against the measured photocurrent is shown in Figure 4.10 a-e.
The calculated pt values Figure. 4.10f from the fitting of the modified Hecht equation are 1.12x10"
2,8x1073,1.15x102, 1.79x102, and 2.5x102 cm?V™! for crystals grown with 0%, 1%, 2%, 3%, and

4% substitution of MAPbBr3; with MAPbCls, respectively.

The results indicate that crystals prepared with Cl doping exhibited improved pt values, except
for the crystal prepared with 1% substitution. The increase in put values suggests that at Cl doping
concentrations greater than 2%, did not impact the mobility of carriers by acting as scattering sites.
However, at a 1% doping level, a reduction in mobility was observed. This could be attributed to
an imbalance in the PbBrs * octahedra caused by the limited substitution of Br~ with CI" [144],
which may have caused several defect states that acted as scattering sites, as demonstrated by the

lower energy and broader peak in the cryogenic PL spectra of such crystals.
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4.2.5 Radiation detection using Cl-doped MAPbBr3 single crystals.

4.2.5.1 X-ray detection

Based on the outcomes of the preceding material characterization studies, it can be inferred
that the process of Cl-doping has enhanced the electrical properties of MAPbBTr3 single crystals.
The low dark current and high resistivity of Cl-doped crystals have the potential to improve X-ray
sensitivity, which is a crucial parameter in X-ray detection. To assess the impact of Cl-doping on
the sensitivity of MAPbBT3 devices, the on and off current responses of the devices were measured
under various electric fields at an X-ray dose rate of 69.1 uGyair s™. The net current, which is the
difference between the on and off current, was plotted in Figure 4.11a. The results demonstrate
that crystals fabricated using Cl-doping generally exhibited higher current responses, which may
be attributed to the combined effect of increased resistivity, reduced dark current, and enhanced

charge mobility properties.

Moreover, the X-ray sensitivity of the Cl-doped MAPbBr; detectors was calculated using
Equation 3-5 [21], as described in the preceding chapter, and the sensitivity of the devices against
the electric bias field is illustrated in Figure 4.11b. Similarly, to the current response, the crystals
produced with Cl- doping exhibited superior sensitivity. The plot indicates that the maximum
obtained X-ray sensitivity using a 4% Cl-doped single crystal is 15, 21.3, and 3.8 times better than
the MAPbBr; single crystals with 0%, 1%, and 3% Cl-doping. The sensitivity of the devices
fabricated in this study at a bias of 40 V is compared against the best-reported values for new
materials and currently available commercial detectors in 7able 4.3. As depicted in the table, the

sensitivity of MAPbBr3 devices produced in this work is 155.9 times higher than the commercially
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available a-Se detectors [145], and 3.3 times better than the best-in-class sensitivity of Si integrated

MAPDBT3 devices [145].
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Figure 4.11. X-ray photo current-voltage (I-V) curve of 0% - 4% Cl-doped MAPbBr; crystals

(a), X-ray sensitivity of MAPbBr;3 crystals grown 0% - 4% Cl-doping (b).
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Table 4.3. Summary of selected representative X-ray sensitivity of new and commercially
available detector materials.

Material Sensitivity (nC Gyair cm™) Applied bias field | Reference
(V/mm)

4%Cl MAPbBr3; 68593 17 This work
3%CIl MAPDBr3 17954 16 This work
2%CI MAPbBr3 8228 21 This work
1%Cl MAPbBr3 3242 20 This work
MAPDbBT13 4579 24 This work
MAPDBI3 2552 4.5 [129]
Cs3Bi2ly 1652 50 [128]
CsPbBr3 619 45 [129]

Si-integrated MAPbBr3 21000 7 [145]
a-Se 440 15000 [128]
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4.2.5.2 y-ray detection

The doping of MAPbBr3 with Cl- has resulted in a material with high photon stopping power
and excellent electrical properties, making it an attractive candidate for gamma-spectroscopy
applications. However, the successful application of gamma-spectroscopy depends on the ability
to analyze time and energy-dependent signals with pulse analysis electronics [107]. To achieve
this, it is essential to minimize the time it takes for charge carriers to reach the electrode, which
requires high drift velocity and drift length. While applying a higher bias voltage across the

detector can help achieve this, it may be restricted by the detector noise level.

To evaluate the gamma detection performance of Cl-doped and pure MAPbBr; single crystals,
MAPDBI; radiation detector devices were fabricated using 4% Cl-doped and pure MAPbBTr3 single
crystals. Similar to the devices employed in X-ray measurements, the detector devices featured
100nm Ni and Cr electrodes, and the crystals were mounted on a custom-prepared circuit board
and placed in a radio frequency shielding box. To minimize noise, the box was evacuated to 0.1
mbar using a vacuum pump, and the detector was connected to a Kromek ev550 charge-sensitive
preamplifier via a 6-inch BNC cable. The output of the preamplifier was then routed to an Ortec
672 amplifier, whose output was fed to a Kromek 102 multichannel analyzer. Finally, the spectrum

was acquired using MultiSpec software by Kromek.

In a typical gamma detection routine in this work, the source was placed 3 centimeters above
the detector, which was supplied with a bias of +200 V, with the positive terminal connected to the
Cr electrode. The preamplifier gain was set at 200x, and the shaping time was fixed at 10

microseconds. The energy resolution (ER) [107], which is a critical measure of a detector's ability
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to discern the fine energy spectrum of a nuclear decay, was calculated using Equation 4-5 where,
E, is energy of the gamma, FWHM is the full width at half maximum of the photopeak. To evaluate
the performance of the MAPbBr3 single crystals in comparison to state-of-the-art CZT detectors,
the 2*! Am and '*’Cs gamma spectra were acquired using the MAPbBr3 single crystals and the GR1

CZT detector manufactured by Kromek.

o FwHM (4-5)

Ey

Figure 4.12a displays the gamma spectrum obtained using 4% Cl-doped MAPbBr3; and CZT
detectors. As demonstrated in the close-up view of Figure 4.12b, the > Am 56KeV gamma peak
was resolved, and the corresponding energy resolution of 0.13 and 4.8 was determined for
MAPDBr; and CZT, respectively. Additionally, Figure 4.13a shows the *’Cs gamma spectrum
acquired using pure MAPbBr3, 4% Cl-doped MAPDbBr3, and a CZT detector. As depicted in the
close-up view of Figure 4.13b, the detector made with Cl-doping was able to show a small 662
keV peak, while the detector made with pure MAPbBr3 was not able to show a properly defined
peak. Several attempts were made to obtain a spectrum with pure MAPbBr3, however, the attempts
remained futile due to the higher noise the detector demonstrated when biased at 200 V. An attempt
was also by lowering the bias voltage, but when the bias was lowered, the pulse was completely

lost due to the reduced charge collection efficiency.
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4.3 Conclusion

The MAPDBr3 single crystals with varying amounts of Cl doping were successfully grown
using the PAITC method. The chemical, optical, electrical, and radiation detector performance of
the prepared crystals was evaluated. The results demonstrated that the Cl doping was able to
successfully improve the electrical properties of the crystal. Furthermore, the crystal showed
improved charge mobility lifetime product. The gamma-ray detection performance was evaluated
by resolving *'Am and '*’Cs gamma spectrums using MAPbBr; detectors. It was also
demonstrated that the X-ray sensitivity of 4% Cl- doped MAPbBr3 single crystal is 68593 nuC
Gyair Cm™ which is 155 better than the sensitivity of currently widely utilized X-ray detector
material a-Se. To the best of our knowledge, this is the 1is the best value reported for this class of
material. Overall, the significantly improved detector performance of Cl-doped MAPbBr3 was
attributed to the enhanced electrical properties achieved through CI doping, and it is confirmed

that MAPDbBr3 has excellent potential as a material for detecting ionizing radiation.
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Chapter 5. Electrode Engineering for Improved Sensitivity of

MAPbDbBr; X-Ray Detectors

5.1 Introduction

Halide perovskites have drawn significant attention due to their exceptional potential as next-
generation materials for various electronic applications [104], [146], [147], [148], [149], [150],
[151]. Applications such as photovoltaics, LEDs, lasers, transistors, and radiation detectors can
benefit from improved performance achieved by using perovskite materials [151]. However, the
efficient and reliable electrode contact required for each of these applications is challenged by the
instability of perovskite-metal contacts, which is attributed to intricate interfacial effects and high
reactivity due to the ionic nature of perovskite materials [152]. Additionally, the stability of these
materials is compromised by their vulnerability to moisture and oxygen. Therefore, designing
efficient contact is crucial to effectively harness the promising attributes of halide perovskites and

leverage their full potential in electronic applications.

The development of MAPbBr3 as an affordable radiation detector necessitates the development
of efficient electrode contacts through electrode engineering[152]. Although the utilization of
MAPDBr; for radiation detectors is a relatively new endeavor, extensive research has been
conducted on the impact of electrode material selection on interfacial engineering in MAPbBT3
thin film devices[153], [154], [155], [156], [157], [158]. As a result, most thin film devices use
hole and/or electron transport layers between the electrode metal and the film to create efficient

charge transfer. However, recent reports have shown that single-crystal devices without carrier
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transport layers are better suited for radiation detectors[ 152], making it essential to investigate how

metal contact selection affects overall radiation detection performance.

One of the primary goals of electrode engineering in perovskite single crystals is to efficiently
extract and transport charges from the perovskite layer to the external circuit[152]. This requires
proper alignment of the energy levels between the perovskite and electrode materials, as well as a
low-resistance contact. The work function difference between the metal and the semiconductor is
a crucial parameter in determining the Schottky barrier height, which is essential for controlling
the carrier flow rate and direction. The work function of a semiconductor lies between the
conduction and valance band, as shown in Figure 5.1, where the work function of commonly used
metal electrode materials and the conduction and valance band of MAPbBr3 are plotted. As
indicated by the plot, all of these metals could potentially be used as electrode material for

MAPDBTs3.

The other objective of electrode engineering for MAPbBTr3; devices is to ensure the long-term
stability and reliability of the contact interfaces[158]. This is crucial due to the ionic nature of
perovskite materials, which readily interact with metal contacts, causing gradual degradation
through metal diffusion into the perovskite matrix, redox reactions, and surface polarization[152].
These issues can result in the formation of impurities or defects, distortion of the electric field, or
device destabilization. For example, gold has been demonstrated to create interfacial polarization
with methylammonium lead halide perovskites. Silver contacts can lead to iodine and
methylammonium ion diffusion and the formation of an Agl barrier[159], while fullerene-based
contacts can allow moisture ingress towards the hygroscopic perovskite[160]. Therefore, a careful

selection of materials must be accomplished to avoid surface polarization as well as diffusion.
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The phenomenon of interfacial polarization, resulting from electrochemical interactions
between the perovskite material and the contact electrode[152], leads to the formation of interfacial
dipole moments and local electric fields. This, in turn, can have detrimental effects such as device
hysteresis, nonradiative recombination, and interface decomposition. To mitigate this
phenomenon, it is recommended to select contact materials that prevent its formation. Lin et al.
demonstrated the interfacial stability between MAPDI3 perovskite and a series of noble and
transition metals was analyzed by employing first-principles calculations, As illustrated in Figure
5.2, the results indicated that Au, Ag, Cu, and Pd tend to form charged metal complexes with low
formation energies, while Cr, Ni, Co, and Mo form metal complexes with higher formation
energies. Hence, the utilization of metals with higher formation energies can help avoid this

detrimental effect.

In an effort to develop MAPDbBr3 as a radiation detector, and given the critical role that
electrode materials play in device performance, it is worth exploring the impact of various contact
materials on the overall performance. Chromium and nickel were selected for this study due to
their favorable work function and limited reactivity with the crystal surface. Additionally, gold
was chosen as it is one of the most commonly used materials for electrodes. In this chapter, a
comparison of the electric properties and device performance of various MAPbBr3; devices with
similar and dissimilar metal contact is discussed. The I-V properties were examined, and finally,

the effect of electrode material on X-ray detection performance was analyzed.
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Figure 5.2. Formation energy of metal complex with N type perovskite [152].

5.2 I-V characterization

In order to investigate the I-V response of MAPbBr3 devices fabricated with various electrode
contact material combinations, high-quality crystals were carefully selected and prepared with
both faces mechanically polished. Four different types of electrode combinations, Au-Sc-Au, Cr-
Sc-Au, Cr-Sc-Cr, and Cr-Sc-Ni, each with a thickness of 100 nm, were deposited using an E-beam
evaporator. The devices were then placed in a dark environment, and the current response was
measured as the bias voltage was swept from -20 V to 20 V. As shown in Figure 5.3, the [-V curves
of the crystals prepared with various metal combinations exhibited different responses. Devices
made with similar contact materials, Au-SC-Au and Cr-Sc-Cr, showed ohmic responses,
confirming the formation of ohmic contacts. However, devices made with dissimilar metal contacts

showed rectifying (Schottky) characteristics.

An ohmic contact is a type of electrical junction that facilitates the unimpeded flow of current

in both directions between two conductors without any appreciable rectification or power
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dissipation. In contrast, a Schottky contact exhibits rectifying behavior, allowing current to flow
more readily in one direction than the other. As illustrated in the plots, Schottky devices typically
exhibit lower dark current compared to ohmic contacts. Both types of contacts have their own
unique advantages and disadvantages. In radiation detection, ohmic contacts are often operated at
low bias voltages due to the challenge of increased dark current when the bias is increased.
However, low bias can often lead to inefficient charge collection. Therefore, a MAPbBr3 crystal

with a dissimilar contact could potentially be more efficient for radiation detection.
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Figure 5.3. I-curves of MAPbBrs; devices fabricated with Cr-Sc-Cr (a), Au-Sc-Au(b) Cr-Sc-

Au(c), and Cr-Sc-Ni (d) electrode metal contact.

5.3 X-Ray Detection Performance

In order to evaluate the influence of electrode selection on the X-ray sensitivity of MAPbBr3

devices, the current responses of the devices were measured under different electric fields at a
constant X-ray dose rate of 69.1 uGyair s™*. The net current, which represents the difference

between the on and off current, was graphed in Figure 5.4. The data reveals that devices with
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dissimilar metal contacts typically displayed higher current responses, which may be attributed

to the low dark current associated with the Schottky devices.

The sensitivity of the detector was determined using Equation 3-5, as described in the
preceding chapter, and the calculated values are depicted in Figure 5.5. The results demonstrate
that the MAPbBr3; devices with different contacts exhibited superior sensitivity. Specifically, the
sensitivity of the best performing device, Cr-SC-Ni, was 5.76, 3.8, and 1.4 times greater than that

of Au-SC-Au, Cr-Sc-Cr, and Cr-SC-Au devices, respectively.

Furthermore, the signal-to-noise ratio (SNR) of the detector was calculated to assess the
stability of the signal, as shown in Equation 5-1, where I,,,;¢. 1s the standard deviation of the
photocurrent and Ig;gnq is the difference between the dark and photocurrent. Figure 5.6 depicts
the contrast between the on and off current of the MAPbBr3; devices at a bias voltage of 20V. As
indicated in the plots, the SNR values for the devices were 27.1, 14.1, 9.43, and 5.3 for Cr-SC-Ni,
Cr-SC-Au, Cr-Sc-Cr, and Au-SC-Au, respectively. These results confirm the superiority of the Cr-
SC-Ni device for radiation detection.

Isignal (5-1)

Inoise

SNR =
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5.4 Impedance Spectroscopy

In order to gain a more profound understanding of the dynamic processes at the interface
between MAPDBT3 single crystals and metal electrodes, the impedance spectroscopy technique was
employed to measure the capacitance of the devices at various frequencies. Specifically, the
capacitance reading of a semiconductor sample is influenced by the applied frequency, with mid
to high frequencies revealing bulk properties away from the interface and low frequencies
highlighting interface properties[160]. Therefore, the capacitance measurement at low frequency
can be utilized to scan for indications of surface polarization. To obtain the capacitance
measurements, BP-300 potential stat was employed, and the capacitance was measured from 1Hz
to 100kHz. Figure 5.7 illustrates the frequency-dependent capacitance of MAPbBr; devices
prepared with various electrode material combinations. As depicted in the plot, at low frequency,
the device fabricated with similar Au contacts on both sides exhibited higher capacitance,
indicating a higher accumulation of ionic and electronic charges. However, the devices made with
Cr-Cr and Cr-Au combinations showed some accumulation, while the devices made with the Cr-
Ni combination did not display increased capacitance at low frequency, suggesting that the device
was not being polarized. Consequently, in light of the impedance spectroscopy results, the superior
performance of the Cr-Ni device is attributed to the combination of a Schottky barrier device and
reduced polarization of the surface due to the more inert properties of nickel and chromium

electrodes.
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5.5 Conclusion

In summary, the effect of electrode metal selection on the performance of MAPbBr3 detector
devices was investigated. Devices with Au-Sc-Au, Cr-Sc-Cr, Cr-Sc-Cr, and Cr-Sc-Ni electrode
metal combinations were prepared, and their I-V curves were analyzed. It was observed that
devices with similar contacts formed ohmic contacts, while devices with dissimilar metal
combinations showed Schottky contacts. The X-ray performance of the devices was also
examined, and it was found that the Cr-Sc-Ni combination showed superior sensitivity and signal-
to-noise ratio (SNR) due to its reduced dark current and reduced surface polarization. As a result,

this combination of electrode materials was chosen for the studies conducted in Chapters 3 and 4.
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Chapter 6. Conclusion and Future Work

This dissertation investigated the development of MAPbBr3 for radiation detection through
three interrelated components. First, an improved crystal growth method was designed and studied
to meet the requirements of radiation detection. Second, the effect of Cl-doping with MAPbBr3
was studied to enhance material properties necessary for radiation detection. Lastly, electrode

engineering for improved sensitivity of MAPbBr3 detectors was explored.

Radiation sensing requires large volume and high-quality crystals. The solution-based crystal
growth methods currently available do not fully satisfy the need, that they either take more than
two weeks if they produce high quality crystals or they are too fast that quality crystals cannot be
grown. The PAITC is shown to be an innovative solution that bridges the gap between these two,
so that high quality crystals could be grown in less than 2 days, this was achieved by effectively
regulating the rate of crystal growth using PPG polymer. When compared with traditional ITC, the
PAITC method was able to grow crystal up to 11 times bigger. Furthermore, the photoluminescence
and I-V studies have shown that the crystal made through ITC have improved quality, more than
nine times better carrier mobility lifetime product was observed. Additionally, the x-ray sensitivity
of the crystals made through the PAITC method was improved by 1.5 times with the use of 0.01
g/ml of PPG, and by 6.9 times with the use of 0.03 g/ml of PPG. However, the use of higher
concentrations of PPG led to slower crystal growth rates of up to a week. Overall, the PAITC
method has been shown to produce high-quality crystals in a reasonable amount of time, making
it a suitable approach for growing similar organic-inorganic perovskites such as MAPbX, FAPbX
(X= Cl, Br, and I) and it could lead to wider adoption of such materials for radiation sensing as

well as other photonic applications.
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The impact of electrode metal selection on the performance of MAPbBr; detectors in terms of
radiation sensing was investigated. To this end, a few candidate metals were chosen based on their
work function alignment and reactivity with perovskites. The Au-Sc-Au, Cr-Sc-Cr, Au-Sc-Ni, and
Cr-Sc-Ni combinations were prepared. The results showed that the sensitivity of the device was
influenced by the metal selection, with the Cr-Sc-Ni combination exhibiting improved sensitivity.
This was attributed to the favorable band alignment and inertness of the material, which avoided
surface polarization, resulting in significantly lower dark current compared to the other electrode
combinations examined. The use of Cr and Ni for electrode metal is a new practice, as Au has
traditionally been the dominant choice for electronic applications. However, these results
underscore that careful selection of the metal contact is necessary to unlock the full potential of

perovskite devices, and that Cr and Ni could play an important role in this regard.

Despite the successful increase in the size and quality of crystals through PAITC, pure
MAPDBT; crystals did not exhibit gamma spectroscopic response. To overcome this limitation, the
Cl-doping of MAPbBr3 was explored. The samples with 1%-4% Cl1 doping were evaluated for their
chemical, optical, electrical, and radiation detector performance. The results demonstrated that Cl
doping increased the resistivity of the material by more than an order of magnitude, and it was
attributed to the slight increase in the band gap of Cl-doped crystals as confirmed by PL studies.
Additionally, the pr product was found to be improved as well. The combination of these
improvements enabled the Cl-doped crystal to show spectroscopic response. Most importantly, the

enhancements led to an impressive X-ray sensitivity of 68593 uC Gyair Cm, which is the best
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reported value for this class of materials and it is 155 times better than what is commercially

available currently.

The metal halide perovskites grown by the PAITC method have displayed significant potential
for use as a low-cost and versatile radiation sensor for nuclear security and X-ray imaging
applications. Their ease of fabrication, high X-ray sensitivity, and ability to modify their
stoichiometry to achieve desired capabilities such as neutron sensitivity through doping with
lithium are among their appealing characteristics. This dissertation has made notable achievements
in identifying and addressing a number of obstacles in developing MAPbBTr3 detectors. However,

there are still significant challenges that need to be addressed.

The X-ray sensitivity of MAPbBr3 crystals has been demonstrated to surpass the industry
standard, however, their practical implementation requires significant study on their long-term
stability and reliability as organic perovskites, including MAPbBr3, are prone to degradation,
which can lead to performance loss. Therefore, it is essential to address the long-term stability and
reliability of perovskite detectors. Furthermore, the devices prepared in this study only employed
mechanical polishing for surface preparation, and there is room for improvement through chemical
polishing, interface engineering, and the utilization of oxide layers. Lastly, this work has focused
primarily on improving the material properties of MAPbBr3, but an ocean of work is needed to
address further improvement through the development of appropriate electronics and signal

analysis algorithms that are compatible with perovskite detectors.
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