ABSTRACT

ALSHOGEATHRI, SAQR MUFLIH. Gel Growth and Characterization Perovskite Single Crystals
for Ionizing Radiation Detection. (Under the direction of Dr. Ge Yang).

Metal halide perovskites are promising candidates for ionizing radiation detection due to
their tunable bandgap, high quantum yield, strong light absorption, and excellent charge trans-
port properties. Among these, bismuth-based perovskites are gaining attention as non-toxic
alternatives to lead-based perovskites. In this study, bismuth-based perovskite single crystals
were successfully grown using a novel gel growth technique. The gel growth method has been
widely applied to functional crystals such as nonlinear optical (NLO) materials, pharmaceutical
crystals, nanosheets, and nanoparticles. Traditional methods like melt growth are commonly
used for inorganic perovskites due to their chemical stability, while low-temperature solution
growth is favored for hybrid perovskites due to the instability of organic compounds at higher
temperatures. The gel growth technique offers a simpler alternative, allowing for controlled
diffusion of reagents and the growth of high-quality single crystals at room temperature.

The objective of this study was to demonstrate the gel growth of perovskite crystals and
investigate the factors influencing the method. Gel growth offers several advantages, such
as minimizing equilibrium defects, reducing non-equilibrium defects, and operating under
ambient conditions. Silica gel, a well-established medium for high-quality crystal growth, was
selected as the gel type. Sodium meta-silicate mixed with deionized water created a solution
with a desired density of 1.06 g/cm?3, which was combined with an acidic solution for silica
gel formation. Early trials with HBr as the acid yielded Cs;Bi,Brg crystals, confirming that the
gel and acid type did not contribute to crystal inclusions. HCl was then used in subsequent
experiments due to its lower acidity and denser gel formation, which reduced nucleation
sites and slowed diffusion. The perovskite crystals grown in this study included Cs;Bi,Bry,
Cs,AgBiBrg, Cs3Bi,lg, MA3Bi, g, FA3Bi, 14, and doped Cs3Bi, (Br,I;_,)g (0.3 < x < 0.6). A three-
port U-tube beaker arrangement with a 7-day gel aging period was used. Larger crystals were
observed for hybrid perovskites (MA;Bi, Iy and FA;Bi, 1), with MA;Bi, I, crystals occasionally
exhibiting hollowness due to sensitivity to environmental vibrations. Cs,AgBiBrg crystals were
successfully grown only when CsBr, AgBr, and BiBr; were diffused separately, with variations in
color indicating Bi-rich or Bi-poor regions due to diffusion dynamics. Notably, Cs;Bi,I, crystals
exhibited more crystal faces than other perovskites, sparking interest in doping and additives
to improve growth uniformity and reduce multi-faceted formations. Doping trials with mixed
halide anions (Br and I) resulted in larger, more uniform Cs;3Bi,(Br,I,_,)q crystals compared to

the parent perovskites. The addition of choline bromide (CB), previously successful in enhanc-



ing CsPbBr; crystal morphology in solution growth, was tested in the gel method. While CB
improved Cs;Bi,Bry crystal growth and reduced nucleation, no significant effects were observed
for hybrid perovskites, and Cs,AgBiBrg crystals failed to form under these conditions. Material
and optical characterizations confirmed the intrinsic structure and properties of the gel-grown
crystals. X-ray diffraction (XRD) was used for structural confirmation, and ultraviolet-visible
(UV-vis) spectroscopy estimated the bandgap values. Room-temperature photoluminescence
(PL) spectra confirmed bandgaps and revealed potential defect or impurity peaks. Raman
spectroscopy was employed to analyze the vibrational modes of the doped perovskites, with
shifts in wavenumber confirming the incorporation of mixed halides into the crystal lattice. The
bandgaps were around 2 eV for Cs;Bi, 1y, MA;Bi, 14, FA;Bi, Iy, and doped Cs;3Bi, (Br,I,_,)q, ap-
proximately 2.2 eV for Cs,AgBiBrg, and 2.54 eV for Cs;3Bi,Bry. Surface roughness and treatment
were assessed using confocal laser scanning microscopy, revealing that gel-grown FA;Bi, ],
crystals had significantly smoother surfaces than solution-grown counterparts (0.416 mvs.
5.233 m). Isopropanol was identified as the optimal solvent for surface cleaning, with no
observed surface damage.

Device fabrication for I-V measurements involved applying fast-drying silver paste to the
crystals. High resistivity (10° to 10'* - cm) was measured, crucial for minimizing leakage
current and reducing electronic noise in radiation detectors. X-ray response tests, conducted
using a glass reference sample to account for air ionization effects, indicated promising per-
formance for all devices except Ag/Cs;Bi,Iy/Ag, which displayed indistinguishable responses
from the glass reference. Hecht equation fitting estimated the mobility-lifetime ( ) prod-
uct, yielding values between 10~ and 102 cm?/V, consistent with previous studies. Linear-
ity in X-ray response, important for radiation dosimetry, was observed in all devices except
Ag/Cs,AgBiBrs/Ag, likely due to ion migration. Sensitivity ranged from 0.1to 1.2 CGy_} cm™?,
and detection limits between 6 and 45 Gy/s, slightly higher than the recommended thresh-
old for medical diagnostic exposure (5.5 Gy/s). Despite the non-vacuum conditions, the
results demonstrated reliability, and long-term stability was confirmed over 90 days. However,
doped crystals exhibited increased dark current and reduced resistivity, likely due to environ-
mental degradation. The gel growth method shows great potential for producing high-quality
perovskite single crystals for radiation detection and optoelectronic applications.
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CHAPTER

1

INTRODUCTION

1.1 Introduction

Since the discovery of X-rays in 1895 by Rontgen and subsequent ndings of alpha particles, beta
particles, and gammarays, ionizing radiation has played a crucial role in various elds including
nuclear non-proliferation, space exploration, medical imaging, industrial manufacturing,
nuclear energy, and scienti c research. Notably, high-energy radiation such as X-rays (ranging
from 100 eV to 200 keV) and gamma rays (exceeding 100 keV), as depicted in Figure 1.1,
has spurred advancements in detector technology, leading to signi cant reductions in size,
weight, and exposure times. High-energy radiation detectors primarily fall into two categories:
direct and indirect detectors. Direct detection relies on photoconductive materials sensitive
to incident radiation, generating electron-hole pairs collected by an external electric eld,
commonly found in semiconductor detectors. Indirect detection, on the other hand, utilizes
scintillator materials converting incoming radiation energy into ultraviolet (UV) or visible
(visible) light, which is then detected by photodiodes. To comprehend the deployment of these
detectors, a fundamental understanding of X-ray and gamma-ray interactions within a medium
is crucial (31).

Soft X-ray photons interact with target sensing materials primarily through photoelectric
absorption within the material. This interaction is crucial in understanding the behavior of



Figure 1.1: Electromagnetic spectrum between infrared and gamma rays along with their
respective wavelengths and photon energies (31).

X-ray and gamma-ray detectors. The photoelectric effect is when a photon transfers its entire
kinetic energy (E ) to an atomic electron, leading to the ejection of a liberated photoelectron
(and the generation of holes) with kineticenergy E . = E —E, (where E,, represents the electron's
binding energy to the atomic nucleus). Importantly, the binding energy is conserved and
manifests as a characteristic X-ray, which is also absorbed within the detector. On the other
hand, hard X-ray photons interact with sensing materials via Compton scattering. This process
involves the loss of part of the photon's energy, which imparts kinetic energy to a free or bound
electron. Consequently, a scattered X-ray photon is emitted in a different trajectory. Additionally,
pair production is another mode of interaction occurring when an incident high-energy photon
(>1.022 MeV, twice the electron's rest-mass energy) interacts with an atomic nucleus, generating
an electron-positron pair. Understanding these interactions is pivotal for researchers to select
suitable materials for X-ray and gamma-ray detectors. Various parameters and gures of merit
(FOM) for these detectors must be comprehended to make informed decisions about material
selection and detector design.

To achieve a higher performance of a detector, the interaction between the incoming
photon energy and the semiconducting material must be large. Stopping power is an important

parameter that de nes the rate of energy lost per unit of path length (x), expressed as dgi . The



atomic number Z is represented in the material density while the charged patrticle kinetic
energy is Tg.

lonization energy is another important parameter that is de ned as the energy required to
release an electron-hole pair in the photo-conductor sensing material. This ionization energy
is directly related to the energy band gap (E ) of the absorbing material, see Equation 1.1 or 1.2
(32).

W = 2.2, + Egpoton (1.1)

W = 3E, (1.2)

In X-ray applications, a highly sensitive detector plays a crucial role in producing high-
guality images and generating stronger electrical signals per unit X-ray dose. These ampli ed
signals contribute to higher signal-to-noise ratios (SNR), enhancing image clarity and diag-
nostic accuracy. The sensitivity of X-ray detectors can be enhanced through various strategies.
One key approach involves increasing the mobility-lifetime product, h=e, OF adjusting the
applied bias, albeit with the trade-off of higher dark current. The mobility-lifetime product
serves as a vital parameter indicating the drift velocity and lifespan of charge carriers (either
holes (h) or electrons (e)) as they move through the semiconducting material under an applied
electric eld E =(Voltage Bias)/ L, as depicted in Equation 1.3, where  represents the mean
driftlength,  denotes carrier mobility, and signi es the average lifetime of a charge carrier
before encountering a material defect-induced trap (31).

Higher mobility-lifetime products are desirable for a better a charge collection ef ciency
(CCE), where CCE represents the collected charge (Q) divided by the theoretically generated
charge (Q,), which is calculated as the product of the incoming photon energy p and the
elementary charge e divided by W represented in Equation 1.4 (63).

cce=2-_ 9 (1.4)
Qo b e=W
__h Yy e B
CCE= L(1 e n)+ L(l e ) (1.5)

The mobility-lifetime product can be determined by applying a valuable equation called
Hecht's equation (Equation 1.5) where L is the detector thickness, and p and . are the mean
drift lengths of holes and electrons that are generated at a distance x from the cathode of a



planar detector. The CCE is directly related to the drift lengths, which are crucial for minimizing
overall charge loss, as described by the exponential terms. To achieve this, the drift lengths
must be signi cantly greater than the thickness of the detector. A modi ed version of Hecht's
equation can also be applied in scenarios involving weak penetrating radiation sources, such
as alpha patrticles. In such cases, charge carriers tend to be predominantly generated near
an electrode. By carefully con guring the experimental setup for either cathode or anode
collection, the effective travel length of a single charge carrier aligns with the detector thickness,
as illustrated in Equation 1.6.

CCE %(1 e =) (1.6)

Sensitivity is a critical FOM for X-ray detectors, representing the ef ciency of converting
incident radiation into electrical signals within the detector material. The relationship between
charge collection and sensitivity, S, is mathematically described by Equations 1.7 and 1.8,
where A denotes the effective area, D represents the dose, and | , and |4 signify the generated
currents with and without X-ray irradiation, respectively (5; 31; 94).

Q

5= (1.7)

Semiconductor-based X-ray detectors primarily operate in current mode rather than voltage
mode, where the electric current generated is directly proportional to the energy of incident
photons ( 33). This current mode is extensively utilized in X-ray detectors for applications
like radiography or computed tomography, particularly under high photon ux conditions.
The output of such detectors in this mode is typically represented by average current values
generated from the detected particles (108).

In contrast, semiconductor-based gamma-ray detectors operate in voltage mode because
of the weak intensity of the photon ux (high-energy gamma photons arrive at the detector
individually). To handle the low signal intensity, a preampli er is utilized to integrate the
detector signal at speci c intervals. The accumulated charge is subsequently shaped and
converted into a voltage signal. The readout electronics then conduct event-by-event analysis
to correlate intensity with the energy of detected gamma photons, resulting in a detailed map
known as the electrical pulse height spectrum (73).

For a photon ux containing multiple photons, the attenuation in the medium can be
described by the following relationship:



| =l,e =% (1.9)

Here, |, represents the original radiation intensity, a 1S the absorption coef cient resulting
from the mentioned interaction mechanisms, and  x is the absorption length of the material
(36). Gamma radiation detection holds immense importance across various elds such as
medical imaging, homeland security, and astronomy. In these applications, high-resolution ra-
diation detectors are indispensable for accurate identi cation and quanti cation of radioactive
isotopes.

The photoelectric effect stands out in spectroscopic applications due to its capability to
ensure full energy deposition directly attributed to the incident photon. Energy resolution
emerges as a crucial FOM in semiconductors, de ned as the ratio of the full-width-at-half-
maximum (FWHM) value of a photo-peak at a speci cenergy (  Hpax), @s shown in Equation 1.10
(108):

R% =

FWHM
. (1.10)

max
For the detection of higher-energy photons such as gamma rays or lower-energy X-rays,
semiconductors must exhibit speci ¢ characteristics:

1. Large stopping power: Ensuring ionization before escaping the material requires ele-
ments with a high atomic number (Z > 40) and high density (> 5g/cm?).

2. Preferable band gap: Aband gap between 1.5 eV and 3 eV is preferred to minimize intrinsic
carriers from background noise and to generate more electron-hole pairs for the same
incident energy.

3. High resistivity: With resistivity greater than 10°  cm, semiconductors can handle high
voltage bias to increase CCE and enhance SNR, resulting in smaller dark current.

4. Large carrier mobility-lifetime products e» . High charge carrier mobility is cru-
cial and is in uenced by effective mass, which in turn depends on the electronic band
structure. Desirable properties include widely dispersive bands at the conduction band
minimum and valence band maximum, leading to low electron and hole effective masses
and thus high charge carrier mobility. Charge carrier lifetime ( ) is inversely proportional
to defect concentration; lower defect concentration increases (105).

The bulk resistivity can typically be determined by measuring the current-voltage (I-V) curve,
from which the resistivity () can be calculated using the formula:



_R A _(va A
L L
where V represents the voltage, | is the current, R is the resistance, L is the single crystal thickness,

[ cm] (1.11)

and A is the surface area.

Commercially available semiconductors such as high-purity germanium (HPGe) offer ex-
ceptional resolution (0.2%) but require cryogenic cooling due to their low band gap (0.66 eV),
leading to dark current issues. On the other hand, CdZnTe (CZT) provides room temperature
operation and good resolution (0.5%) but faces challenges like low bulk resistivity and dif -
culties in crystal growth, including twinning and Te precipitation. TIBr detectors exhibit high
resolution at room temperature and good bulk resistivity but are plagued by polarization effects
caused by Br ion mobility, which can reduce detector lifetime and performance ( 105). Despite
their lower resolution compared to semiconductor materials, scintillators offer high energy
harvesting ef ciency. In techniques like time-of- ight (TOF) positron emission tomography
(PET), fast gamma-ray detectors with high time resolution and light yield are crucial. Common
scintillators like Nal(Tl) and CslI(Tl), along with other inorganic gamma ray scintillators, suffer
from long decay times. While LaBr3:Ce boasts high light yield, its adoption is hindered by its
high cost (33).

Given the limited success of existing radiation detectors, there is a clear opportunity for new
materials to emerge. Recent research efforts have focused on discovering materials that can
overcome the limitations mentioned above. Perovskites, with their versatile compositional and
structural exibility, appear to offer attractive properties for radiation detection. Metal halide
perovskites (MHP) are at the forefront of advanced materials for next-generation high-energy
radiation detection due to qualities such as high material density (approximately4g  /cm?),
the ability to incorporate high-Z elements (e.g., Pb: Z =82, Cs: Z=55, Br: Z=35), tunable band
gaps through cation exchanges and additions, high bulk resistivity ( >10" cm), low charge
trap density, and high light yield from X-ray irradiation (photoluminescence quantum yields:
12,900-250,000 photond MeV) (31).

1.2 Perovskite Materials

The original perovskite, calcium titanate (CaTiO 3), was discovered in 1839 by Gustav Rose in
the Ural Mountains of Russia. It was named after Russian mineralogist Lev Aleksevich von
Perovski (1792-1856). Over time, the term "perovskite" has evolved to encompass a variety
of synthesized materials that share the crystal structure of the CaTiO 5 mineral and have the
general formula ABX 5 (79). The classical cubic perovskite structure is characterized by a three-



dimensional (3D) anionic network of corner-sharing BO 4 octahedra along all three fourfold
octahedral axes. In this structure, the A-site accommodates a large cation that balances the
charge and occupies cubo-octahedral voids, as illustrated in Figure 1.2, (31; 54).

Figure 1.2: Schematic representation of a 3D perovskite structure ABO ;(72).

Oxide perovskites, which share the ABO ; composition (such as aluminum perovskite com-
pounds), have been extensively studied and characterized as semiconductors with intriguing
properties like ferroelectricity and superconductivity (  54). However, due to their relatively
wide band gaps, they are best suited for applications as scintillators. It's worth noting that
smaller band gap semiconductors, commonly used as scintillating materials, often struggle to
accommodate activators (or impurities) due to their compact crystal structure. These activator
ions, which have energy levels narrower than those of the host crystal, play a crucial role in
trapping both electrons and holes during the luminescence process (17).

The early exploration of halide perovskites in solar cell research marked a signi cant break-
through, showcasing their effectiveness in enhancing power conversion ef ciency. This success
captured the attention of research groups searching for novel alternatives in radiation detec-
tion, given the outstanding optoelectronic properties exhibited by these materials. Metal halide
perovskites, in particular, emerged as highly promising candidates for both direct and indirect
radiation detection, owing to their exceptional attributes such as high charge carrier mobility,
long diffusion length, tunable band gap, high quantum yield, strong absorption coef cient,
and versatile chemistry.

In recent years, substantial efforts have been made in the eld of ionized radiation detec-
tion through metal or non-metal halide perovskites. Leveraging their processing versatility,
researchers have explored a wide spectrum of hybrid and inorganic perovskites, pushing the



boundaries of high radiation detector technologies. These perovskite materials are available in
various forms including nanopatrticles, wires, sheets, polycrystalline thin Ims, and bulk single
crystals. Among these, polycrystalline thin Ims and bulk single crystals have gained signi cant
popularity in ionized radiation detection applications such as alpha particle, X-ray, and gamma
detection ( 33). This diverse range of perovskite structures and compositions not only expands
the possibilities for discovery but also contributes to advancing the eld of high-performance
radiation detectors.

1.2.1 Crystal Structure

Cesium lead halides, known as CsPbX 3, represent a class of halide perovskites that were rst
synthesized in 1893 by Wells (92), and their crystal structures were fully determined by Moller
in 1957 (57). Similar to oxide perovskites, halide perovskites share a generic structure where
halides replace oxygen in the lattice. This substitution of divalent oxygen imposes constraints
on the choices of cations for the A-site due to the reduced charge requirement at each site.
The limitations on A-site cations have made cesium (and sometimes the small ionic radius
of rubidium) ( 30), CH;NH ; or methylammonium (MA), and CH(NH ), or formamidinium
(FA) the primary cations capable of occupying the A-site and stabilizing a perovskite phase.
Fortunately, a wide variety of halide perovskite-derived structures exist, ranging from 2D to
0D structures. For instance, the use of larger organic cations can disrupt the 3D perovskite
framework, leading to lower-dimensional structures.

Figure 1.3: Schematic representation of a 3D perovskite structure and the derived lower
dimensional perovskites(85).

2D perovskites are derived from the 3D structure by slicing along speci c crystallographic
planes, creating a layered structure where the octahedra are connected along two octahedral
axes. Further slicing of 2D perovskites results in 1D perovskites, where the octahedra are con-



nected along only one octahedral axis. Similarly, slicing and isolation of octahedra lead to the
formation of OD perovskites. It's worth noting that multiple classes of these perovskite-derived
structures can coexist, forming mixed frameworks such as quasi-2D perovskites (combining 3D
and 2D structures), as illustrated in Figure 1.3, which depicts the range of perovskite structures
(31).

To assess the stability of the perovskite lattice, two critical factors are often considered for
perovskite formability and stability, as outlined in equations 16 and 17, respectively:

ra+r
= platt) ge1 ¢ 10 (1.12)
[ 2(rg +rx)]
s
=2 044 0.8 (1.13)
Fa

These factors are empirically derived and provide insights into the optimal conditions
for forming and stabilizing perovskite structures ( 33). The tolerance factor (t) introduced by
Goldschmit in 1926 considers the ionic radii (r) of A, B, and X, while the octahedral factor
( ) focuses on the ratio of r 5 to r 5. These parameters play crucial roles in understanding and
predicting the structural stability and properties of perovskite materials.

Perovskites constitute a vast family of materials categorized based on their chemical com-
position and structural characteristics, re ecting the dimensional aspects of halide perovskites
at the molecular level. As previously discussed, the traditional 3D halide perovskite follows
a general formula of ABX 3, where A can represent a small organic cation (e.g., MA *, FA") or
an inorganic cation (e.g., Cs *, Rb"), B denotes a metal cation (e.g., Pb 2", Sn,, ), and X signi es
a halide anion (I , Br , Cl ). The classi cation of perovskites as either inorganic or hybrid
metal halide perovskites depends on whether the A cation is an inorganic or organic molecule,
respectively. In comparison to hybrid halide perovskites, inorganic perovskites exhibit superior
thermal stability and reduced ion migration, making them particularly suitable for applications
in high-energy radiation detection (33).

Generally, 3D perovskites exhibit limited ef cient scintillation at room temperature due
to their low exciton binding energy, leading to thermal quenching. Therefore, they are better
suited for direct or semiconductor radiation detectors in bulk crystal form. In contrast, reducing
the dimensionality of perovskites results in strong quantum con nement effects and deep
excitonic levels, ensuring ef cient scintillation at room temperature. This makes them ideal for
indirect scintillator radiation detectors ( 31; 54). In fact, the binding energy of excitons in 2D
systems is about four times greater than that of 3D systems ( 34), highlighting the potential of
reduced-dimensional perovskites for ef cient radiation detection applications. The following
subsection aims to provide an overview of the advancements and endeavors directed towards



all-inorganic CsPbBr 5 single crystals, positioning them as a promising candidate for radiation
detection applications. This will offer insight into the obstacles encountered, shedding light
on the journey of halide perovskites towards commercial viability.

1.2.2 CsPbBr; Single Crystals: Case Study

Many commercial semiconductor detectors rely on polycrystalline materials, which suffer
from lengthy reaction times ( 33). To obtain desirable high-Z semiconductors like CdTe and
CZT in single crystal form, complex and costly melt growth techniques are necessary (  33; 105).
The Bridgman technique is a well-established melt growth method that involves melting raw
materials in a sealed crucible and then gradually cooling it from a seed crystal end to form a
single crystal. In this process, the crucible containing the molten material is translated along a
temperature gradient within a furnace. Crystal growth is initiated by bringing the melt into
contact with a seed single crystal at the base of the crucible, which determines the orientation of
the forming crystal. The crucible is then slowly moved to a cooler section, where solidi cation
begins at the melt-seed interface and continues until the entire melt forms a single crystal.
This technique can be set up in either a vertical or horizontal con guration as illustrated in
Figure 1.4 (61).

Figure 1.4: Single crystal growth by the Bridgman method using a horizontal or vertical
orientation where T |, is the melting temperature(61).

There is a pressing need to develop low-cost, highly sensitive detectors that can operate
at room temperature to rival the performance of existing commercial options. Given the lim-
ited availability of semiconductors suitable for gamma detection, perovskite single crystals
have garnered attention due to their superior optoelectronic properties compared to their
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polycrystalline Im counterparts. Of the notable inorganic perovskites, CsPbBr  ; single crystals
have emerged for room temperature semiconducting radiation detectors due to their chemical
stability, large band gap (2.2 eV), and high hole mobility-lifetime product ( n) (102). It's been
approximated that the initial cost of CsPbBr 5 is about $3.10 per gram (reducing to $0.30 after
industrial scaling-up). This places it in a similar price range as commercial scintillators, such

as Csl:Tl, which costs around $2.50 per gram. Notably, CsPbBr ; is substantially more affordable
than other semiconductor materials like CdZnTe, which can cost approximately $500 per gram,
making it two orders of magnitude cheaper (13).

Perovskite single crystals not only incorporate higher-Z components (CsPbBr ; effective
atomic numberZ ¢+ 65.9Vs.CdZnTe Z¢; 50.2) but can also be grown using cost-effective
solution methods. Perovskite single crystals can be grown from aqueous solutions through sev-
eral well-known methods, including the solution temperature lowering (STL) method, inverse-
temperature crystallization (ITC) method, and the anti-solvent vapor-assisted crystallization
(AVC) method. In the STL method, small millimeter-sized crystals are initially synthesized,
serving as seeds for the subsequent growth of larger bulk crystals. Depending on the positioning
of these seed crystals, either bottom or top-seeded solution growth is employed. In this process,
the solution temperature is gradually reduced from high temperatures to a saturated state,
initiating the formation of single crystals. The ITC method capitalizes on the inverse solubility
dependence on temperature observed in certain organic solvents. Raw chemicals are dissolved
in organic solvents such as DMSO or DMF at room temperature. The temperature is then
incrementally increased until nucleation occurs, leading to supersaturation and subsequent
crystal growth. The ITC method offers signi cantly faster growth rates (several hours) com-
pared to the STL method, which typically requires days to weeks to yield high-quality single
crystals. The AVC method leverages the preferred solubility of perovskites in speci ¢ solvents.
An appropriate anti-solvent is gradually introduced into the solution containing the target
precursors. This diffusion triggers nucleation and crystal growth, facilitating the formation of
single crystals. Each of these methods has been extensively employed for hybrid perovskites
due to the instability of organic compounds around their melting temperatures. Hybrid per-
ovskites, with dimensions ranging from millimeters to centimeters, have been successfully
grown using various solution-based methods at low temperatures ( 69). In contrast, inorganic
perovskites face fewer obstacles in crystal growth due to their greater stability. Therefore the
utilization of using the melt growth methods namely the Bridgman method have been used to
grow inorganic bulk perovskite single crystals (87; 93; 100; 83; 12; 99; 53).

To our best knowledge, the rst successful melt growth of single CsPbX 5 (X = ClI, Br) crystals
was reported using the Bridgman method ( 7; 37). However, initial efforts by Stoumpos et al. did
not yield highly resolved gamma rays due to phase transitions occurring after crystallization
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from the melt growth process. Despite the challenges posed by phase transitions and the
presence of grown-in defects, subsequent work by the same research group optimized the
crystal growth process over multiple runs, leading to improved CsPbBr 5 single crystal growth
and achieving the best spectral resolution at the time (3.8-3.9%) ( 27). The momentum in
advancing inorganic perovskite research persisted within the same research group, marked
by another milestone. This time, they pioneered the utilization of unipolar CsPbBr 5 detectors
employing pixelated and quasi-hemispherical sensing techniques. This innovative approach
resulted in a remarkable energy resolution of 1.4% for Cs-137 662-keV  -rays, as detailed in
their recent work (28).

There is research interest in exploring the potential cost bene ts associated with melt
growth methods for commercial radiation detectors. The high expense of employing pure
starting materials and subsequent puri cation signi cantly in ates the cost of crystal pro-
duction. Kunar et al. proposed a strategy to mitigate these costs by purifying and developing
detector-grade CsPbBr ; single crystals from affordable starting materials synthesized via low-
cost solutions ( 40). However, compared to melt growth, low-temperature solution growth
methods offer distinct advantages. They circumvent issues like phase transitions and the need
for extensive puri cation processes. The study by Liu et al. highlights the application of the
thermally stimulated current (TSC) technique for detailed defect analysis. Their ndings in-
dicate that both solution-grown and melt-grown crystals, initially containing intrinsic point
defects and impurities, achieve comparable low defect concentrations after puri cation ( 50).
Hence, solution-grown methods present an alternative, cost-effective means of producing
CsPbBr; single crystals.

Few studies have showcased the growth of CsPbBr 5 single crystals via solution-based meth-
ods. Rakita et al. employed the AVC method using a DMSO precursor solution with a 1:1 molar
ratio of CsBr and PbBr , (69). They titrated the solutions with the antisolvents MeCN or MeOH
at varying ratios until saturation, facilitating crystal formation at room temperature. Heating
the antisolvent bath expedited growth, although water proved unsuitable as an antisolvent
due to crystal discoloration. Zhang et al. re ned the AVC method by using a diluted MeOH
solution with DMSO as an antisolvent, reducing MeOH vapor pressure and yielding larger
crystals compared to previous reports ( 98). Dirin et al. introduced the use of ITC under am-
bient conditions with DMSO as the optimal solvent for CsPbBr 5 growth. Despite obtaining
millimeter-sized crystals suitable for gamma detection, achieving optimal resolution at room
temperature remains a challenge, requiring cooling to 220 K to observe the desired peak using
an Am-241 gamma source (15).

In 2020, Feng et al. enhanced the ITC method by introducing choline bromide (CB) as an
additive to the DMSO solution, mediating crystallization to form cuboid-shaped crystals. This
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mitigated the tendency of crystals to grow rapidly in one direction, resulting in elongated bars
unfavorable for gamma detection. Moreover, the addition of CB signi cantly improved hole

and electron mobility values by nearly four times, comparable to CsPbBr 5 crystals grown via
the Bridgman technique. This advancement led to a resolution of 5.5% using a Cs-137 662-
keV gamma source, marking the highest resolution achieved by a solution-grown perovskite
detector to date. Notably, the study emphasized the importance of passivating (C  gH;7NH3),S0O,
to eliminate surface defects for enhanced device performance ( 21). Further discussion on the
role of passivation is provided in Section 3.4. Figure 1.5 illustrates the impact of CB addition in
the ITC method on single crystal growth.

Figure 1.5: lllustration of the impact of CB addition in the ITC method on CsPbBr 3 single
crystal growth, with CB additive (right) and without CB additive (left)(21).

In an endeavor to re ne solution-based methods and address inherent challenges, such
as solvent corrosion, deteriorating surface morphology, and crystalline quality, Peng et al.
devised a novel approach to grow CsPbBr 5 single crystals in water in the presence of hydrogen
bromide acid (HBr). The solubility of CsPbBr 5 in DMSO increases as the temperature rises.
However, the optimized precursor solution of CsBr:PbBr , (1:2) in DMSO predominantly favors
CsPbBr; growth due to the dif culty in growing alternative phases. This challenge arises from
the formation of Cs ,PbBrg or CsPb,Brs; phases when using CsBr-rich or PbBr ,-rich precursors,
respectively, owing to the signi cant difference in the solubility of CsBrand PbBr ~ , in DMSO. In
contrast, the solubility of CsPbBr 5 in water decreases gradually with decreasing temperature in
the presence of HBr. Consequently, Peng et al. conducted a slow cooling rate solution growth
process for CsPbBr; single crystals in water, observing the stabilization of the pure CsPbBr ,
phase when the CsBr:PbBr, ratiois 1:1. A comparative analysis of the structural and opto-
electrical properties of CsPbBr 5 single crystals grown in DMSO and water revealed noteworthy
distinctions. Single crystals grown in water exhibited superior stability in air, mitigated ion
migration, reduced defect density, and heightened charge conductivity and mobility. Further-
more, comparative photodetection performance highlighted the advantages of single crystals
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grown in water, showcasing higher X-ray sensitivity, faster response time, and diminished dark
current and noise (67).

Ozen et al. conducted a comprehensive study on the growth of CsPbBr ; single crystals
in HBr. They employed both a constant temperature method (or slow evaporation method)
and a controlled temperature-lowering method to grow highly faceted CsPbBr  ; single crystals.
The constant temperature method yielded large, clear, and minimally defective crystals due
to its slower saturation process. In contrast, the controlled temperature-lowering method
initiated nucleation even at low cooling rates, resulting in the formation of small single crystals.
Seed growth experiments were also conducted, demonstrating not only the production of
larger crystals but also the superior control over foreign nuclei formation when employing the
constant temperature method (58).

1.2.3 Performance of Bismuth-Based Perovskites

Lead (Pb), with its high atomic number (Z = 82), offers exceptional stopping power for high-
energy radiation. Rapid advancements in thermally stable CsPbBr 5 single crystals, as demon-
strated in section 1.2.2, have positioned them as promising candidates for room-temperature
radiation detectors. Generally, the impressive performance of Pb-based perovskites is largely
due to the strong Pb 6s-1 5p antibonding coupling ( 25). However, the toxicity of Pb poses
signi cant health and environmental concerns, driving the search for Pb-free alternatives in
radiation detection materials. Bismuth (Bi 3*), with an atomic number of 83, is considered a
viable environmentally friendly alternative material and has a similar electronic con guration
to Pb?* (33), high-temperature and moisture stabilities ( 42), and high ionic activation energies
(109). Incorporating higher-valent metals into the B-site of the perovskite structure (ABX  3)
introduces ordered vacancies to balance the additional charge from the higher valency. This
results in compositions such as A ,(B**)(B3")Xs and A;(B**),X, for monovalent B 1* or trivalent
B3* cations, respectively (54).

2D bismuth halide perovskite crystals exhibit remarkably low dark current and low detec-
tion limits in X-ray detection, attributed to their high resistivity and minimal ionic migration
(42; 95). Signi cant advancements have been made with OD MA  ;Bi,lq single crystals, notably by
Xiaojia et al., achieving a detection limit of 0.62 nGy /s and a sensitivity of 10620 CGyailr cm 2
for 140 keV X-ray detection ( 106). In contrast, OD FA ;Bi,lq single crystals have been less studied.
However, Li et al. successfully grew centimeter-sized crystals using the solution constant-
temperature evaporation method, reporting a high detection ef ciency of 33.5 %, a sensitivity
of 598.1 CGyailr cm 2, and a detection limit of 200 nGy /s (43). Due to the limited research

on FA3Bi,lq single crystals, Kim explored post-growth annealing to enhance these crystals at
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various temperatures ( 35). Annealing methods have proven effective in mitigating the degrada-
tion of radiation detection ef ciency and intrinsic properties caused by ion migration. Using
the solution evaporation growth technique combined with seeded method, Kim annealed
FA;Bi,l4 single crystal samples at 80, 120, and 160°C. The sample annealed at 120°C exhibited
superior optical performance, lower trap density, higher sensitivity, and a lower detection limit
compared to the non-annealed sample ( 35). The all-inorganic OD Cs ;Bi,l4 can attenuate more
X-ray photons due to a higher absorption coef cient and Zhang et al. have reported a high
sensitivity of 1652.3 CGy,! cm 2and a low trap density of 1.4x10 °cm 2 (103).

Cs;Bi,Brg inorganic perovskites belong to the category of 2D bilayered perovskite structures.
Li et al. investigated the performance of these inorganic bismuth-based perovskites for hard
X-ray detection (120 keV). Cs3Bi,Brq single crystals were grown using a melt growth method in a
three-zone modi ed vertical Bridgman furnace. Among all reported bismuth-based perovskite
X-ray detectors, this study achieved the lowest detection limit of 0.58 nGy /s. The high-quality
single crystals lacked undesired CsBr-rich phases, had low trap densities, high resistivity, and
exhibited excellent sensitivity of 1705 CGyailr cm ? (46). 2D Cs,AgBiBrg perovskites have gar-
nered signi cant research attention for X-ray detection. Zheng et al. explored its performance
in gamma radiation detection, testing two growth trials with Bi-poor and Bi-rich precursor
solutions. Theoretically, Bi-rich growth can lead to a large number of deep-level electron traps.
Bi-poor Cs ,AgBIBrg single crystals, which were brighter in color, responded to an Am-241 59.5
keV gamma-ray source, achieving an energy resolution of 13.91 % (104). Table 1.1 summarizes
the key performance indicators on selected Bi-based perovskite single crystals for X-ray ra-
diation where L is the sample thickness, is the resistivity, is the trap density, is the

mobility-lifetime product, D is the detection limit, and S is the sensitivity.

Table 1.1: X-ray performance of selected Bi-based perovskite single crystals.

Perovskite Growth Method L (mm) Device Structure ( cm) (cm 3) (cm V) D (nGy/s) S( CGy,lcm ?)  Ref.
Cs;Bi,Brg Bridgman Melt 1 Au / Perovskite/ Au  1.41x10% 9.96x10°  8.32x10 4 0.58 1705 (10,000 Vcm)  (46)
Cs,AgBiBrg Cooling HBr-Based 2 Au/ Perovskite/ Au  3.31x10% NA 5.95x10 3 45.7 1974 (500 V cm) 97)
Precursor Solution
Cs;Bislg Nucleation-Controlled 1.2 Au/ Perovskite/ Au  2.79x101°  1.40x10°°  7.97x10* 130 1652.3 (500 Vcm)  (103)
Solution
MA;Bi,lg  Solution Constant-Temperature 25 Au/ Perovskite/ Au  5.27x10'  1.60x10° 2.80x10 2 0.62 10620 (480 Vcm)  (106)
Evaporation
FA3Bi,lg Slow Evaporation 0.9 Au/ Perovskite/ Au  7.80x10°  9.48x1(  h: 2.40x10 ° 200 598.1 (5550 Vcm)  (43)
Solution e:1.30x104
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1.2.4 Effect of Air lonization On Perovskite Performance

The performance of perovskite X-ray detectors has been extensively studied, with over 700
published papers focusing on X-ray energies ranging from 30 to 80 keV, most commonly
around 40 or 50 keV. It is noteworthy that many of these reports show response currents in
the nanoampere range or lower, where the contribution of air ionization current must be
accounted for, as it can disrupt or skew sensitivity estimation, a key FOM. X-ray photons
interacting with air ionizes the gas within it, generating electrons within the collection area.
For accurate measurement of exposure dose, these electrons must fully release their energy
in the air without reaching collecting plates or electrodes (  70). Haruta et al. conducted a
study addressing air ionization current using a homemade vacuum chamber to properly
account for it. The study evaluated how much current is generated from air ionization and
methods to eliminate it. Four factors were considered using two prepared parallel plate devices:
the area of exposed electrodes, applied bias, air pressure, and air ow. The ndings revealed
that increasing the electrode area resulted in higher current responses, while the distance
between the parallel devices did not affect the response current. To minimize air ionization
current, itis recommended to collimate X-rays to the location of the photoconductive material
and minimize the targeting of electrode area. At low biases, air ionization current showed a
negative response that gradually decreased and stabilized over time, possibly due to a form
of polarization effect, though further studies are needed to con rm this phenomenon. Air
pressure was identi ed as the most signi cant factor; at 40 Pa, the air ionization contribution
was reduced to 6-15% of its value at atmospheric pressure under the experimental conditions
and X-ray dosage. Air ow was found to have no effect on the response current when ionized
air was removed using a vacuum pump (24).

The study continued to showcase the overestimation of sensitivity on a typical device
using a glass slide (insulator) sandwiched between two electrodes for a vertical device, such
that incoming radiation targets the electrode area less. As an insulator, there should not be
a response to X-ray irradiation. The response observed under ambient air was suppressed
when the measurement was performed under vacuum, concluding that air ionization was the
source of the response and not the generated carriers in the glass. The case for overestimating
sensitivity can be higher for a coplanar device where the electrodes are deposited on the same
side as the detector material. Figure 1.6 shows the current response measurements performed
at4.8-33.6 Gyailr s 1 and a bias of 100 V for a coplanar device using a glass slide with an active
area of 0.005 cm?. "Normal" denotes the reference device, "Extended" denotes the device with
extended electrodes, and "Covered" denotes Kapton tape covering the exposed electrodes.
Again, under vacuum conditions, the response is suppressed. However, if air ionization is not
taken into account, sensitivity calculations for the mentioned setups would mistakenly be
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Figure 1.6: (a-c) Coplanar device setup performed at4.8-33.6  Gy_! s ! and bias of 100V (a)

air
reference device "Normal" (b) with extended electrodes "Extended" (c) with Kapton tape
coverage of exposed electrodes "Covered" (d) response currents of (a-c) (24).

taken to be 766, 1729, and 2230 CGy,' cm ?, respectively (24).

Figure 1.7 compares the reported literature with the study by Haruta et al. by detector
conductance (nS), de ned as response current over applied bias, at different dose rates. The
comparison reveals that while some literature reports high conductance where air ionization
can be neglected, many show similar or lower conductance values compared to the Haruta
et al. study. This approximate illustration highlights the potential impact of air ionization on
published works, emphasizing the importance of detailed measurement conditions, the use of
vacuum conditions, and the preparation of reference devices such as a glass insulator. These
standards ensure the accuracy and reliability of sensitivity estimations in perovskite X-ray
detectors. It is important to note that conductance, rather than current density, was chosen
for evaluation because current density is an invalid indicator. This is due to the signi cant
contribution from exposed electrodes, which would compromise the accuracy of the illustration

(24).

1.3 Gel Growth Method

As discussed in section 1.2.2, the evolution of the performance of inorganic CsPbBr 5 single crys-
tals has been marked by ongoing research efforts aimed at re ning growth methods. Notably,
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Figure 1.7: Conductance (nS) as a function of X-ray dose rates of the devices in Haruta et al.
study with the literature (24).

signi cant strides have been made through the development of low-cost, low-temperature
solution-based techniques. While solution-based methods offer advantages, they are not
without their drawbacks. They often entail equilibrium defects and an increase in vacancy con-
centration, particularly at higher temperatures. An alternative method for growing functional
crystals, known as the "gel growth method," has emerged as an underutilized, cost-effective,
and scalable approach. This method facilitates the controlled diffusion of reagents at room
temperature within a gel medium, promoting the growth of observable single crystals. The gel
growth method offers several advantages over traditional crystal growth techniques, including
a reduced likelihood of equilibrium defects, lower concentrations of non-equilibrium defects,
and simplicity in execution (4; 23; 66).

The concept of crystal growth within a gel medium traces back to 1896 when Liesegang
(47; 9) observed periodic precipitation of salt in gelatin, giving rise to what became known as
"Liesegang rings." Over the years, numerous chemists have explored reactions within various
colloids. In 1965, Henisch et al. systematically outlined a detailed procedure for growing a
variety of single crystals in gels, drawing further attention to crystal growth in gel media(  29; 39).
A gelis a highly viscous semi-solid system consisting of two components, resembling a loosely
interconnected polymer with ne pores through which diffusion occurs. Various types of gels
exist, with silica, gelatin, and agar being the most common choices for single-crystal growth. It's
widely acknowledged that growth in silica typically yields the best crystals, with the possibility
of SiO, inclusions. Gelatin provides more nucleation sites, while agar is often incorporated in
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crystal growth but tends to become less transparent with increasing concentrations (66).

Na,SiOy;+3H,0 ! H,SiO,+2NaOH (1.14)

Figure 1.8: Mono-silicic acid produced by dissolved sodium meta-silicate in water solution
(39).

Silica hydrogel preparation involves mixing sodium meta-silicate water glass solution with
an equal volume of acid solution. While the structures of many gels are complex, the structures
and properties of silica hydrogel are thoroughly documented in the literature. The reaction of
sodium meta-silicate in solution, leading to the production of mono-silicic acid, is described
by Equation 1.14. Sodium hydroxide (NaOH), a strong alkali, is produced as a by-product, and
the mono-silicic acid can polymerize by releasing water, forming silica hydrogel as depicted
in Figure 1.8. Essentially, silica hydrogel represents the polymerized form of silicic acid, with
polymerization continuing until a three-dimensional network of Si-O links is established, as
illustrated in Figure 1.9. Water, a by-product of the reaction, accumulates on the gel surface, a
phenomenon known as syneresis.

Controlling the total gelation period is challenging and relies on the rate of ion reaction.
However, pH plays a signi cant role in gelation, with experimental observations demonstrating
varied gelation periods at different pH values, as depicted in Figure 1.10. The minimum gelling
time is typically achieved around a pH of 8 in the absence of other reagents (  39; 29). Moreover,
the abundance of H ;SiO,- and (H ,SiO,),- ions during the gelation process of sodium mmeta-
silicate depends on the pH value. (H ,SiO,),- ions are more active at higher pH levels and are
responsible for producing long-chain polymerization products. On the other hand, H 3SIiO,
ions are favored at lower pH levels and are believed to initiate polymerization. The presence of
H;SiO, ions contributes to a sharp increase in viscosity resulting in gelation. Unlike gelatin
or agar, silica gel formation is irreversible, meaning that warming the gel will not restore the
original gel solution (39).

19



Figure 1.9: Oxygen silicon linkage due to polymerization (39).

Figure 1.10: Effect of pH on Gelation Period (39).
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The gel medium effectively separates reagents and acts as an in situ lter, trapping solid
particles in the gel walls during gelling (  23). Additionally, crystals grown in the bulk of the gel
medium have limited contact with walls and other crystals, eliminating potential growth stress
and adhesions (4). Furthermore, the surrounding gel media limit buoyancy-driven convection
phenomena during the growth process. The chemically inert gel medium prevents turbulence,
providing an advantage for maintaining crystals in position and offering a framework of nucle-
ation sites. In the diffusion process that leads to crystal growth, crystals compete for solute
atoms, resulting in a decrease in size and quality. An important feature of the gel is the size
of its pores, typically on the order of a micrometer ( 39). Pore size is closely related to crystal
guality. When pores are too small, insuf cient solute reaches the critical nucleus size. Once a
nucleus is formed, it can only grow if solute from other pores reaches it. A denser gel results in
smaller pores, reducing nucleation ( 29). Therefore, nucleation suppression is crucial to slowing
the diffusion rate to grow as few crystals as possible and thus foster the growth of large crystals.
This can be achieved by changing the combinations of reagents, as some combinations reduce
nucleation density. Moreover, different acids can be tested for those reactants. Modi cation of
gel density, pH, and age can also be applied. While an increase in gel density and pH decreases
nucleation density, crystal quality may also decrease. Silica gel densities ranging from 1.03 to
1.06 g cm? have been found not to affect crystal quality ( 29). Gel aging, the period allowed for
the gel's network structure to densify after its initial formation, does not seem to affect crystal
guality, and an increase in aging decreases the diffusion rate into the gel (66).

Figure 1.11: Three types of experimental arrangements (left to right): single diffusion
technique, single diffusion technique with neutral gel, U-tube double diffusion technique ( 76).

In general, the methods of growing crystals in gel are highly versatile and encompass various
complex setups. Figure 1.11 illustrates three types of experimental arrangements found in
the literature: a test tube arrangement (single diffusion technique), where one reactant is
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incorporated into the gel while the second reagent diffuses into the mixed gel; a similar test
tube arrangement with an additional neutral gel that slows down the diffusion process; and a
U-shaped tube arrangement (double diffusion technique), which separates two reagents with

a neutral gel and allows for control over diffusion length ( 76). Gel growth methods have been
successfully employed to grow functional crystals such as pharmaceutical crystals, nonlinear
optical (NLO) materials, nanosheets, and nanopatrticles (e.g., CdS and ZnS) ( 23). Furthermore,
the gel growth method has been utilized to investigate ion transport phenomena, shedding
light on the slow formation of biominerals such as CaCO 5 and struvite (MgNH ,PO,-6H,0),
which is a type of kidney stone ( 23). Additionally, the microgravity environment provided

by gel growth methods has enabled scientists to simulate space-like conditions for growing
protein crystals, which are inherently fragile but necessary for developing new medicines ( 3).
In the following subsections of this report, selected applications of the gel growth method on
functional crystals will be elaborated upon to showcase the versatility and broad application

of the method.

1.3.1 Gel Growth of PbBr , and PbCl,

Lead (Il) bromide (PbBr ,) and lead (I) chloride (PbCl ,) crystals have garnered interest for
applications in acousto-optic devices and optical spectrum analyzing systems. Traditional
melt growth techniques often yield oxides and hydroxides of lead, prompting the exploration

of low-temperature growth methods. The gel growth method has emerged as optimal for these
crystals, as aqueous solution methods face challenges in dissolving them (71; 60).

Abdulkhadar et al. ( 2) improved the gel technique to grow large needles and single crystals
of PbBr, and PbCl,. They enhanced nutrient activity to stimulate gel reactions, achieving
signi cant growth compared to previous attempts. For PbCl  ,, a solution of KCl and HNO ; was
used, while for PbBr ,, KBr and glacial acetic acid were employed. Sagayaraj et al. substituted
KBr and KCI with HBr and HCI, respectively, to grow PbCl , without nutrient activation (71; 2).
Controlling nucleation rates was crucial for obtaining good-sized crystals. U-tubes, neutral gel
layers, and reduced nutrient concentrations aided in this process. Experiments by Kumari et
al. successfully grew PbClI, crystals using KCI without nutrient activation, employing highly
acidic silica gel solutions ( 60). Similarly, Kusumoto et al. conducted experiments to grow PbBr ,,
replacing glacial acetic acid with acetic acid. While experiments varied in gel acidity, those
with higher acidity produced desired chemical formulas (41).
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1.3.2 Gel growth of BCHT and BCT

While organic NLO compounds offer several advantages such as a large nonlinear coef cient
and ease of design, synthesis, and growth, they often lack the superior mechanical properties
found in contemporary inorganic NLO materials. Recently, bismuth chloride thiourea (BCT)
crystals have garnered signi cant interest as alternative NLO materials for laser applications
and optical systems. The unique properties of the semi-organic complex formed by thiourea
provide an acentric symmetric structure crucial for producing highly optically transparent
NLO crystals. Additionally, thiourea possesses a large dipole moment, enabling the formation
of an extensive network of hydrogen bonds. These semi-organic NLO crystals combine the
advantageous properties of both organic and inorganic compounds (23).

In this effort, a study conducted by Hany et al. aimed to establish the effectiveness of
growing large bismuth chloride thiourea hydrate (BCHT) crystals, alternatively known as
tribismuthnonakisthioureanonachloride dihydrate (TBNTNC), using a U-tube arrangement
for dual diffusion gel growth employing sodium silicate gel ( 23). Notably, this marked the
rst attempt at dual diffusion gel growth of BCHT, as previous gel growth of BCT materials
utilized single diffusion methods. The silicate gel was formed by combining waterglass solution
(WGS) and hydrochloric acid (HCI). Gel optimization trials were conducted by varying the
HCI:WGS ratio and HCI molarity (both ranging from 0.5 to 2.00) to identify the most suitable
gel formation parameters. Optimal gel formation was achieved with an HCI:WGS ratio of
1:1 and an HCI molarity of 0.67. In addition to the arms of the U-tube, a center portion was
available for pouring based on the design of the U-tube. Precursor solutions of Bi2ZO  ;in 7N
HCI were dissolved and placed in the arms of the U-tube, facilitating dual diffusion after a
48-hour gelation period. Subsequently, a solution of thiourea (SC(NH ,),) in H,O was poured
into the center portion of the U-tube. Continuous crystal nucleation and growth were observed,
and after a duration of two weeks, crystals were harvested from the gel. It was noted that
crystals formed preferentially on the joint arms, likely where reagents met, and irregularities in
the joint surfaces may have served as nucleation sites (see Figure 1.12a) ( 23). Upon removal
from the gel matrix, crystals underwent a phase transition evidenced by changes in color
and transparency. The semi-transparent orange hue shifted to a darker opaque orange within
a few hours, starting within 5-10 minutes post-harvest. Time-of- ight secondary-ion-mass-
spectroscopy (TOF-SIMS) analysis suggested the presence of the BCHT phase on the sample
surfaces post-transition, with insigni cant Si inclusions indicating the high purity of gel-grown
crystals. This loss of crystallinity is attributed to the phase transition caused by the differing
unit cell volumes of triclinic BCHT and hexagonal -BTC. Notably, the use of the dual diffusion
method with highly acidic HCl in the gel, as opposed to the single diffusion method with glacial
acids in previous works, may have in uenced the crystallization process (23).
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(a) BCHT crystals(23). (b) BCT crystals.

Figure 1.12: Gel growth of BCHT and BCT single crystals in U-tube (23).

Not long after Hany et al.'s work, a second attempt at diffusion gel-growth to grow BCT
crystals was initiated. This second attempt used the same reagents but with a simple alteration
in the diffusion rate. Solutions were poured into opposite sides of the U-tube, with the center
portion left empty. By nearly doubling the diffusion distance between the solutions of BiO sand
thiourea and extending the waiting period from two weeks to sixty days, the goal was to observe
any differences in crystal formation. After sixty days, red crystals were predominantly observed
on the thiourea side of the U-tube (see Figure 1.12b). These red crystals were later con rmed
to be the stable -BCT phase through powder x-ray diffraction (PXRD), performed using a
Rigaku SmartLab X-ray diffractometer with CuK  source at the Analytical Instrumentation
Facility (AIF) of North Carolina State University (NCSU). This second experimental attempt
was designed to familiarize the author of this thesis with the gel growth method and is not
included in the original published study.

1.3.3 Gel Growth of MAPbBr ;and MAPDI 5

The work by Suib et al. marked the rst gel growth of halide perovskites in silica gel, focusing on

3D perovskite rubidium and cesium tin iodide (RbSn  ,I5 and CsSn, 1) single crystals, however
without optical property characterization ( 77). Selivanov et al. (74) re ned the gel growth
method by leveraging the solubility difference between perovskites and lead halides (PbX )
in corresponding halide acids (HX), without resorting to organic solvents, which can corrode
crystals. Instead, inorganic halide acids were used as solvents, with hypophosphorous acid
(H3PO,) stabilizing the solution when hydrogen iodide (HI) was employed. The process involved
pouring Pb halide and MA halide solutions into the limbs of a U-tube lled with silica gel,

set in a constant temperature environment of 35 °C to ensure consistent growth conditions.
Single crystals were obtained within weeks, washed with corresponding diluted hydrohalic
acid solutions, and dried at 40 °C. The U-tube gel growth setup and resulting MAPbBr 5 and
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MAPDI ; single crystals are depicted in Figure 1.13, illustrating increased crystal yield with larger
feeding solutions, as shown in Figure 1.13c,e (74).

Figure 1.13: (a) Schematic diagram of the gel growth method. MAPbI 5 (b,c) and MAPbBr 5
(d,e) crystals grown from gel for low (b,d) and high (c,e) feeding solutions (74).

Powder samples were collected for PXRD analysis, con rming a match with referenced
single XRD data and indicating the absence of non-perovskite phases in the single crystals. The
quality of the crystal structure was assessed using high-resolution XRD rocking curve analysis,
yielding values for FWHM of 0.021 ° for MAPbI ; and 0.018° for MAPbBF 5, consistent with the
highest quality values reported in the literature (74).

1.4 Motivations and Objectives

The primary objective of this study is to establish the gel growth method as a superior technique
for growing single crystals of halide perovskites at room temperature. By detailing the factors
contributing to the successful growth of functional crystals for radiation detection purposes,
this research aims to provide valuable insights for future investigations. This method effectively
suppresses defects, thereby advancing efforts to develop alternative materials for radiation
detection, with perovskites leading the way. Chapter 1 reviewed relevant works on the growth
of functional crystals in silica gel. Chapter 2 outlines the experimental setup and the gel growth
of selected single-crystal perovskites. Material characterizations are presented in Chapter 3,
while Chapter 4 discusses the performance response to X-rays. Finally, the conclusion and a
future work section are presented in Chapter 5.
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CHAPTER

2

GEL GROWTH OF BISMUTH BASED
PEROVSKITES

In this chapter, we provide the development of selected hybrid and inorganic Bi-based per-
ovskites by using the gel growth method. To the author's best knowledge, this is the rst attempt
of growing bismuth based perovskite single crystals in silica gel. Part of this chapter is published
in Frontier in Physics (6).

2.1 Chemicals and Silica Gel Formation

Cesium bromide (CsBr, 99.9 %, Alfa Aesar), silver bromide (AgBr, 99.5 %, Alfa Aesar), cesium
iodide (99.9 %, Sigma-Aldrich), formamidinium iodide (FAI, 99.99 %, Greatcellsolar materials),
methylammonium iodide (MAI, 99.99 %, Greatcellsolar materials), bismuth(lll) bromide (BiBr 3,
99%, Alfa Aesar), bismuth(lll) iodide, choline bromide-C  ;H,,BrNO (CB, 98%, TCI), (Bil 5, 99%,
Sigma-Aldrich), hydrochloric acid (HCI, 37 % in H20, Sigma-Aldrich), hydrobromic acid (HBr,
47-49% in H20, Alfa Aesar), hydroiodic acid (HI, 57 % in H20O, Sigma-Aldrich), and deionized
water (ASTM Type |, Fisher Scienti c) were used. The waterglass solution (WGS) was prepared
from sodium silicate solution (Na ,SiO5-9H,0, 40-42° Be, Carolina Biological) using deionized
water as the solvent to achieve a solution density of 1.06 g / cm?3. U-tube beakers, similar to those
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used in Hany et al.'s study with a total volume intake of 145 mL and three outlet capacities,
were employed to form a gel matrix using the optimized gel formation method from the same
study (23). This method utilized an HCI:WGS ratio of 1:1 and an HCI molarity of 0.67 (see
section 1.3.2). In our previous work, an HBr molarity of 0.67 was used for gel formation when
growing Cs3Bi,Brg, ensuring compatibility with feeding solutions employing HBr as a solvent
(6). This precaution eliminated potential Cl ion interaction with the diffusion process, which
could affect crystal formation. PXRD later con rmed that CI inclusions were absent, allowing
the use of HCl as the primary solvent for new gel growth trials as HCI produced a denser gel,
which is desirable to reduce nucleation (see section 1.3). The WGS and diluted HCI solution
were stirred inside the U-tube, forming gel within 15 minutes. The U-tube beakers were then
covered with para Im to prevent contamination during the complete gel conversion, which
took approximately 24 hours. It is important to incorporate the best practices from previous
studies to enhance gel growth methods. In this work, hydrohalic (HX) inorganic solvents were
employed to dissolve the corresponding chemicals (e.g., CsX, AgX, BiX 3). These inorganic
solvents were chosen not only because they have been shown to produce better quality crystals,
as discussed in section 1.2.2, but also to avoid the corrosive effects associated with organic
solvents, as mentioned in section 1.3.3.

2.2 Inorganic Perovskite Single Crystals

As mentioned, the initial attempt at perovskite gel growth in this work focused on the growth
of Cs3Bi,Brg single crystals. The primary goal of these early trials was not to grow large single
crystals but to verify and establish single crystal growth using a faster diffusion starting position
and to observe any differences related to gel aging. Feeding solutions of CsBr (15 mmol) and
BiBr; (10 mmol) were prepared separately with HBr. Two U-tube trial experiments were set up
with gel aging periods of 24 and 48 hours, respectively. A dual diffusion gel growth technique was
employed: CsBr solutions were poured into the arms of the U-tube, while BiBr 5 solutions were
poured into the center portion. Within a week, crystals began forming in both experiments (see
Figure 2.1). Both trials successfully yielded transparent bright green color single crystals and
polycrystals. Although the aging periods differed by just one day, the 48-hour gel trial produced
fewer and noticeably larger crystals. As previously discussed in section 1.3, slower diffusion
rates generally result in fewer but larger crystals. Additionally, the formation of polycrystals
in these trials can be attributed to the high concentration of precursors used, which led to
multiple crystals growing on existing tiny crystals, thereby serving as additional nucleation
sites.

Cs,AgBiBrg single crystals were grown using separate feeding solutions of CsBr (7.5 mmaol),
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(a) 24 hour gel period. (b) 48 hour gel period.

Figure 2.1: Cs;Bi,Brq crystal growth in HBr gel.

BiBr; (3.75 mmol), and AgBr (3.75 mmol) prepared with HBr. Each solution was poured into
separate outlets of the U-tube beakers after a gel aging period of 72 hours. Within two weeks,
Cs,AgBiBrg single crystals successfully formed. During the gel growth trials, it was observed that
crystals did not form if any two precursor solutions were mixed before pouring (e.g., mixing the
AgBr solution with either the CsBr or BiBr 5 solution). This approach was designed to maximize
the diffusion length across opposite sides of the U-tube beakers. Success was achieved when
the three solutions were poured separately into three different outlets. Due to the nature of
the diffusion process, the crystals varied in size within the gel matrix and exhibited different
colors. As shown in Figure 2.2, the color variation indicates the role of Bi solutes in forming
Bi-poor (light red) and Bi-rich (dark red) Cs ,AgBiBrg crystals, as discussed in section 1.2.3 (104).
The concentrations of the feeding solutions were consistent across the trials, ensuring that the
observed differences were solely due to the diffusion process and not concentration variations.

Figure 2.2: Extracted Cs,AgBiBrg single crystals from gel.
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Cs;Bislg single crystals were grown using feeding solutions of Csl (6 mmol) and Bil 5 (4 mmol)
prepared with HI, with a gel aging period of 7 days. During the preparation, it was observed
that Csl was particularly dif cult to dissolve in HI. It dissolved much better in deionized water,
which was subsequently used in other growth trials. Figure 2.3 displays the extracted Cs ;Bi,lg
single crystals from the U-tube beaker after approximately two weeks. The crystals varied in
size in the gel mix as well but notably exhibited more crystal faces comparedto Cs ;Bi,Brg or
Cs,AgBIBrg single crystals.

Figure 2.3: Extracted Cs;Bislq single crystals from gel.

2.3 Hybrid Perovskite Single Crystals

The motivation to grow hybrid perovskites in addition to inorganic perovskites was to document

the differences in the gel growth of Bi-based hybrid and inorganic perovskites. In this work,
hybrid perovskite single crystals were grown as FA ;Bi,lg and MA 3Bi,l4. Similar to the challenges
faced with dissolving Csl in HI, FAl and MAI were also dif cult to dissolve but were much more
soluble in deionized water. Therefore, FAI (11 mmol), MAI (11 mmol), and Bil 5 (4 mmol) were
prepared using deionized water, with HI used for Bil 5. Figure 2.4 shows the growth of FA ;Bi,lq
and MA ;Bi,lq single crystals on the arms of their respective U-tube beakers. Upon observation,
the hybrid perovskites displayed larger crystal growth compared to their inorganic counterparts.
Comparing FA 3Bi,lq to MA 3Bi,lq single crystal growth in gel, FA ;Bi,l4 perovskites tended to
possess more uniform single crystals. Figure 2.5 illustrates a hollowed-out MA  ;Bi,lq4 crystal
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(a) FA3BI>l4 single crystal growth (b) MA 3Bi,lq single crystal growth
on U-tube arm. on U-tube arm.

Figure 2.4: Hybrid perovskite growth in HCI gel (7 day gel age).

extracted from the gel. Despite using the same concentration of feeding solutions, MA  ;Bi,l,
single crystals exhibited more hollowness in many of their larger crystals compared to FA  3Bi,lq
single crystals. Nonetheless, both growth trials produced smaller, well-formed crystals within

the gel matrix.

Figure 2.5: Extracted hollowed-out MA ;Bi,lq crystal from gel.
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2.4 Role of Doping

As mentioned in section 1.1, the versatility of perovskite materials allows for the mixing of
halide elements to tune perovskite structures, band gaps, and photoelectric properties. Wei

et al. grew and doped MAPDBr , ¢,Cl, o5 Single crystals instead of MAPbBr ; or MAPDBCI 5, which
not only improved bulk resistivity tenfold but also increased hole mobility and enhanced CCE,
resulting in an energy resolution of 6.5 % for the Cs-137 662 keV gamma photo peak ( 89). To
address hybrid perovskite instabilities, Nazarenko et al. ( 59) employed Cs ions to replace 10 %
of the FA, achieving 20 days of environmental stability for Cs ,FA, ,Pbl; (Br, (x=0-0.1,y
= 0-0.6) single crystals. Detector stability was further increased to two months when iodine
ions were replaced with bromine ions (y = 0.2-0.4) compared to the parent unstable  -FAPbI,
(59). Zhang et al. doped iodine atoms into all-inorganic CsPbBr ; single crystals, resulting in
increased resistivity and a record sensitivity of 62748 C Gyailr cm 2 for CsPbBr, glo (99).

Recent studies, such as the work by Gu et al. (22), highlight the need to engineer the band
gap of Cs;Bi,lg perovskites. The wide indirect band gaps and deep defect states in these materi-
als hinder their photoelectronic conversion ef ciency ( 22). Moreover, Xiao et al. suggested that
to match the ef ciencies of APbX 5 perovskites, Pb-free perovskites need increased electronic
dimensionality ( 96). Introducing Br doping in the growth of Cs  ;Bi,Br, 1, , single crystals can
improve the band gap and structure of 0D Cs ;Bi,l4 perovskites. This approach has been suc-
cessful in growing 2D Cs 3Bi,Br;lg single crystals, which show promise for X-ray detection ( 11).
Xiang et al. conducted a study on growing Cs 3Bi,Br,lg , (0 X 9), aimingto enhance detection
performance by combining the high X-ray sensitivity of Cs  ;Bi,lq single crystals with the ul-
tralow detection limit of Cs 3Bi,Brg single crystals (see Figure 2.6 and Table 1.1) (45). Among the
crystals, Cs;Bi,Br;lg demonstrated the best carrier transport capability, the highest recorded
sensitivity thus far (1.74 x10* CGy,, cm ?), and an extraordinarily low detection limit of 28.6
nGy/s.

In the case of Cs3Bi,l4 single crystals, the gel growth process resulted in undesired additional
crystal faces. A new plan was initiated to conduct growth trials with BiBr ~ ; doping in the case of
Cs;Bi,Brylg o (0 x  9)single crystals to observe the effects of doping and its diffusion success
in the gel matrix. Solutions of Csl (6 mmol), Bil 5 (4 mmol), and BiBr ; (3.75 mmol) were prepared,
with Bil ; and BiBr ; dissolved together in HBr. These solutions were poured on opposite sides
of a U-tube beaker with a gel aging period of 7 days. HBr was chosen as the solvent because its
higher acidity required less solvent to dissolve the solutions compared to HI. Figure 2.7 shows
two extracted single crystals representative of those formed in the gel matrix. Larger crystals
formed towards the center of the U-tube, with sizes similar to those of FA  ;Bi,lg and MA 3Bi5l4
single crystals grown in gel. Smaller, atter, and brighter crystals, indicating the amount of
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Figure 2.6: Bridgman melt growth of Cs 3Bi,Br,lg , (0 X 9) single crystals (45).

doping, were also present. It is important to note that due to the nature of the diffusion process,
not all crystals are expected to have the same amount of doping. Some crystals may exhibit

more of a Cs3Bi,Brq single crystal structure depending on the amount of Br content observed
in the gel matrix.

Figure 2.7: Extracted doped Cs;Bi,Br, I, , single crystals from gel.
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2.5 Role of Additives

As discussed previously in section 1.2.2, the role of additives in solution growth methods
can suppress nucleation, change the morphology and result in higher quality single crystals.
For instance, 3 (Decyldimethylammonio) propane sulfonate inner salt (DPSI) was used as
an additive in Liu et al.'s work to grow high-quality MAPbl 5 single crystals. DPSI not only
suppressed nucleation but also reduced the growth rate of different facets and point defect
formation through its strong interaction with Pb ions. This organic molecule, which does not
form primary chemical bonds that could hinder crystal growth, ultimately reduced defect
density by 23-fold ( 48). Similarly, to address the small multi-crystal formation of Cs  ,AgBIiBrg
single crystals, Zhang et al. experimented with various additives, including sodium acetate,
ammonium oxalate, formamidine acetate, hexamethylene tetramine, and potassium oxalate.
Sodium acetate (CH ;COONa) was found to be the optimal additive, producing fewer and
larger (centimeter-sized) Cs ,AgBIBrg single crystals using a cooling overheated solution growth
method ( 101). Inspired by these ndings, we initiated experiments with the additive choline
bromide (CB) for the gel growth method, aiming to suppress nucleation further and produce
larger crystals. CB (0.5 mmol) was mixed with CsBr (4.8 mmol) in HBr and BiBr 5 (7 mmol) in
HBr for two separate solutions, which were then poured into a 7-day aged gel. Figure 2.8 shows
the relatively larger Cs 3Bi,Brgq single crystals that grew towards the center of the U-tube beaker.
The combined effects of lower concentration, higher gel age, and the presence of an additive
contributed to the suppression of nucleation and slowed the diffusion process, resulting in
larger crystals. Notably, the morphology of the crystals remained consistent with other growth
trials without CB, indicating that the additive did not alter the crystal structure while enhancing
growth. CB was also used for other perovskite gel growth experiments, where hybrid perovskites
grew without any noticeable differences in morphology or size. In the case of Cs  ,AgBIBrg, no
crystals formed. Interestingly, Cs 3Bi,lq exhibited faster diffusion, resulting in the formation of
even smaller crystals.

Figure 2.8: Relatively large Cs;Bi,Brg single crystals in a 7 day aged gel with the additive
presence of CB.
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CHAPTER

3

MATERIAL CHARACTERIZATION

In this chapter, we report the material characterization of gel-grown single crystals, focusing
on their microstructural, optical, and electrical properties. While numerous growth trials were
conducted for the Bi-based single-crystal perovskites discussed in Chapter 2, only single crystals
of suitable size were chosen for material characterization and performance testing. These
crystals were carefully extracted from deep within the gel matrix, as crystals closer to the surface
of the U-tube beakers likely endured stress during nucleation, potentially compromising their
quality.

3.1 X-ray Diffraction Pattern

Single X-ray diffraction (XRD) was performed using a Rigaku SmartLab X-ray diffractometer
with a CuK source at the Analytical Instrumentation Facility (AIF) of North Carolina State Uni-
versity (NCSU) to con rm the intrinsic structure and quality of the single crystals by detecting

any impurity peaks. The XRD pattern of a selected gel-grown Cs ,AgBiBrg single crystal is shown
in Figure 3.1. This pattern is con rmed by a reference in the database (ICDD:04-022-3813) with

a cubic crystal system and space group Fm-3m and exhibits a preferential orientation growth

in the (111) direction. Zheng has veri ed that both Bi-poor and Bi-normal growth conditions

for Cs,AgBiBrg single crystals yield pure Cs ,AgBiBrg single crystals, absent of any secondary
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phases (104).

Figure 3.1: XRD pattern of gel grown a Cs ,AgBIBrg single crystal with (lll) plane orientation.

The single XRD pattern of OD gel-grown (MA, FA, Cs) 3Bi5lg single crystals is shown in Figure
3.2. The ionic radius of the A-site cations MA *, FA*, and Cs" are in the order Cs * < MA* <
FA". Therefore, the interlayer spacing of their corresponding crystal structures follows the
order Cs;Bi,lg < MA3BI, 14 < FA3BI,lg (10). This is clearly visualized in the intensity peak (0012),
where the largest interlayer spacing among the single crystal perovskites (the Cs ;Bi,lq Single
crystal) has shifted to a higher angle for the characteristic diffraction peak. The diffraction
pattern of Cs ;Bi,lq4 is con rmed by a reference pattern in the database (ICSD:410726) with a
hexagonal crystal system and space group P63/ mmc. The XRD results of MA 3Bi,lq and FA3BI,lq
single crystals are consistent with previous work by Zheng et al. and Kim, respectively (  35; 106).
The slight offset in the baseline for the Cs 3Bi,lg and MA ;Bi,l4 diffraction peaks is due to the
positioning of the single crystals in the sample holder of the diffractometer. Nonetheless,
the sharp diffraction peaks of the (00l) (I = 2,4,6..) planes indicate well-oriented single crystal
structures, free from any impurity peaks.

Figure 3.3 presents the XRD pattern results of a gel-grown Cs 3Bi,Brgy and a selected gel-grown
doped Cs3Bi,Br,lq , (0 x 9)single crystal. The Cs;Bi,Brg single crystal was con rmed using
a reference pattern from the database (ICDD:04-009-0962), which corresponds to a trigonal
crystal system with space group P-3m1. As Br replaces | in the crystal lattice matrix, the lattice
constant and the crystal plane spacing decrease according to the Bragg equation (2d( sin )
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Figure 3.2: XRD pattern of gel grown (MA, FA, Cs) 3Bi,l4 single crystals with (00l) plane
orientation.

Figure 3.3: XRD pattern of gel grown a Cs 3Bi,Br, 14 , (bottom) and a Cs 3Bi,Brq (top) single
crystal with (00l) plane orientation.
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= n ) (11; 45), shifting the (00I) faces to higher angles. The presence of multiple diffraction
peaks of the (00I) plane in the doped sample indicates preferential orientation growth in the
(00I) direction. Comparing the XRD diffraction pattern of Cs  3Bi,lq in Figure 3.2, the color of the
selected gel-grown doped sample and its XRD diffraction pattern compared to thatof Cs ~ 3Bi,Bryg
suggests not only the presence of Br but also a transition from hexagonal to trigonal symmetry
for this particular sample. Nonetheless, the XRD diffraction pattern closely resembled that of a
Cs;Bi,Br;lg reference pattern (ICDD:04-026-2792) rather than Cs 3Bi,Br,l5 (ICDD:04-026-2791)
based onthe 2 position. Raman spectroscopy in the next section was also utilized to con rm
the Br content in the doped sample.

3.2 Raman Spectroscopy

Raman spectroscopy, a non-destructive analytical technique, provides information on the
vibrational modes of molecules based on the shift in the light's wavelength resulting from in-
elastic scattering. This shift, known as the "Raman shift," is usually measured in wave numbers
(cm 1) (55). The technique can be utilized to determine the vibrational modes of the metal-
halide sub-lattice system in perovskite single crystals ( 65) and reveal structural similarities
and differences in compound materials ( 53). In this study, Raman spectroscopy was used to
examine the doping effects on the X-site of our samples and compare them to the parent
compound materials Cs 3Bi,ly and Cs;Bi,Brg. Raman spectra were collected (50-3000 cm 1)
using a Horiba XploRA PLUS Spectrometer with a 532 nm laser at room temperature, a grating

of 1800 (450-850 nm), 10% laser power, and a 100 m front entrance slit.

Figure 3.4 shows the Raman spectra of the parent compounds Cs 3Bi,lq and Cs;Bi,Brg. For
Cs;Bi,Bryg, high-intensity peaks were observed at 157.5 and 182.9 cm !, attributed to different
stretching vibrations of the Bi-Br bond ( 14). Lower intensity peaks were observed at 72.3 and
83.3cm 1. Valakh et al. established that the typical Raman spectrum of lead-free perovskites
usually consists of two groups of peaks: high-frequency ( § 160 cm 1) and low-frequency ( —
110 cm 1) (84). In Cs3Bi,Brq perovskites, higher frequencies arise from Bi-Br bond vibrations
in the [BIiBrg] octahedra, while lower frequencies may be attributed to the movement of Br
atoms without Bi atom participation or deformational vibrations of the octahedra ( 84). The
vibrational modes of the Cs 3Bi,lq crystal structure are mainly derived fromthe  [Bi,lg]® anion,
bound together by three Cs * cations per unit ( 54). Weaker vibrational modes arise from the ionic
interactions between the anion unit and the bridging Cs  * cations, while higher and dominant
vibrations stem from the strongly bound anion unit ( 54). For Cs;Bi5lg, high-intensity peaks are
observed at 97.4 and 136.3 cm !, which can be attributed to Bi-l asymmetric vibrations. Bonomi
et al. observed a dominant mode at about 117 cm ! for Cs;3Bi,l4 perovskite Ims, suggesting
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that our values may represent overlapping peaks ofa117 cm ! peak position ( [136.3+97.4]/ 2
= 116.85) (8). McCall et al. assigned and con rmed the Raman spectral bands for Cs ;Bi,lq
nanocrystals as: 57.7 cm ! for the bending mode of Bi-I, 90.0 cm ! for asymmetric stretching of
bridged Bi-1, 104.5 cm ! for symmetric stretching of bridging Bi-I, 119.8 cm ! for asymmetric
stretching of terminal Bi-I, and 146.6 cm ! for symmetric stretching of terminal Bi-I ( 53). Thus,
our observed peaks may correspond to these different vibration modes but are nonetheless
attributed to Bi-I stretching modes ( 88). Additionally, a weak intensity peak at 325.3cm ! for
Cs;Bi, 14 perovskite may be attributed to a multi-phonon peak corresponding to the second-
order modes at 97.4 and 136.3 cm ! (68; 78; 51).

Figure 3.4: Raman spectra of a gel grown Cs;Bi,l4 (bottom) and a Cs 3Bi,Brg (top) single
crystal at room temperature using a 532nm excitation laser.

In the same study by Bonomi et al. on the growth of Cs  3Bi,»(Br,1; 4) (x:0,0.2,0.3,0.6,0.7,
and 1.0) perovskite Ims, it was revealed that with the initial substitution of Br into the Cs 3Bislg
perovskite compound, a dominant mode of terminal Bi-1 symmetric vibration becomes more
evident, replacing the mainly asymmetric Bi-1 vibrational mode seen in the parent Cs  3Bi,lg
perovskite. This con rms that low amounts of Br lead to Ims with the same crystal structure
as Cs;Bi,lq perovskites but with different orientations, as supported by XRD data (8). Starting
at x = 0.3, aweak signal around 160 cm ! appears and strengthens with increasing Br content,
con rming the structural transition from the hexagonal Cs  3Bi,l4 perovskite to the trigonal
crystal structure of Cs ;Bi,Brg perovskite. Additionally, the increase of Br led to higher Raman
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activities above 160 cm 1. Moreover, Raman activity between 80-150 cm ! is quenched with
increasing Br content, as the Bi-1 vibrations gradually decrease and Bi-Br vibrations gradually
strengthen. Inthe range 0of 0.3 < x < 0.6, the Raman spectra showed features corresponding to a
mixed phase of the parent Cs 3Bi,l4 and Cs;Bi,Brg perovskites. It is important to note that there
exist broadened and unresolved features in the mixed phase Raman spectra. This indicates,
according to the study, a higher degree of disorder, which is gradually reduced as a fully ordered
phase is achieved (8). Figure 3.5 shows the Raman spectra of a gel-grown doped Cs 3Bi,Brylg
single crystal. The intensity peaks at 86.4 cm ! and 152.1 cm ! are more distinct than the
possible overlapping low-frequency peaks in Figure 3.4, which likely denote both asymmetric
and symmetric Bi-I vibrational modes, respectively, due to the addition of Br, as suggested

by Bonomi et al. ( 8). Broad and unresolved intensity peaks at 384.2cm 1!, 451.7cm !, and
593.8 cm ! likely indicate a higher degree of disorder and con rm the presence of a mixed
phase (likely a Cs;Bi,(Bryl; )g single crystal with 0.3 < x < 0.6) in the selected gel-grown
doped sample as suggested by Bonomi et al. ( 8). To the best of the author's knowledge, these
higher wavenumbers cannot be con rmed with other reported literature, as Raman spectra
were typically found below 200 cm *. These peaks may be attributed to multi-phonon peaks
corresponding to the second or third-order modes at 86.4 or 152.1 cm ! (68; 78; 51). Further
investigation is needed to con rm this phenomenon for the doped single crystal in our work.

Figure 3.5: Raman spectra of a gel grown Cs;Bi,Br, | , single crystal at room temperature
using a 532nm excitation laser.
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3.3 Band Gap and Photoluminescence Spectroscopy

Generally, the size of an energy band gap of a compound material determines its classi cation
as a semiconductor. As mentioned in section 1.1, having a suitable band gap ensures the mini-
mization of noise signals during detector operation, as leakage current is largely dependent on
the band gap of a semiconductor ( 56). An ultraviolet-visible (UV-vis) transmission spectrum
using Ocean View software with a light source combining deuterium and halogen lamps was
used to determine the band gap of the selected Bi-based perovskite single crystals. The mini-
mum photon energy required to produce an electron-hole pair, which excites electrons from
the valence band to the conduction band, leads to an increase in the transmission spectrum at
that fundamental absorption photon energy. Transmission refers to the amount of light that
successfully passes through the material, while absorbance refers to the light absorbed by the
material. The relationship between transmission and absorbance is described by Equation
3.2. A Tauc plot can accurately determine the band gap by reconstructing the transmission
spectrum and reducing the effects of band-tailing due to material defects, as described by
Equation 3.3. Inthese equations, is the absorbance coef cient, h isthe incident photon
energy, A is a constant, and n is a factor equal to 2 for direct band gap determination and 0.5
for indirect band gap determination (5).

e <
|
T (%) = 100 T (3.1)
0
. 1(
Absorbance = =log,, T = log,,T =2 log,,(T (%)) (3.2)
(h )'=Ah E) (3.3)

Figure 3.6 shows the transmission spectrum vs. wavelength with an inset Tauc plot of a
selected Cs;Bi,Brg single crystal. The optical cutoff edge reveals a direct band gap of about
2.54 eV. This band gap value indicates that these crystals can be classi ed as wide-bandgap
semiconductors, which are less likely to suffer atomic displacement damage from particle
irradiation, making them suitable for harsh radiation environments ( 5). The direct band gap
values extracted from transmission vs. wavelength spectra and Tauc plots for the Bi-based
single crystal perovskites in this work are provided in Table 3.1. To verify the optical characteri-
zation of the Bi-based single crystal perovskites, room temperature photoluminescence (PL)
measurements were conducted using the Horiba XploRA PLUS Spectrometer, utilizing both
405 nm and 532 nm laser systems for PL spectroscopy. Figure 3.7 shows the PL spectrum of
the selected Cs;Bi,Brq single crystal using a 405 nm laser, which exhibits distinct blue emis-
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Figure 3.6: Transmission spectrum with inset of the Tauc plot for a gel grown Cs  3Bi,Brg single
crystal.

Table 3.1: Band gap measurements for the selected Bi-based perovskite single crystals.

Perovskite Tauc Plot Band Gap [eV] PL Wavelength [nm]
Cs;Bi,Brg 2.54 468 ( 2.64eV)
Cs,AgBiBrg 2.19 606 ( 2.03eV)
Cs;Bislg 1.98 685( 1.81eV)
MA;Bi,lg 2.02 697 ( 1.77 eV)
FAsBi,lg 1.99 684 ( 1.81eV)
Cs3Biy(Bryly 4)o (0.3< x< 0.6) 2.04 533 ( 2.33eV)

sion peaks and very weak red emission peaks, almost reproducing the results from the earlier
study by Timmermans et al. ( 82). As a wide-bandgap semiconductor, the 405 nm laser was
convenient due to the high absorption coef cientof Cs  3Bi,Bry. Its PL spectra can reveal defects
or impurities in the material, along with determining the band gap. As shown in Figure 3.7, a
dominant peak is centered around 563 nm (  2.20 eV). Previous Tauc analysis indicated band
gap measurements ranging from 2.53-2.64 eV, thus, this dominant peak does not coincide
with the band gap energy. Instead, it can be attributed to emission from bismuth centers near
impurities ( 38; 82). However, a distinct peak at 468 nm corresponds to the band gap, indicating
near band edge emission (86).

Table 3.1 also provides the photoluminescence wavelength positions and corresponding

41



photon energies extracted from the respective PL spectra for the other Bi-based perovskite
single crystals in this work. Notably, after performing the transmission and Tauc plots, the
appropriate excitation wavelength laser for PL spectra characterization was selected. For the
perovskites FA;Bi,lg, MA;Bi,lg, Cs;Bislg, and Cs,AgBIBrg, the 532 nm laser was chosen due to
their narrower band gaps ( 2.0 eV). Using a 532 nm laser, which has a photon energy close to
their band gap, minimizes excess energy delivery to the sample thereby reducing the potential
for sample damage compared to using a 405 nm laser. For Cs 3Bi,Brg and doped Cs;Bi,(Bryl; )
(0.3< x< 0.6) single crystals, the 405 nm laser was used. It is also important to note that the PL
spectrum of Cs 3Bi,Brg was further analyzed, as discussed above because all other spectra for
the other perovskites showed broad peaks coinciding with band gap values without additional
impurity peaks for further examination.

Figure 3.7: Room temperature PL spectrum with inset of the spectrum of higher energy
luminescence peaks for a gel grown Cs ;Bi,Brq single crystal using a 405nm excitation laser.

3.4 Surface Roughness

As mentioned in Chapter 1, solution growth methods of single bulk crystals are desirable for
their low cost but still carry impurities from the solutions. Among the consequences of such
growth methods are surface defects on pristine crystals that can cause many of the charge
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carrier trapping sites that lead to inef cient charge collection (  105). Therefore high surface
quality is desired for perovskite materials. Carrier recombination at the perovskite surface is
accounted for by a parameter known as the surface recombination velocity. This parameter (S)
is in units of cm s ! and represents the charge carrier loss and is accounted for as an additional
term in the aforementioned single charge carrier CCE equation, Equation 1.6. Equation 3.4
represents an identical modi ed version of Hecht's equation with this additional term. A higher
S value indicates higher charge carrier losses which lead to degradation of CCE accordingly
(91; 20; 80).

Q

_Q _ = vt
CCE == & ")) (3.4)
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There have been efforts to improve charge collection which focused on mitigating dis-
crepancies associated with surface quality. Notably, surface passivation techniques have been
employed to enhance performance through surface treatment. Lu et al. investigated surface
passivation by fabricating hetero-junctions through a simple ion exchange method, heating
MACI and MAI powders onto the surface of MAPbBr 5 single crystals. The hypothesis was that if
most trap states were located in the surface region of the crystal, modi cations to the hetero-
junction would alter the optical dynamics. Short wavelength light was used in a time-resolved
spectroscopic technique to excite the surface region of the bulk crystal, employing one-photon
(355 nm or 532 nm) or two-photon (1064 nm) excitation. The results showed that the measured
lifetime of single crystals decreased after forming MAPbl ;—MAPDbBr; hetero-junctions, while it
increased with MAPbCI ;—MAPDbBTr; hetero-junctions under one-photon (355 nm or 532 nm)
excitation. The increased lifetime observed in the MAPbCI ;—MAPDBTr; hetero-junctions was
more than an order of magnitude greater than the lifetime of plain MAPbBr 5 single crystals. As
stated previously in Chapter 1, lower defect concentration increases charge carrier lifetime

. Therefore, the MAPbCI ;—MAPDbBr; hetero-junction played a crucial role in improving the
surface, thereby enhancing the performance of MAPbBr 5 single crystals (52). Zhou et al used
Methylamine for a vapor surface treatment to treat unpolished MAPbl 5 perovskite crystals.
This type of gas surface treatment leads to an improved photo-current response by a reduction
in the FWHM ( 107). Wei et al. treated MAPDBFr 5 single crystals with UV-O 5 passivation for X-ray
detection. This technique takes advantage of UV rays to excite surface contaminants, which
then react with atomic oxygen to form H ,O or CO,, which can be easily removed from the
surface. This treatment signi cantly reduced surface recombination velocity by a factor of 18
compared to untreated single crystals (90).

Temperature-annealing methods have been employed to address the degradation of single
crystals caused by ion migration. Proper temperature annealing allows perovskite structures to
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become more homogeneous and improves dislocations caused by voltage bias. This process
has been shown to enhance surface conditions by reducing vacancies between crystal surfaces
and deposited electrodes, thereby improving overall performance ( 35). Pristine single crystals
typically undergo surface mechanical polishing to enhance surface roughness and create
parallel surfaces for radiation detection purposes ( 35; 80). For instance, El Bouanani et al.
polished MAPDBr ; single crystals, reducing the surface roughness fromover 10 mto 41
nm (19). However, polishing can introduce cracks and scratches, which act as recombination
centers that hinder CCE ( 80). High-quality growth of single crystals can circumvent the need for
mechanical polishing. Wei et al. reported the high-quality growth of MAPbBr 5 4,Clg o5 Without
mechanical polishing, which exhibited low surface recombination velocity (89).

To analyze the surface roughness and compare the quality of gel-grown and solution-
grown single crystals, we conducted a study to highlight the potential advantages of the gel-
growth method for surface quality. This analysis aimed to demonstrate the differences in
surface roughness between the two methods, showcasing the possible superiority of gel-grown
crystals. It is important to note that the selected gel-grown crystal does not represent all gel-
grown crystals, nor does the chosen solution-grown crystal re ect all solution-grown crystals.
However, these selections provide a glimpse into the differences between the methods. We
used a Confocal Laser Scanning Microscope (Keyence VKx-1100) at the AIF of NCSU to obtain
high-resolution optical images and measure surface roughness with 130 nm resolution for
pristine gel-grown and solution-grown FA  ;Bi,lq single crystals. The microscope's excitation
source combines a 404 nm violet laser and a white light source, enabling the scanning of the
surface to collect optical images and high-resolution surface data. By analyzing the returned
laser light intensity relative to the z-position, nm-level height measurements can be extracted
Q).

The solution-grown FA ;Bi5lq single crystal was obtained using the seeded solution evapora-
tion method described by Kim ( 35). In this method, FAl and Bil ;were dissolved in butyrolactone
and stirred until completely dissolved. The solution was Itered and evaporatedat 75  °C for 24
hours to remove potential impurities, then transferred to a clean beaker for constant tempera-
ture growth at 55 °C. Seed crystals formed after a few days were used for new growth trials with
a fresh supernatant liquid at 55°C for bulk single crystal growth (35).

Figure 3.8 presents optical images, taken at 5x magni cation, of pristine gel-grown and
solution-grown FA ;Bi5,lq single crystals. The gel-grown single crystal, shown in Figure 3.8a,
generally exhibits a smoother, atter, and cleaner surface area on the 00l plane. Notably, the
crystals were not tampered with during or after extraction from the gel medium to ensure an
accurate analysis of the single crystal without any cleaning or removal of physical defects. Some
gel particles are visibly apparent in Figure 3.8a, which can be easily removed. Interestingly,
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