ABSTRACT

KIM, DOUP. Post-growth Annealing of Lead-Free Perovskite FA3Bizlg Single Crystal for
Radiation Detection. (Under the direction of Dr. Ge Yang).

Lead (Pb)-based perovskite materials, such as CsPbBrs, MAPbI3s (MA = CH3NHz3), and
MAPDBTr3, have recently attracted a lot of attention for X-ray detector applications, due to their
high stopping power, high attenuation coefficient, high resistivity, and good charge transport
properties. Despite these advantages of lead-based perovskites, the use of lead poses a hazard
concern to both human beings and the environment. As a solution, bismuth (Bi)-based lead-free
perovskites show great potential and have been actively investigated for uses as X-ray detectors.

Here, we explored the post-growth annealing of lead-free perovskite formamidinium
bismuth iodide FA3Bi2lg (FA = CH(NH2)2) single crystals grown by the solution method and
studied the corresponding annealing effects. Among the samples annealed at different temperature,
i.e.,, 80°C, 120°C, and 160°C, the sample annealed at 120°C represented the best optical
performance, which has a reasonable bandgap energy of 1.97 eV and show clear Raman peaks.
The as-fabricated Ag/FAsBi2lo/Ag device using the 120°C annealed as-grown single crystal,
possesses good physical properties including a high resistivity of 5.06 x 101 Q cm and a
relatively low trap density of 6.69 x 108 cm™3. Furthermore, it has achieved excellent X-ray
response performance, as evidenced by a high ut product of 3.39 x 10™* cm? V™1, a high
sensitivity of 804 uC Gy_ it cm™2, and an extremely low detection limit of 4.0 nGy s~. The
results show that FA3Bi2lg single crystals can be a promising candidate material for X-ray detector

applications and that post-growth annealing offers an attractive solution to improve their quality.
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CHAPTER 1: BACKGROUND AND MOTIVATION

This chapter explains the motivation of this study from the importance of high energy
radiation detection system and perovskite materials, which have attracted much attention in the
radiation detection community. After analyzing the various kinds of perovskite materials for
radiation detection, the focus on this study is described.

Part of this chapter is published in CrystEngComm in 2022 [1].
1.1 Introduction

Advanced material technologies for detecting high energy radiation, e.g., X-rays and y-
rays, have attracted strong interest over the past few years due to their wide applications in
homeland security [2][3], nuclear security [4], medical diagnosis and imaging [5][6], industrial
process monitoring, non-destructive defect inspection [7], environmental survey and basic
scientific research. X-rays have a relatively low energy range between around 100 eV and 100
keV, and y-ray refers to a high energy range of around 100 keV or more. X-ray and y-ray interact
with the detector medium mainly through three mechanisms. The first mechanism is photoelectric
effect, which occurs predominantly in the energy region between around 10 keV and 500 keV.
When the incident radiation in this energy range reaches the detector, orbital electrons of the
detector medium and the incident radiation interact, where all the energy of the incident radiation
is absorbed by the orbital electrons, and as a result, the orbital electrons are emitted. In
consequence, radiation can be detected by collecting signals induced by the emitted orbital
electrons. The second way of interaction between incident radiation and the detector medium is
through Compton scattering, which occurs dominantly in the energy range of between around 50
keV and 3 MeV. In Compton scattering, radiation transfers some energy to orbital electrons, and

this energy causes orbital electrons to be scattered off. The last type of interaction is pair



production. This interaction produces a pair consisting of an electron and a positron after the
collision of incident radiation with the nucleus of medium and only occurs when the incident
radiation energy is above 1.022 MeV, which is the sum of the energies of the two particles [8].

The radiation energy-dependent interaction dominances are depicted in Figure 1.1 [9].
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Figure 1.1 Dominance energy range for the interaction between radiation and the matter, i.e.,
photoelectric effect, Compton scattering, and pair production [9].

Radiation detection is often performed using either a semiconductor detector or a
scintillator detector. The scintillator detects the radiation by collecting the scintillation photons
generated during the scintillation process, i.e., the detector medium is first excited with the incident
radiation and then de-excites to emit scintillation light. Once the scintillation photons enter the
photosensors, e.g., photon multiplier tube (PMT), the light signal can be converted into an
electrical signal, which is then amplified and analyzed by the readout electronics. Scintillators are

generally divided into two categories: inorganic scintillators and organic scintillators. Inorganic



scintillators have high detection efficiency and show relatively good linearity for gamma-ray
spectroscopy. However, large size inorganic scintillators can be very expensive to produce.
Organic scintillators have the advantages of fast time response and reasonable cost when it comes
to the production of large size detectors. Nevertheless, the detection efficiency of organic
scintillators is generally relatively poor.

Semiconductor radiation detectors utilize electron-hole pairs generated when the incident
radiation interacts with the detector medium. Compared to scintillator detectors, semiconductor
detectors usually have high detection efficiency and relatively high energy resolution. Since PMT
is not needed, semiconductor detectors are also less sensitive to magnetic fields. In addition,
semiconductor detectors can show fast pulse rise-time and linear response over a wide energy
range. All of these factors could contribute to their overall detector performance. As a classic
semiconductor material, high purity Ge (HPGe) offers an extremely high energy resolution, which
is well suited for gamma-ray spectroscopy application. However, HPGe detectors must work at
low temperatures due to the small bandgap of Ge. Consequently, the use of HPGe detectors needs
complicated cooling systems, which are often bulky and need frequent refilling of cryogen to
acquire low temperature. This significantly affects their potential deployment in many practical
application scenarios. To this end, room temperature semiconductor detectors are highly desired.
Cadmium zinc telluride (CZT) semiconductors and its variants have been intensively studied as a
leading class of room temperature radiation detector materials due to their excellent detection
efficiency, high energy resolution, ambient temperature operation capability, compactness and
portability, and potential for both gamma-ray spectroscopy and imaging [10][11]. Other wide
bandgap semiconductors, such as gallium arsenide (GaAs), gallium nitride (GaN) and silicon

carbide (SiC) have been attempted for radiation detection in harsh environment [12]. However, a



series of challenges, especially the difficulty to grow high quality detector materials at a low cost
and the difficulty to process them into large-area pixelated detector matrixes [13], hinder the
development of these potential radiation detector materials. To this end, it is of great significance
for the community to explore new candidate detector materials for improving radiation detection
capabilities to address the current issues.

1.2 Motivation

Republic of Korea (South Korea), the only divided country in the world since the Korean
War from 1950 to 1953, has always been vulnerable to an attack from the Democratic People’s
Republic of Korea (North Korea), especially from chemical, biological, radiological, and nuclear
(CBRN) threats, Radiological or nuclear weapons, are considered to pose the greatest potential
damage. Therefore, it is crucial to prepare for and respond to such threats effectively, including
accurately predicting the extent of damage and the affected area, and assessing the feasibility of
conducting operations in the area. As the Air Force operates on the basis of a mission centered
around a base, it is particularly important to anticipate the extent of damage caused by radiation.
Thus, developing radiation detectors that effectively and accurately detect radiation using
materials that can be applied in extreme conditions such as high or low temperature and high
humidity is an important task for the South Korea Air Force.

Over the past few years, perovskite materials, which were first discovered by Russian
scientist Lev Alexevich von Perovski in 1839, have exhibited exciting characteristics for a series
of optoelectronic applications. The so-called ‘perovskite’ includes an octahedra lattice structure,
and usually comes with a typical stoichiometry [14]. Besides the rapid progress of perovskites in
photovoltaics [15]-[18], this class of materials has also attracted strong interest from the radiation

detector community. This mainly stems from perovskite materials’ unique physical properties



including high absorption coefficient, high stopping power, long carrier lifetime, high carrier
mobility, and especially importantly, versatile growth approaches for low-cost manufacturing, all
of which are highly appropriate for enabling radiation detection. Various forms of perovskites, e.g.,
films [19]-[21], wafers [22][23], nano dots/wires/plates [24], and single crystals (SCs), are being
actively investigated. Among them, SC perovskites have been in the spotlight thanks to their
substantially low crystal defects, which effectively contribute to the improvement of the figures of
merit of the devices [25].
1.3 Desired Physical Properties for Radiation Detection Materials

For effective radiation detection, there are several requirements that detector materials
must meet. High stopping power to ionizing radiation, fast response time, high sensitivity, low trap
density, high carrier mobility, etc., are particularly important among these requirements.

The interaction between the incident radiation and the detector medium is an important
factor towards effective radiation detection. The cross-sections (related to the probability of each
interaction-) of three aforementioned interactions, have relations as follows:

- For Photoelectric Effect:

T Z3 to5
- For Compton scattering:
oXZ
- For Pair Production:
K < Z?

where 7, o, and k are cross-section of Photoelectric Effect, Compton scattering, and Pair
Production, respectively, and Z is an atomic number of the detector materials. Utilizing detector

materials with higher Z-number means that the materials have higher possibility to interact with



the incident radiation in all energy ranges. Considering the incident radiation, such as X-rays and
gamma-rays, in the energy range from 10 keV to 500 keV, the Z-number has a more critical impact
on the cross-section of the interaction with detector materials, i.e., Photoelectric Effect, than other
energy range of the incident gamma-rays. In this regard, high Z-number components in the detector
materials contribute to a more accurate detection of the incident radiation, which elevates the
quality of the radiation detectors.

Resistivity is a physical property that evaluates the conductivity of a material. Large bulk
resistivity contributes to a small dark current and a low noise for a radiation detector [26][27]. The
bulk crystal resistivity can be determined by measuring the current-voltage (I-V) characteristic,
from which the resistivity p is expressed in the following way [28]:

14
RXA TXA
L L

p

where V is the voltage (V), I is the current (A), R is the resistance (Q), L is the detector thickness,
and A is the surface area (cm?). Meanwhile, the resistivity can also be calculated using the
following equation [29]:

*

m

p= nq?t

where n is the carrier density, g is the carrier charge, T is the mean free time, and m”* is the
effective mass of the carriers. The requirement of resistivity for the spectroscopic semiconductor
radiation detector materials should be larger than 10° Q cm, which guarantees a low dark current
(the current obtained by applying only bias voltage, without the presence of any radiation sources)

and a low noise [30]. To this end, the resistivity of detector materials is also related to both

sensitivity and lower detection limit.



The mobility-lifetime (ut) product, which is another critical parameter of a radiation
detector, accounts for the distance that the carriers can be transported per unit electric field before
interaction, which is dominated by annihilation, where u is carrier mobility (carriers’ drift speed
under 1V cm™1) and 7 is the carriers’ existence time before recombination within detector
materials. As a key parameter, the ut product is widely used to evaluate semiconductor detector
materials’ potential toward spectroscopic applications [31]. A large ut product means that the
charges generated through the interaction of the incident radiation with the detector medium can
drift a long distance, which is often desired for achieving high radiation detector performance. The
ut product of the detector medium can be measured by the photoconductivity method, which is
achieved by measuring the photocurrent leading to fit to the modified Hecht equation [32].

LZ
= IoptV 1 —exp (_ liT_V)

12 Ls

where I is the saturated photocurrent, L is the thickness, s is the surface recombination velocity,
and V is the applied bias. Another way to acquire the calculated ut product is through the fitting
of the Hecht equation using the charge collection efficiency (CCE) as in the following equation

[31]:

CCEz? 1—eH

where V is the applied bias and d is a distance between the radiation sources and detector.

The sensitivity is an important requirement for high performance radiation detectors
because it accounts for the efficiency of the detector material to convert the incident radiation into
electrical signals, such as radiation-induced current [33]. The relationship between the sensitivity

and the collected charges can be described by the following equations [34]-[36]:
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where Q is the collected charges, A is the effective area of the device, D is the irradiation dose rate,
and 7 is the charge collection efficiency. A high sensitivity radiation detector could produce more
electrical signals per incident radiation photon. In this regard, many studies have been in progress
to improve the sensitivity of detectors [37][38].

The detection limit is a measure of the smallest concentration which can be determined
with a specified precision. Most frequently, the specified precision is defined in terms of the
concentration producing a signal equivalent to three times the noise current, which can be
calculated by the standard deviation of signal current [39]. Therefore, the detection limit has a
close relationship with the sensitivity, which means that the lower the detection limit, the greater
the ability to detect the energy of the radiation photon. As explained above, the improved ut and
charge collection efficiency help obtain both higher sensitivity and lower detection limits. To
obtain a low detection limit, achieving a high signal with low noise is important, because the
detection limit is the equivalent dose rate to produce a signal three times greater than the nose level,
as defined by the International Union of Pure and Applied Chemistry (IUPAC) [39]. The detection
limit is determined by finding the point where the signal-to-noise (SNR) becomes 3 or more, and
the formula for calculating this SNR is as follows [40][43]:

Isignal = Iphoto — laark

1 — 2
Inoise = \/NZ?I:1(IL' - Iphoto)

SNR =

where L,poro and Inq. represent the average photocurrent and the average dark current,
respectively, and I,,,;5. can be obtained by calculating the standard deviation of the photocurrent.

The energy resolution is a measure of the detectors’ capability to distinguish different

energies of incident radiation. It is defined by the full-width at half-maximum (FWHM) and its
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corresponding energy. Literally FWHM represents the width of a peak in the spectrum, at half its

maximum height, and determined by the following equation:

T
=

R
where R, T, and H,, are the energy resolution, FWHM, and energy at centroid of peak spectrum,
respectively [44]. Sodium iodine (Nal), one of the most common scintillators, offers an energy
resolution of around 6-7% for a photon energy of 662 keV [44][45], whereas high-purity
germanium (HPGe), a representative spectroscopic semiconductor detector, can provide a high
energy resolution of around 0.1% for energy of 1332 keV [46].

1.4 Perovskites as Radiation Detection Materials
1.4.1 Lead-Based Perovskite Materials

Among the various perovskite families, metal halide perovskites with the general formula
of ABX3 [A = CH3NHz3 (= MA, methylammonium), CH(NH2)2 (= FA, formamidinium), and Cs;
B = Pb, Bi, and Sn; and X = I, Br, and CI] have been actively investigated due to their remarkable
performance and their facile synthesis methods [47]. In this regard, lead-based perovskite materials,
especially single crystals, have exhibited promising results for applications in radiation detection
[48]. Different growth techniques, e.g., solution growth method [49], and the Bridgman method
[50], have been attempted to growth perovskite crystals. Among them, solution growth offers
significant advantages in terms of reduction of production cost, while the Bridgman method has
been able to grow lead-based perovskite single crystal radiation detector with a higher energy
resolution. Table 1.1 lists the results of a few recently reported lead-based perovskite materials,
which are grown by the solution method or the Bridgman method. In order to compare the
performance with these perovskite materials, two non-perovskite semiconductor detector materials

that are widely studied are also listed for comparison.



Table 1.1: Recent Results of Lead-based Perovskite Materials for Radiation Detection

Properties
. Growth
Material Method Sensitivity/bias ut product Detection Limit
(UCGygtem™/V) (cm2V-1) (GYairs™) Reflyear
MAPbDI; Temperature 1471.7/3.3 2.57x 1073 [35]/2021
Gradient (TG) B
CsPbBr; - : 8x 102 [64]/2021
MAPbDBr; Solution 1121/45 [571/2020
MAPDbBry/MoO; Solution 2552/45 [571/2020
CsPbBr; Solution 200/45 [571/2020
CsPbBri;/MoO; Solution 619/45 [571/2020
CsPbBr; Solution 770/8 [48]/2020
CsPbBr; Inverse Temperature 1256/40 (2540.2)x 1073 [381/2020
Crystallization 895/20
(ITC) 622/10
398/4
Cs0.963Rb0.037PbBr3 Solution 8097/30 7.2x107* [631/2020
(Rb doping) B
Cs9.634Rbo 366PbBr3 - 241/30 1.1x107*
GAMAPDI; - 23000 16.9 x 107° [551/2019
MAPbDI; (c-) Solution 986.9/-1 3.26 x 1073 [25]/2019
MAPDI; (d-) Solution 3.4/-1 1.49 x 1073
CsPbBr; Bridgman - h: 9.5 x 107* [621/2019
e:4.5x107* )
CsPbBr; Bridgman - h: 1.34 x 1073 [61]/2018
e:8.77 x 107* -
MAPbDI; Solution - h:8.1x107* [53]/2018
e:7.4x107* -
MAPDI; Solution (Se doping) 0.021 1073 [54]/2018
MAPDBr;.94Clo.06 Solution 84000 1.8x 1072 7.6 x 107° [521/2017
MAPbDBr; Solution 322/-1 [511/2017
MAPbDBr; Solution 80/- 1.2x 1072 0.5x 107 [32]/2016

Note: The -’ symbol in the table indicates that the results are not provided in the reference
The first X-ray detector made of MAPDBTr3 single crystals was reported by Wei et al. in
2016 [32]. They studied the relationship between the dose rate and the current density, which

results in the correlation. The sensitivity of MAPbBrs of 80 uC Gy cm™2 was achieved with a
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detection limit of 0.5x 107° Gy, s™1, and a substantially high ur product of 1.2 x
1072 cm? V1 was observed. Wei et al. also reported a Si-integrated MAPbBTr3; single crystal
device using a low-temperature solution-processed molecular bonding method with the assistance
of brominated (3-aminopropyl)triethoxysilane (APTES), whose chemical structure is composed of
octahedra [PbBrs]™ with MA* cations inside the octahedra structure [51]. Si-integrated MAPbBr3
shows a sensitivity of 322 uC Gy i cm™2. Wei et al. also reported MAPbBr2.64Clo.os grown by
the low-cost solution-growth processes and they applied a guard ring electrode to reduce leakage
current [52]. Their material showed good sensitivity of 8.4 x 10* uC Gy_;t cm™2 under 8 keV
radiation, low detection limit of 7.6 nGy,;, s~ 1, high bulk resistivity of 3.6 x 10° Q cm, high ut

product of 1.8 x 1072 cm? V1, and reasonable energy resolution of 6.50%, as shown in Figure

1.2 [52].

—a— Without guard ring
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Figure 1.2 Energy resolution of MAPbBI2.94Clo.os With and without guard ring. Energy resolution
with and without guard ring were 3.6 x 10° Q cm and 9.7 x 108 Q cm, respectively [52].

He et al. [53] produced MAPDI3 radiation detectors with high spectral response and low dark

current for the first time with ut products of up to around ~0.8 x 1073 cm? V=1 while electron

(o) and hole lifetime (7,) are 10 us and 17 us, respectively. It exhibits energy resolution of 6.8%
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for °’Co 112 keV y-ray and 12% for 2**Am 59.5 keV y-ray. MAPblI; single crystal, doped with
selenium (Se) during the crystallization process, resulted in fabrication of low dark current p-n
junctions without any organic layers [54]. This material displayed a sensitivity of 21 X
1073 uC Gy it cm™2 for 59.5 keV X-ray photons (photocurrent density: 370 n4 cm™2) and
41 uC Gyt cm~2 for 1.25 MeV gamma photons. Ye et al. investigated MAPbIs grown using the
concept of seed dissolution-regrowth to improve crystal quality [31]. In their study, cuboid (c-)
type and dodecahedral (d-) type MAPbIs were fabricated and their characteristics were compared.
The calculated sensitivity was 986.9 uC Gy i+ cm™2 and = 3.4 uC Gyt cm™2 under -1 V bias
for c- and d-, respectively, which was increased to 6218 uC Gy, tcm™2 and
1045 uC Gy_x cm™2, respectively, when increasing the bias to -13 V. Furthermore, by the
relationship between photocurrent and corresponding bias voltage, the ut products in the case of
c- and the case of d- were 3.26 X 1073 cm? V=1 and 1.49 x 1073 cm? V1. The cuboid type one
showed better performance in sensitivity, ut product, responsivity (an ability to convert the
incident radiation to electrical signal) and response speed (an ability to detect the incident radiation
rapidly over time) in radiation detection. By incorporating guanidinium cation (GA™), which
improves charge collection efficiency and reduces dark current, into pristine MAPDbI3 perovskite,
Huang et al. [55] developed GAMAPDIz single crystal with high sensitivity of 2.3 x
10* uC Gy_;t cm™2, which is one order of magnitude increase in detector sensitivity over the state-
of-the-art MAPDbI3 SCs X-ray detector (2.5 x 103 uC Gy_ X cm=2). The corresponding low
detection limit of 16.9 nGy,;, s~ is improved by more than three orders of magnitude compared
to the best-published result to date (19.1 uGy,;,- s~1) [56]. As shown in Figure 1.3, Fan et al. [57]
introduced a vertical device including a MoOs extraction layer, which was inserted between

perovskite single crystal and Au electrode. This layer, which has a high work function, helps the
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device facilitate charge transfer and enhance collection of carriers, thus leading to higher
sensitivity. Au/MAPbBra/Au and Au/MoO3/MAPbBrs/Au exhibited the sensitivities of
1121 uC Gyt em™2 and 2552 uC Gy - cm™2, respectively, which represents an improvement

of more than two folds after adding the MoOs extraction layer.

X RAY

-
—|

X RAY

MoO,
Au

Figure 1.3 Schematic illustration of the vertically symmetrical and vertical diode devices. One
type is a symmetrical device with a Au/Single Crystal/Au structure, and the other type is an
asymmetric diode device a with Ag/Single Crystal/MoOsz/Au structure [57].

One of the most recent studies related to MAPbX3 perovskite materials was made by Geng et al.
[35]. In this study, MAPDbI3 was grown by the temperature gradient (TG) method. TG was
continuously decreased in the growth process of the perovskite material, which reduced trap
density, improved crystal quality, and consequently contributed to securing significantly high
sensitivity. By analyzing the space-charge-limited curve (SCLC) of small TG (STG)- and large
TG (LTG)-MAPDI3 single crystals , it was confirmed that the trap density, which was calculated

by using the following equation [58][59]:

2
AMtrap L

VrpL =
Eo&r
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where L is the sample thickness, Vg is trap-filled limit voltage, while g, and &, are the vacuum
and relative dielectric constant, respectively, was reduced to about one-tenth when STG was
applied compared with the case where the LTG was applied.

Recently, all-inorganic CsPbBrs has emerged as a promising candidate for photodetection
due to its favorable intermediate bandgap and superior photostability, thermal stability, and
moisture stability [60]. Unlike the investigations related to MAPbX3 that were mainly grown by
the solution-based processes, there are quite a few studies in which CsPbX3 was grown using the
melting growth techniques, especially the Bridgman method. He et al. [61] reported that CsPbBrs;
single crystals grown by the Bridgman method achieved an energy resolution of 3.9% for the °’Co
112 keV y-ray and 3.8% for the *3’Cs 662 keV y-ray, as shown in Figure 1.4. This material also
gained high ut products of 1.34 x 1073 cm? V=1 for holes and 8.77 x 10™* cm? V~1 for

electrons together with long-term stability without observable significant polarization.

>’Co source ——— 150V
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- Pb escape peak 122 keV
o= |
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Figure 1.4 Energy-resolved spectrum of Co 57 gamma-ray source with a characteristic energy of

122 keV using a shaping time of 2 us [61].
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He et al. made an In/CsPbBra/Au Schottky type detector, which achieves a high energy resolution
due to the well-controlled dark current fluctuation over time [62]. By the relationship between
current density and signal acquisition time, the In/CsPbBrs/Au detector exhibited a low dark
current density of ~100 n4 cm™2 under -100 V bias. Furthermore, the energy resolution of this
detector was 4.8% for the °”Co 122 keV y-ray. The calculated ut product of this detector was
9.5x 107* cm? V=1 for holes and 4.5 x 10~* cm? V~1 for electrons. Zhang et al. reported
CsPbBrs single crystals, grown by the inverse temperature crystallization method with a sensitivity

of 1256 uC Gy_;~ cm™2 under 40 V, as shown in Figure 1.5 [38].

Figure 1.5 As-grown CsPbBr3 crystals with orange color grown by the ITC method in the
temperature range of 50 ~ 60 °C [38].
CsPbBrz material grown by the inverse temperature crystallization (ITC) was also investigated by
Li et al. [63]. As their study showed, CsPbBrs single crystal doped with Rubidium (RDb) resulted
in the enhancement of the atomic interaction and orbital coupling between Pb and Br atoms and

contributed to an improvement of carrier transport and radiation detection performance. By
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analyzing the sensitivity and its corresponding bias voltage, this inverse temperature crystallized
perovskite material gained a high sensitivity of 8097 uC Gy_ X cm™2 under 30 V in the case of a
small amount (0.037%) of doping, which was much higher than the case of a large amount (0.366%)
of doping. This could be due to the lower trap density, the larger resistivity and the higher charge
mobility in the low-doping case. Xu et al. reported CsPbBrs single crystal grown by a solution
processed method [48]. In their study, a Ag/CsPbBrs/ITO Schottky device was developed with a
sensitivity of 770 uC Gy_ i~ cm™=2 under 8 V and a low dark current density in the range of about
~5—27nAcm™? at reverse voltage. Similar with the case of MAPbBr; , Fan et al. [57]
demonstrated the effect of a MoOs extraction layer by applying the same configuration to the case
of CsPbBr3z and achieved Au/CsPbBrz/Au and Au/MoO3z/CsPbBra/Au devices with the sensitivities
of 200 uC Gy ;- cm™2 and 619 uC Gyt cm™2 under 45 V, respectively. These results indicated
that adding a MoOs extraction layer between the perovskite single crystal and the electrodes helped
increase the sensitivity of the as-fabricated radiation detectors. Recently He et al. reported CsPbBr3
single crystals with a hole ut product of 8 x 1073 ¢m? V~1 with an average value of
3.6 X 1073 ¢m? V1 and a good energy resolution of 1.4% for 662 keV y-ray [64].
1.4.2 Lead-Free Perovskite Materials

Since lead has a high Z-number of 82, the perovskites including lead could offer a high
stopping power to high energy radiation. Indeed, the recent development of lead-based perovskites
has demonstrated promising detector performance including high sensitivity, low detection limit,
and good energy resolution. In spite of these merits, the toxicity of lead to human beings and the
environment poses a main concern toward the development and deployment of lead-based
perovskite-based devices [66]. As such, there is a strong interest from the radiation detector

community to pursue lead-free perovskite radiation detectors. In this regard, bismuth (Bi) is
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considered as a possible alternative to lead in the development of perovskites detectors. The non-
toxic bismuth has a Z-number of 83 (lead: 82) and a density of 9.78g cm? (lead: 11.34g cm3). As
such it is expected that Bi-based perovskites will be able to offer high stopping power to high
energy radiation as well. To this end, Bi-based double perovskite materials, which have shown a
high stability and a wide bandgap energy due to their double occupancy structure [14][65], have
recently received increasing attention for radiation detection. As a unique category of perovskite
material system, double perovskites with a general formula of A2M*M3*Xe, where X is halide; M*
and M3 are monovalent and trivalent cations, respectively, have been proposed as candidate
materials in the vastly expanding research field of perovskites [67][68]. Among the A;M*M3*Xg
perovskites family, cesium silver bismuth bromide (Cs2AgBiBrs) has shown great potential due to
its advantages of tunable band gap, high average Z-number (about 53), high resistivity, reasonable
charge transport properties and facile growth approaches of bulk single crystals [69]. In addition,
AsBiz2ls (A = MA, FA, and Cs) perovskite materials have also been explored as potential and
attractive radiation detector materials. Table 1.2 summarizes the properties of some recently
reported lead-free perovskite materials, which focus on the use of non-toxic bismuth instead of

toxic lead. The classic Pbl; and a-Se are also listed for comparison.
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Table 1.2: Recent Results of Bismuth-based Perovskite Materials for Radiation detectors

Properties
Material Growth
ateria Method Sensitivity Resistivity ut product Detection Limit Ref/vear
(HCGygrem™/V) (Qem) (cm?V~) (GYairs ™) Y

(BA),CsAgBiBr; Solution Pauw:1.65 — [58]/2021

9.16 x 10*°

Iv:

419 x 1011

—2.67 X 10*?
FA;Bil, Nucleation- 598.1/500 7.8 x 101° h: 24 x 1075 200 x 107° [40]/2021

controlled e:1.3x107*

(I-BA),AgBil, Solution 5.38/60 2.28x 1073 [80]/2021
MA;Bi.l, Solution 1947/60 83 x107° [721/2020
MA;Bi.l, Solution 872/100 ~ 4.7 X 1010 31x107° [711/2020
MA;Bi.l, Solution 10620/120 5.27 x 101* 2.8x 1073 0.62x107° [731/2020

(CPA),AgBiBr; Solution 0.8/10 1.0 x 1073 - [791/2020

AgBi,l; Bridgman 282.5/500 1.3 x 108 h:1.2x 1073 72 x 107° [741/2020
e:3.4x1073
Cs;Bizly Nucleation- 1652.3/50 2.79 x 1010 7.97 X 107* 130 x 107° [701/2020
controlled

Cs;AgBiBr, Controlled C: 1974/50 C: 457 x 107 [78]/2019

cooling C:677.3/20 6.10 x 10°

N: 453.1/20 —3.31x10%°

N:

6.04 x 107

—5.61x 10°
(BA),CsAgBiBr, Solution 42/10 1.5 x 1011 1.21x 1073 - [77]/2019
(PEA)Cs;AgBiBrg Solution 288/50 - 1.94x 1073 - [76]/2019
Cs,AgBiBr; Solution 165.6/50 - 9.14 x 107* - [761/2019
Cs,AgBiBrg Solution 300K: 316 300K: - [75]/2018

77K: 988 5.5 x 10!

T7K:

3.6 x 1012
Cs;Bi.ly Solution Order of 1010 [29]/2018
Cs,AgBiBrg Solution 105/5 10° — 101t 6.3x1073 59.7 x 107° [391/2017
Pbl, - 1200 <52.8x107° [36]/2019

a-Se - 20 [371/2021

Note: The -’ symbol in the table indicates that the results are not provided in the reference
Among the A3Bizlg perovskite family, high resistivity CssBizlg grown by a low temperature
solution method at 50-60 °C has been reported by Zhang et al. [28]. The resistivity of their CszBizlg

is on the order of 101° Q c¢m, as shown in Figure 1.6. In addition, the anisotropic resistivity and
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the fast photoresponse along the [00I] and [100] directions of Cs3Bi2lg were revealed in the as-
fabricated coplanar and sandwich configuration devices. This is favorable for further development
of Cs3Bizlg in hard radiation detection. Zhang et al. reported that their Cs3Bizlg grown by the
nucleation-controlled method has a high sensitivity of 1652.3 uC Gy~ cm™2 [70]. In addition to
having a high resistivity of 2.79 x 101° Q ¢m, this material has also a very low trap density of
1.4 x 10° cm~3, according to the SCLC curve of Cs3Bizlg single crystal. In particular, this low
trap density mitigated ion migration and showed a stable operation time of 13 hours. Furthermore,

it showed a stable response up to a temperature of 100 °C.
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Figure 1.5 The photoresponse of Cs3Bilg along the [100] and [00I] directions under 10 V bias,

illuminated using a LED with a wavelength of 420 nm and an intensity of 10 mW cm™2 [28].
In 2020, several studies on methylammonium bismuth iodide perovskite (MA3Bi2lg) were
published within a short time frame, all of which show the results of a very high level of sensitivity.
Liuetal. [71] investigated a MA3Bi2lg single crystal grown via a low-temperature solution method

that achieved a sensitivity of 872 uC Gy~ cm™2 under 100 V. They also gained a resistivity of
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~ 4.7 x 101° Q c¢m, a detection limit of 31nGy,;,- s~1, and a high ion migration activation energy
of 0.83 eV, which contributed to the low dark current and a fast response speed of 266 us. Besides,
this material’s photocurrent kept stable for about 27 hours under a total X-ray dose rate of 8270
mGyair at a high bias of 100 V, while a MAPDI3 single crystal with the same structure presented
rapid decay of the current even at a much lower bias of 30 V. Liu et al. [72] reported inch-size
zero-dimensional structured MAsBi2lg single crystal grown using a precursor refinement strategy
to eliminate extraneous nucleation seeds. They eventually achieved a high sensitivity of
1947 uC Gy, cm~2 under 60 V, a low detection limit of 83 nGy,;, s~, and a short response
time of 23.3 ms. Zheng et al. investigated zero-dimensional (the octahedra lattices are
disconnected and located as individual units while they are sharing the corners in case of three-
dimensional perovskites [14]) MAsBizlg grown by solution process, which showed the highest
level of sensitivity among the studies related to lead-free perovskite materials, i.e., a sensitivity of
10620 uC Gy + cm™2 under 120 V, together with high bulk resistivity of 5.27 x 10'* Q ¢m and
high ut product of 2.8 x 1073 ¢cm? V1 for average of hole and electron [73]. As shown in Figure
1.7, their results represent the lowest detection limit of 0.62 nGy,;,- s~* among the lead-free
perovskite materials investigated so far. The high ion migration energy of 0.46 eV also contributed
to the low dark carrier concentration and implied the material’s potential as a good radiation

detector material.
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Figure 1.7 X-ray dose rate-dependent signal-to-noise ratio (SNR) of the out-of-plane device (40
V bias). The LoD of 0.62 nGy,;, s~ is derived from the slope of the fitting line with a signal-
to-noise of 3 [73].

Among the most recent A3zBi>lo perovskite family-related research is an investigation by Li et al.
[40], where zero-dimensional FA3Bizlo single crystals with centimeter size were grown by a
nucleation-controlled secondary solution constant-temperature evaporation (SSCE) method. This
unique technique makes the nucleation process of the crystals more controllable, and the utilization
of the precursor solution is more efficient compared to the reported ITC method. According to the
bias-dependent detection efficiency curve, a high detection efficiency of 33.5% was achieved due
to the high activation energy of ion conduction (E,) of 0.56 eV. It helps ensure a relatively small
dark current and low noise level under high external bias and results in the low trap density of
9.48 x 10° cm™3. Additionally, although not being exactly a part of As;Bi»ls perovskite family,

AgBil7 single crystal grown using a vertical Bridgman method was reported by Tie et al. [74].
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They found that AgBi2l- exhibits a higher absorption coefficient over a broad photon energy range
of between 1 keV and 10 MeV than many other candidate detector materials, including the
currently leading room temperature semiconductor detector material CdZnTe (CZT).

Pan et al. explored Cs2AgBiBrs double perovskite single crystals as an X-ray detector
material [39]. They grew Cs>AgBiBres through a solution process and achieved a sensitivity of
105 uC Gyt em™2 under 5V and a low detection limit of 59.7 nGy,;, s~ as described in Figure
1.8. They also reported a high ut product of 3.75 x 1073 ¢m?2 V! for the average of hole and
electron, which is the highest among the results of Cs,AgBiBre reported so far. This outstanding
performance is possibly due to the uses of post-growth thermal annealing and surface treatment,
which eliminate Ag'/Bi** disordering and improve the crystal resistivity, thus resulting in the low

detection limit.
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Figure 1.8 Signal-to-noise ratio of the device derived by calculating the standard deviation of the
X-ray photocurrent. The red dashed line represents a SNR of 3, and thus the detection limit is
59.7 nGy,;, s~ at 5V bias, as indicated by the purple star surrounded by the red dashed circle

[39].
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Afterwards, good results corresponding to the sensitivity of 316 uC Gy cm™2 for 300 K and
988 uC Gy, cm=2 for 77 K (liquid-nitrogen temperature) and the resistivity of 5.5 x 10** Q cm
for 300 K and 3.6 x 102 Q c¢m for 77 K were derived by Steele et al. [75]. Their results indicated
that the more efficient detection performance could be present at low temperatures. In 2019, Yuan
et al. [76] innovatively introduced the phenylethylamine bromide (PEABTr), which plays an
important role in complexing both the Bi** and Ag” ions and consequently gives rise to the
enhanced ordering arrangement of the Bi** and Ag" ions, into the Cs,AgBiBres perovskite precursor
system. As a result, their efforts helped obtain Cs,AgBiBrs single crystals with an improved
ordering degree of [BiXs]*> and [AgXs]> octahedra arrangement. The tests of as-fabricated devices
show that the sensitivity was about 1.7 times higher and the ut product was more than two-fold
higher than pristine Cs:AgBiBrs. Xu et al. introduced (BA).CsAgBiBr;, where BA is n-
butylammonium, adopting a 2-dimensional multilayered motif by alloying bulk cation into the 3-
dimensional cubic prototype of Cs2AgBiBrs [77]. This material exhibited a high bulk resistivity
of 1.5 x 101 Q ¢m according to the bias voltage-dependent current density curve, and a low trap
density of 4.2 x 101° cm™3. In comparison to the as-grown crystal shape from controlled cooling
and natural cooling methods, Yin et al. [78] grew Cs.AgBiBres single crystals by utilizing a
controlled cooling process, which leads to a smooth surface and a relatively high resistivity with
good reproducibility. In contrast, natural cooling results in rough surface with triangular and
hexagon terraces. When the controlled cooling was applied, the sensitivities of
677.3 uC Gy cm™2 under 20 V and 1974 uC Gy cm™2 under 50 V were achieved, which is
quite high considering the sensitivity of 453.1 uC Gy} cm™2 under 20 V when the natural
cooling is applied. Through these efforts, the effectiveness of controlled cooling was demonstrated.

Recently, 2-dimensional metal-halide double perovskite (CPA)sAgBiBrs (CPA* = chloropropyl
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ammonium) and new layered hybrid double perovskite (I-BA)sAgBils (I-BA® = I-n-
butylammonium) were grown and investigated by Guo et al. [79] and Xu et al. [80], respectively.
As shown in Figure 1.9, (CPA)4AgBIiBrs exhibited a ut product of 1.0 X 1073 ¢m? V1 for the
average of hole and electron, which is almost four orders of magnitude higher than that of MAPDI3
film (2 x 1077 cm? V1) [81]. Owing to its unique crystal structure forming the Agls and Bils
octahedral and an inorganic layer composed of the two different octahedron, (I-BA)sAgBils
showed ut product of 2.28 x 1073 cm? V=1 and low trap density of 3.78 x 101° cm™3. The
recent research on Cs>AgBiBres double perovskite single crystals by Murgulov et al. [58] focused
on 2-dimensional, layered (BA).CsAgBiBr7 grown by solution process. This material gained not
only a low trap density of 1.12 — 1.76 X 10! cm™3 but also the highest resistivity, i.e.,

4.19 x 1011 — 2.67 x 102 O cm among the lead-free perovskite materials investigated so far.
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Figure 1.9 Bias-dependent photocurrent of a vertical-type device measured parallel to the (002)

surface [81].
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1.5 Strategy to Enhance the Radiation Detection Performance

Generally, many perovskites have suffered from ion migration, which can induce ion
recombination, mitigation of charge carrier (i.e., electrons and holes) and performance instability.
These kinds of ion migration-generated phenomena result in degradation of perovskite single
crystal’s intrinsic properties and radiation detection efficiency. There have been many efforts to
suppress the perovskites’ ion migration and enhance the radiation detection performance, such as
doping some impurities [82], diversifying device fabrication method [52], and elaborating the
crystal growth method. Among them, temperature annealing method have been considered to be
the most reliable way to address the degradation of single crystal caused by ion migration [83].

By annealing under appropriate temperature, the dislocation caused by applying the bias
voltage [84] is adjusted and the structure of perovskite becomes more homogeneous [85].
Additionally, surface roughness, a reason of current signal loss, can be addressed by annealing.
Temperature-annealed single crystals have shown improved surface condition, which results in the
reduction of vacancies between the as-grown single crystals and electrodes. Many kinds of
perovskites, including FAPbBr; [86] and CsPbBrsz [87] have obtained better performance
compared with pristine crystals, such as high photoluminescence (PL) intensity and X-ray response
properties. During the temperature annealing process, it should be noted that there should be
degradation and increase of defects when the perovskites are annealed under extreme conditions,
e.g., high temperatures and long annealing time.
1.6 The Focus of This Study

In this work, the development of a new type of perovskite material, formamidinium
bismuth iodide perovskite (FAsBizlg) single crystal for X-ray detector material has been

introduced. FA-based perovskites have been emerging over the past few years. Several recent
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studies have shown that FAsBizlg single crystals possess significant potential for opto-electronic
detection. FAsBizlg single crystal was first reported by Lan et al. for solar cell applications [88],
and by Li et al. for X-ray detection [40]. According to the previous works of FA3Bi:lg single
crystals, they have much potential for radiation detection materials with appropriate bandgap, high
absorption coefficient, high detection efficiency, and high sensitivity. Also, the FA3zBizlg single
crystal has a high absorption coefficient, which is an important factor to evaluate the quality of
radiation detector materials due to the fact that the degree of radiation attenuation leads to the
quality of the detection system directly. XCOM [89], which is developed by the National Institute
of Standards and Technology (NIST), provides the materials’ absorption properties corresponding
to the incident radiation energy. Thus, analyzing the absorption properties, i.e., absorption
coefficient, extracted from the XCOM database can be used to determine if the material is suitable
for the radiation detection system. In Figure 1.10, the absorption coefficient of FA3Bi2lg single
crystal and other kinds of detector materials, which were obtained from the XCOM database, were
depicted. The photon energy range is set from 0.01 MeV to 1.0 MeV, where the radiation detector
should be generally used. The absorption coefficient of FA3Bi2lg single crystal is higher than that
of SiC and CdznTe (CZT) commercialized detector materials, while it is similar to another
promising hybrid lead-free perovskite MAsBizlg. This information can provide FA3Bi:lg, relatively
a new kind of lead-free perovskite has a promising possibility to be used as high energy radiation,
e.g., X-ray, gamma-ray, and alpha particle. However, FA3Bizlg single crystals for radiation
detection and related applications have seldom been reported. In this regard, we study and report
optical properties, electrical properties, and X-ray response performance of FA3Bizlo single

crystals, which are grown by solution-based constant-temperature evaporation method coupled
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with targeted annealing strategy to explore their applications as a promising class of radiation

detector material.
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Figure 1.10 Energy-dependent absorption cross-section of various materials for radiation

detection, which is acquired from XCOM.
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CHAPTER 2: PEROVSKITE SINGLE CRYSTAL GROWTH AND DEVICE
FABRICATION METHODS

In this chapter, the general methodologies to grow perovskite single crystals and to
fabricate the detector device were introduced. From this information, the growth and fabrication
methods for FA3Bi:lg single crystal and detector device using as-grown FA3Bi:lg single crystal
were described, which were followed by the results of the single crystal growth and detector device
fabrication.
2.1 Single Crystal Growth Methods

The growth of perovskite single crystals can be classified as two main methods, i.e.,
solution-based and melt-based growth methods. The solution-based method can provide various
kinds of simple and effective methods, which are applied at low temperatures and in atmospheric
pressure. Furthermore, the bulk size of single crystals can be obtained by using this method.
Compared with the other growth methods, the solution-based method is the simplest way, which
can be conducted with less growth time and no need to generate high temperature and pressure.
Most importantly, it is a cost-effective method, which can be a candidate for various radiation
detection applications. Figure 2.1. [90] describes four representative solution-based methods.

The solution evaporation method (Figure 2.1.(a)) can be recognized as the simplest way to
generate the nucleation of single crystals, as guaranteeing the bulk sizes of single crystals. The
solution, which is mixed with raw materials, is put on constant-low temperature, e.g., around
higher than room temperature and lower than 100°C, so that the bulk size of single crystals can be
formed at the bottom of the solution simultaneously as the solution evaporates. The controlled-
cooling method (Figure 2.1.(b)) is almost the same method as the solution evaporation method

except for the difference in evaporation temperature. The controlled-cooling method needs to
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decrease the evaporation temperature slowly and gradually enough to keep the stable state of the
solution, while the solution evaporation method maintains its evaporation temperature at as
constant level through the growth procedure. The vapor diffusion method (Figure 2.1.(c)) is an
effective way to generate the saturated solution by using two different solutions. The number 2
solution (outside) has a better quality than the number 1 solution (inside). The evaporate gases
(vapor) of the number 1 solution go into the number 2 solution, which results in the saturation of
the number 2 solution. Then the excellent quality of single crystals can be acquired at the bottom
of the number 2 solution. The mixed liquid evaporation method (Figure 2.1(d)) is another powerful
way to form the saturation of the solution. When two solutions with different solubilities are mixed
at the intersection point, a new solution with a higher level of solubility is formed, which then

triggers nucleation and allows for the growth of single crystals with good quality.

(a)

Temperature

- -

Figure 2.1 Schematic illustration of solution-based growth method for perovskite single crystals.
(a) Solution evaporation method. (b) Controlled cooling method. (c) Vapor diffusion method. (d)

Mixed liquid diffusion method [90].
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The other main method for perovskite single crystal growth is melt-based method, which
should be performed at high temperature. This method utilizes the procedure that the raw materials
are fully melted at high temperature over the raw materials’ melting point, so that the melted raw
materials are coagulated to be crystalized. The single crystals grown by melt-based method
generally have better purity than other types of methods, due to the reason that it has low possibility
to be contaminated by the environment during the growth process. Because the growth process is
done in the chamber at high temperature, which is separated by the atmosphere. Also, the bulk size
of crystals can be obtained by using the melt-based method. Figure 2.2 illustrates two kinds of the
melt-based perovskite single crystal growth methods [91][92].

In the case of Bridgman method (Figure 2.2.(a)), the crystal growth process involves
placing the raw materials in a crucible, which is then heated to a molten state by adjusting the
furnace temperature. The crucible is gradually lowered into the furnace with a specific temperature
gradient to allow with the molten material to solidify directionally and form a single crystal
through the process of directional solidification [91]. The floating zone method (Figure 2.2.(b))
uses a solid feed rod at the end and melt materials by high temperature generated from a halogen
lamp at the other end. The feed rod slowly rotates and moves along the vertical direction, so that

the bulk size of single crystal can be grown.
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Figure 2.2 Schematic illustration of the melt-based single crystal growth method. (a) Vertical
Bridgman method. (b) Floating zone method [91].

Comparing the solution-based and melt-based methods as growing a new type of hybrid
lead-free perovskite, there are different advantages between the two methods. Considering the
purpose of perovskite single crystal growth, the ability and possibility to be applied flexibly across
various fields, e.g., homeland security, medical diagnosis, environmental remediation, and
industrial inspection, is recognized as the most important aspect. To be exploited in various fields,
the growth method should be simple, adjustable, and controllable, which are the advantages of the
solution-based growth method.

Thus, we focused on the solution evaporation method, which is the simplest technique
among the solution-based methods. Furthermore, the seeded method, which is commonly
employed to grow bulk size of single crystals, is utilized to grow the perovskite single crystal,
because the energy required for the nucleation is less at around the seed crystal compared with the
case without any seeds. Using the seeded method, the unexpected polycrystalline is less formed

and the bulk size of single crystals can be grown with the core of seed crystal.
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2.2 FAsBiI2l9 Single Crystal Growth

As discussed above, taking into account the purpose of developing the lead-free perovskite
single crystal semiconductor for the radiation detector, the solution evaporation method can be the
best method to grow the FAsBi2le hybrid perovskite single crystal. With the solution evaporation
growth technique combined with seeded method, we can successfully obtain the bulk size of single
crystal cost-effectively.

As described in Figure 2.3, the raw chemicals used for preparing FAsBi2lg single crystals
were formamidinium iodide (FAI), bismuth iodide (Bils), and y-butyrolactone. 2.32 g FAl and 5.3
g Bils were dissolved in 50 ml y-butyrolactone in a glass at 60 °C and stirred for several hours
followed by filtering the solution using a 0.1 um filter funnel. Then the filtered solution was
evaporated at 75°C for 24 hours to eliminate some impurities appearing on the bottom of the glass
according to the fact that the impurities can be generated easily being exposed at rapidly increased
temperature. After getting rid of the impurities from the solution, the supernatant liquid was
evaporated in a new glass at 55°C over several days. Then some FA3Bizlg single crystals, which
were used for seed crystals, could be formed on the bottom of the glass. The sizes of FA3Bi2lg
seeds we obtained were about several millimeters in width and about less than 1 mm for thickness.
Acquired seeds were put in a new glass, whose inside was filled with a new supernatant liquid
obtained by the same way with seeds’ case. After several days at 55°C, the bulk FA3Bi2lg single

crystals were grown with the area of 140 mm? and thickness of 2.5 mm in average.
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Figure 2.3 Schematic illustration of the FA3zBi2lg single crystal growth process using seeded

solution evaporation at constant temperature method and temperature annealing process using
home-made annealing container.
Figure 2.4 represents that the surface area of FAsBixlg single crystal grown by seeded
method is three times bigger and the thickness is two times larger than without seeded method,

which means that the seeded method can be a good option to acquire the bulk single crystal.
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Figure 2.4 Comparison of as-grown crystals’ surface area and thickness between from seeded
method and from without seeded method.
2.3 Temperature-Annealing of FAsBizle Single Crystal and Detector Fabrication

The as-grown crystals annealed at different temperatures, i.e., 80°C, 120°C, and 160°C, for
30 minutes in the home-made container with thermal insulators and thermocouples. By using
thermal insulators, temperature leakage through the container surfaces can be mitigated. The
temperature inside the container can be recognized by checking the temperature reader attached to
the thermocouple. To prevent the effect of as-grown single crystal’s thermal shock, the temperature
was adjusted slowly and gradually, i.e., -1 °C/hour, until the temperature inside the container
becomes room temperature.

The as-grown single crystals should be fabricated as detector devices to be characterized
and investigated if the single crystals have suitable properties for radiation detection system. There
are many kinds of ways for the as-grown single crystals to be fabricated, such as forming a guard
ring to reduce the leakage current (Figure 2.5) [93], applying passivation method to enhance the
charge carrier transportation [94], and employing pixel type electrodes on the surface [95]. Among
the several kinds of fabrication methods, the planar detector device, which is the simplest and well-
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functioning method, is selected. FAsBizlg single crystals have not been much explored yet, and
post-growth temperature annealing effects on this perovskite single crystal have not been
investigated. Thus, to explore FAsBizlg single crystal quality for radiation detection exactly,
fabrication method should be simplified, and the performance of the detector device should be
guaranteed. Planar detector devices with verified electrodes materials, i.e., gold (Au) and silver
(AQ), can fulfill these requirements.

W/ o guard electrical field With guard electrical field
Guard electrode (Cr) /
3 /
Central electrode (Cr) i

C,/BCP '\ PEinECy/BCP
Working electrical field — >

Cr Guard electrical field / Cr

A

Figure 2.5 Schematic illustration of guard ring fabrication method for perovskite-based radiation
detector device to reduce the leakage current at the edge of the device [93].

To fabricate the detector device using FA3Bizlg single crystals, first, the FA3Bi2lg single
crystals were polished using polishing plate with 600 and 3000 grid, so that the as-grown single
crystals’ surface roughness can be improved to be attached well with the electrodes. After
polishing the surface, FA3Bi2lg single crystals were rinsed using isopropanol and toluene. Cleaning
the as-grown single crystals with isopropanol and toluene helps to remove some impurities on the
surface. The as-grown single crystals which have undergone both polishing and cleaning processes
were ready to be fabricated as a radiation detector device. The silver (Ag) electrodes were used for
fabricating the planar detector device. The fast-drying silver paste, which was purchased from Ted
Pella Inc, were painted on surface of z-direction due to the reason that the FAsBizlg single crystals
have intensities in the direction of (002), (004), and (006) during the X-ray diffraction (XRD)

measurement. Finally, the Ag/FAsBiz2le/Ag planar detector device can be fabricated.
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CHAPTER 3: MATERIAL CHARACTERIZATION

To evaluate and investigate the as-grown crystal, material characterization should be
processed. In this chapter, various kinds of material characterization methods are introduced, and
the results of characterization are analyzed. Microstructural properties (X-ray diffraction
measurements and mechanical properties), optical properties (UV-vis spectroscopy and Raman
spectroscopy), and electrical properties (current-voltage curve and space-charge-limited curve) are
conducted with temperature-annealed and cesium-doped FA3BiI2lg single crystals.

3.1 Microstructural Properties
3.1.1 X-ray Diffraction Pattern

Single crystal X-ray Diffraction (XRD) measurement can be used to investigate the single
crystals’ intrinsic structure so that as-grown single crystal is evaluated if it is the right and expected
crystal. Also, the quality of structure can be analyzed by the single crystal XRD, because it can
provide information regarding the existence of impurities or defects inside of the crystal structure.
Single crystal XRD measurement was conducted by Rigaku XRD equipment at room temperature.
X-rays were generated by 45 kV and 40 mA via tungsten (W) target.

As shown in Figure 3.1, for all samples, XRD results demonstrated that there are peak
intensities at (002), (004), and (006) surface direction, which is same results with the previous
work from Li et al. [40]. This indicates that the seeded solution evaporation process applied for
growing FA3sBi2lg single crystals should guarantee to acquire high-quality of FAsBizlg single
crystals. Compared with the other samples, however, 160°C-annealed crystal showed significant
noise before approaching to 10 degrees and represented many secondary peaks in the range of 30
to 48 degrees and 55 to 65 degrees. According to these results, it is possible that the 160°C-

annealing has introduced some damage to the crystal, leading to the degradation and
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decomposition of the FAsBizle single crystal [41][42]. This affects the radiation detection

performance.
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Figure 3.1 Single crystal XRD patterns of as-grown and annealed FA3Bi:lg single crystals with
different annealing temperatures.

3.1.2 Mechanical Properties

Investigating the mechanical properties, i.e., Young’s modulus and hardness, of detector
materials should be an important process, due to the fact that mechanical properties can influence
the materials’ fabrication methods and application ranges. Young’s modulus indicates the level of
resistance against deformation with corresponding stress applied to the materials’ surface, and
hardness represents the degree of resistance to certain indentation. Both factors are the key to
evaluate materials’ mechanical properties. For exploring the mechanical properties,
nanoindentation experiments were conducted at room temperature by a Tribo Indenter TI-980
machine. The (001) facet was selected according to the results of single crystal XRD. 5 points

were selected for each samples’ measurements to guarantee the reliability of the results. The
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maximum loads applied for the indentation was 4 mN with 20 seconds for approaching the
maximum loads, 10 seconds for holding at maximum loads, and 20 seconds for unloading to 0
mN.

The mechanical properties of FAsBi2lo single crystals were investigated by
nanoindentation measurements, which can most directly provide Young’s modulus and hardness
[96]. These two kinds of factors can be evaluated as a reliable value to test the elastic properties
of the samples [97]. Among the four samples (pristine, 80°C-, 120°C-, 160°C-annealed single
crystals), the 120°C-annealed single crystal showed the best results with the highest precision.
Figure 3.2 illustrates the relationship between applied load and displacement of the 120°C-
annealed crystal, which is the result of nanoindentation measurements at room temperature. From
this data, the Young’s modulus and hardness of 120°C-annealed crystal can be obtained by the
Oliver-Pharr method, which is the most common method for deriving the Young’s modulus and
hardness of general materials [98]. As the annealing temperature increases to 120°C, the Young’s
modulus and hardness also increase up to a Young’s modulus of 6.77 GPa and a hardness of 0.388
GPa as described in Figure 3.3. However, in the case of the 160°C-annealed crystal, both Young’s
modulus and hardness decrease less than the pristine crystal’s value. This can be explained that
160°C-annealed crystal had some damage in the structure caused by high temperatures, which was

shown with XRD measurement results.
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Figure 3.2 Nanoindentation results conducted using 120°C-annealed FA3Bi2ls single crystal at

room temperature.
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Figure 3.3 Comparison of Young’s modulus and hardness of pristine, 80°C-, 120°C-, and 160°C-

annealed samples extracted from nanoindentation measurements.
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3.2 Optical Properties
3.2.1 UV-vis for Bandgap Energy

Ultraviolet-visible (UV-vis) measurement has been used to investigate the optical
properties of materials, especially to estimate the bandgap energy of semiconductor materials. UV-
vis transmission spectrum of FA3zBi2lg single crystals was obtained through a laser generated by
DH-2000-BAL equipment with deuterium and halogen sources. The transmission information was
recorded and acquired by Oceanview software.

Optical properties should be used to determine the single crystals’ quality and verify their
intrinsic characteristics. The ultraviolet-visible (UV-vis) transmission measurement for obtaining
the single crystal’s bandgap information. The transmission measurements of all samples of
FA3Bi2lg single crystals showed the same tendency regardless of the annealing temperatures. There
was, however, a difference in the level of transmission, which does not influence the estimation of
the bandgap energy. As shown in Figure 3.4, the transmission data of 120°C-annealed crystal
indicates that the transmission intensity increases rapidly at the wavelength of around 625 nm,
which means the optical bandgap energy of FAzBi:lg single crystal exists at around that region.
Optical bandgap energy (Eg) can be derived from the Tauc equation [99]:

(ahv)Y" = B(hv — E,) (1)
where « is the energy-dependent absorption coefficient, h is the Planck constant, v is the
frequency of photon, and B is a constant. From the inset of Figure 3.4, the derived direct bandgap
energy of FAsBizlg single crystal semiconductor was 1.97 eV, which is in the range of
semiconductors’ wide bandgap energy (> 1.7 ~ 1.8 eV) [100] and high enough to eliminate the
noise coming from room temperature and low enough to generate charge carriers, i.e., electrons

and holes.

40



60 -
=
c 40 -
o
w -
e g
» 2 1.97 eV
[ cod k=)
@ 20
—
= 16 17 18 19 [ 20

Energy (eV)
0 =

SCI)O | 5%0 | 6(I)O | BEISO | 7(I)O | 7éO
Wavelength (nm)
Figure 3.4 UV-vis transmission spectrum of 120°C-annealed FA3Bi2lg single crystal at room
temperature. Inset: optical bandgap derived from Tauc equation.

3.2.2 Raman Spectroscopy

Raman spectroscopy, which is an excellent method to investigate the structure and
chemical characteristics of materials, was conducted at room temperature using pristine, 80°C-,
120°C-, and 160°C-annealed FAsBizle single crystals. For Raman spectroscopy, the Horiba
XploRA PLUS was used with the grating of 1800 (450 — 850 nm), 10% filter, 100 um slit, and
300 um hole at room temperature, which were the optimized factors for obtaining the high
resolution of peaks and minimizing the noise signals.

The optical properties of hybrid perovskites, i.e., the combination of organic and inorganic
materials, can be significantly determined by the relationship between organic (FA) and inorganic
(Biand 1) lattice [101]. As depicted in Figure 3.5, the Raman spectrum was obtained in the Raman

shift range under 250 cm™ using 120°C-annealed crystal. There are clear Raman peaks at 63, 98,
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143 cm*, which is generally analyzed as the scissoring mode from Bi-I-Bi and I-Bi-I and stretching
mode from Bi-I inorganic structure, because there should be lattice vibrational motion in the
relatively low Raman shift region [102]. All other samples, except the 160°C-annealed crystal,
showed the same spectra in the same Raman shift range, which means that the annealing rarely
changes the inorganic lattice of the FA3Bi2ls single crystal. In the case of 160°C-annealed crystal,
the peaks were not clear and there was high level of noises. The Raman spectra of all samples in
the range from 400 to 1800 cm™ were described in Figure 3.6. Several kinds of major peaks can
be investigated in FA (CH(NH2).)-based perovskites. The molecular bending (§) from NCN,
torsion (t) from NHp, stretching (v) from CN, and rocking (p) from NH; are the vibrational modes,
which can be found in the FA-based perovskites [103]. The bending motion (&) is related to the
change in angle of molecular bonding, which can generate the entire shape transformation, while
the rocking (p) motion is a twisting behavior of the molecular bonding angle, which can also
modify the shape of molecule. The stretching (v) motion is related to the change of the distance
between each atom. The torsion (7) mode represents the molecules’ rotational motion around the
bond axis, which results in the change of dipole moment of the molecules [104]. Understanding
these kinds of modes detected from Raman spectroscopy measurement is important for the
perovskite materials to be applied well in various radiation detection system applications. The

extracted peak positions of all samples are listed in Table 3.1.
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Figure 3.5 Raman spectrum of 120°C-annealed FA3Bi2lg single crystal in the Raman shift range

from 50 to 300 cm™.
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Figure 3.6 Raman spectra of pristine, 80°C-, 120°C-, and 160°C-annealed FA3Bi2lg single

crystals in the Raman shift range from 400 to 1800 cm™ at room temperature.
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Table 3.1 Main peaks and corresponding wavelength generated by formamidinium (FA)
structure extracted from Raman spectra.

6 (NCN) 7 (NH2) v (CN) p (NH2)
Pristine 512 592 1121 1385
80°C annealed 514 599 1120 1385
120°C annealed 515 590 1119 1384
160°C annealed 519 593 1115 1380

The NCN bending (6) peak was shifted to the right, which means that the bond strength can be
enhanced in the bending motion of NCN as the annealing temperature increases. The peaks of CN
stretching (v) and NH2 rocking (p) were shifted to the lefthand side, which means that the related
bond strength can be reduced in the CN stretching mode and NH2 rocking mode as applied
temperature rises. In the case of NH> torsion, there is no consistent correlation among all samples,
which lead to recognize the needs of further investigation in that area. For the clarity of peak,
compared with the others, 160°C-annealed crystal showed relatively obscure peak intensities and
more signal noises, which lead to the fact that annealing temperature 160°C can impose damages
to the structure of FAsBi2lg single crystal. Among the pristine, 80°C-, and 120°C-annealed crystals,
the 120°C-annealed one demonstrated highest quality of peak intensity, as described in Figure 3.7.
The signal noise of the pristine sample was denser than the 120°C-annealed sample, which

provides 120°C annealed one with better Raman peak quality in all kinds of FA-based major peaks.
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Figure 3.7 Comparison of major peak intensity between from pristine and 120°C-annealed
FAsBi2lg single crystals.
3.3 Electrical Properties
3.3.1 Current — Voltage (I- V) Curve
To investigate the electrical properties of FAsBi2lg single crystal, we prepared the
Ag/FA3Bi2lo/Ag planar detector device. As described in Figure 3.8, by using home-made electrical
and X-ray response test box, which can apply bias voltage to the top of detector device and collect
photocurrent signals come from the bottom of detector device, the currents generated from charge
carriers inside the FA3Bi2lg can be collected. The detector device received the bias voltage through
the copper pin and provide copper plate with generated current signals, which were transported to

Keithley 6487 to obtain the current-bias voltage curve.
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Figure 3.8 Home-made test box and fabricated detector device with copper plate.

As shown in Figure 3.9, the dark current and bias voltage represented the linearity
relationship in the bias voltage range from -100 V to 100 V for pristine, 80°C-, and 120°C-annealed
crystals, except 160°C-annealed crystal. The 160°C-annealed sample lost its current linearity to
the corresponding bias voltage, which can be resulted from the thermal damage during temperature
annealing process. The resistivity of pristine, 80°C-, and 120°C-annealed samples are displayed in
10'% magnitude order, which is high enough to get rid of the signal noises from the room
temperature and environment, while the resistivity tend to decrease as annealing temperature
increase. The resistivity of 120°C-annealed sample was 5.07 x 101° Q ¢cm, which was about half
value of the pristine sample’s resistivity. This phenomenon of decreasing resistivity with
increasing annealing temperature should be attributed to the fact that the temperature annealing
improves the surface condition of FA3Bilg single crystal and stabilizes the disordered arrangement

in the internal structure of the single crystal.
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Figure 3.9 Dark currents versus corresponding bias voltage from -100 V to 100 V, investigated
using pristine, 80°C-, 120°C-, and 160°C- annealed FA3Bilg single crystals at room temperature.
3.3.2 Space-Charge-Limited Current (SCLC)

In the space-charge-limited current (SCLC) curve, which is described in Figure 3.10, there
are three regimes for explaining the electrical properties of FA3Bi2lg single crystal. The first region
is Ohmic region, where the dark current is linearly proportional to the bias voltage. This region is
usually used for estimating the resistivity of single crystals, due to the linear relationship between
current and applied voltage. The second region is represented as trap-filled limit (TFL), which can

be utilized to calculate the trap density of single crystal as following equation:

2¢€¢
=—==V.
Ntrap = o2 | TFL

where 1,4, is the trap density, L is the thickness of the sample, Vg, is the TFL voltage, ¢ is

relative dielectric constant, and &, vacuum dielectric constant. The trap-filled limit voltage, which
can be determined at the point of intersection between ohmic and TFL. The third region, which
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can be called the child region of SCLC curve, will start right after the TFL region and can be used

to estimate the charge carriers’ mobility.

O Pristine &
O 80°C annealed o°
0 120°C annealed o v OooO
o 160°C annealed @) OO
—~ : O &
B o
= lo) 0
a— 0 0
c o)
@ (o}
S
o
10°3 Vrpp:0.12V = 0.09 V
j——-.— ohmic e B child
10? 10" 10°
Voltage (V)

Figure 3.10 SCLC curve and each regions’ transition point information using pristine, 80°C-,
120°C-, and 160°C-annealed FA3Bi2lg single crystals.

It is clear to find transition point of each region, which can be estimated by the change of
the SCLC curves’ slope, in case of pristine, 80°C-, and 120°C-annealed samples, while the
transition points are hardly to be recognized for 160°C-annealed sample. The estimated TFL
voltage of three types of FA3Bi:ls single crystals were 0.12 V, 0.09 V, and 0.05 V for pristine,
80°C-, and 120°C-annealed crystals, respectively. The calculated trap density (7;,4,) of 120°C-
annealed single crystal was 6.69 x 108 cm™3, which is much lower than the recent studies for

another attracting perovskite for radiation detection, such as CssBizlg [70] and (BA).CsAgBIiBr7
[77].
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CHAPTER 4: X-RAY RESPONSE PERFORMANCE

In this chapter, the X-ray and gamma-ray detection performances of FAsBizlg single
crystals were described and the effect and influence of temperature annealing were verified as
comparing the results of samples, which were applied by each temperature conditions. Mobility-
lifetime (ut) product, sensitivity, signal-to-noise ratio (SNR), and detection limit from incident X-
ray and photocurrent change from incident gamma-ray are described and elaborated.
4.1 X-ray On/Off test

X-ray response properties of FAsBizlg single crystal were investigated using Mini-X2 X-
ray tube and controller, which uses Tungsten (W) for the target material and has the voltage range
of 35-70 kV and current range of 5-200 uA. This X-ray tube can generate the dose rate from 0.61
to 17.25 uGy/s for the test. X-ray response test was conducted using Ag/FA3Bi2lo/Ag planar
detector device with the incident X-ray generated from the top of the detector device, as described
in Figure 4.2. The incident X-ray goes through the planar detector, which are followed by
interaction between the medium material and the incident X-ray. This phenomenon induces the

generation of charge carriers, i.e., electrons and holes, which creates the photocurrent.
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Figure 4.1 Schematic concept of X-ray response tests using Ag/FAsBi2ls/Ag planar detector

device.
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Using the 120°C-annealed single crystal, which demonstrated the best optical and electrical quality
among all samples, the photocurrents from incident X-ray are linearly proportional to the applied
dose rate from 5.5 to 8.6 uGy/s at bias voltage of 40 V, as shown in Figure 4.3. It represents that

FA3BI219 single crystal can be effectively used for discriminating the different X-ray dose rates.
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Figure 4.2 X-ray induced photocurrent of Ag/FAsBi2lg (120°C-annealed)/Ag device under 40 V
bias voltage.

The relationship of signal current-applied bias voltage is described in Figure 4.4. Comparing all
samples’ linearity of photocurrent from the different X-ray dose rate, except 160°C-annealed
sample, all other samples showed clear photocurrent linearity to the different X-ray dose rate from
5.5 t0 8.6 uGyl/s. In case of 160°C-annealed sample, there is an ambiguous region between X-ray
dose rate of 7.0 to 7.5 uGy/s where photocurrent linearity is not established. It could come from
the decomposition of the FA3zBizlg single crystal structure and the degradation of perovskite layer
caused by the high annealing temperature. It indicates that the quality and the performance of

FA3BI219 single crystal can be reduced at the annealing temperature above 160°C. The response
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time of the interaction between the X-ray and detector material is one of the key factors in

determining the quality of X-ray detector materials.
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Figure 4.3 X-ray-dependent photocurrent of pristine, 80°C-, 120°C-, and 160°C-annealed
FA3Bi2lg single crystal.
In Figure 4.5, the photocurrent rise times of pristine sample and 120°C-annealed sample were
compared under X-ray dose rate of 17.25 uGy/s with 10 V bias voltage. The rise time of 120°C-
annealed crystal was 2.79, which was about 2 times faster than the pristine sample. Mobility (u)-
lifetime (t) product, which means how the generated charge carriers can move fast and live long

time, is another criterion to evaluate the performance of radiation detectors.
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Figure 4.4 Rise time of pristine and 120°C-annealed FA3Bi2lg single crystal under 10 V bias.

4.2 Mobility-Lifetime (ut) Product and Sensitivity

As illustrated in Figure 4.6, signal current, which is the difference between photocurrent
and dark current, corresponding to the applied bias voltage is indicated using 120°C-annealed
crystal with X-ray dose rate of 7.39 uGy/s. The saturated signal current was generated at 300 V
bias voltage, which means that the charge collection efficiency (CCE) is optimized at 300 V bias
voltage. The ut product of the crystal can be derived using this information and modified Hecht

equation [1][31]:

where V' is the applied corresponding bias voltage and d is the distance between the X-ray sources

and the detector. The estimated utr product of 120°C-annealed FAsBi:lg single crystal is
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3.39 x 10~* cm? V1, which is higher by two order of magnitude than the a-Se commercial

radiation detector material [105] and guarantees that FAsBizlg single crystal can be a promising

candidate for the effective X-ray detector.
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Figure 4.5 ut product parameters extracted from the modified Hecht equation using CCE.

As described in Figure 4.7, the sensitivity of 120°C-annealed sample was acquired from the

photocurrent caused by the X-ray dose rate of 5.54 uGy/s under 40 V bias voltage. The sensitivity

can be determined by the following equation [106]:

Ipn
g =22
DA

where L, is X-ray photocurrent, D is X-ray dose rate, and A is the detection area, i.e., surface area,

of FAsBi2ls single crystal sample. The calculated sensitivity was 804 uC Gy~ cm™2, which is

higher than the previous work regarding the FA3Bi2lo single crystal.
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Figure 4.6 Sensitivity of 120°C-annealed FAsBi2lg single crystal at X-ray dose rate of 5.54 uGy/s
under 40 V bias voltage.
Taking a comprehensive look at the ut product and the sensitivity for all samples, as depicted in
Figure 4.8, both ut product and the sensitivity results increase as annealing temperatures rise until
120°C, while 160°C-annealed sample’s ut product and the sensitivity rapidly decrease lower than
the pristine sample’s results. According to these consequences, the annealing temperature of 120°C
is optimized to detect the X-ray radiation for FAzBi:lg single crystal due to the highest charge
carriers’ transportation and sensitivity. However, it is apparent that the temperature of 160°C can

cause significant damage, rendering FAsBi:lo single crystal unable to perform as intended.
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Figure 4.7 Comparison of ut product and sensitivity from pristine, 80°C-, 120°C-, and 160°C-
annealed FA3Bi:lo single crystal.
4.3 Signal-to-Noise Ratio (SNR) and Detection Limit
Signal-to-noise ratio (SNR) can be used to understand the properties of detector material
and to optimize the fabrication condition according to the application purpose. SNR can be derived
from the following equation [109]:

Isignal = Iph — Iy

1 — N2
Inpise = \/NZ?I=1(Ii - Iph)

)

where I; is dark current and I,,,;s. iS noise current, which is derived by the standard deviation of
the measured photocurrent. The SNR of three kinds of samples (pristine, 80°C-, and 120°C-
annealed FA3Bi2lg single crystals) are displayed in Figure 4.9. Pristine and 80°C-annealed samples

keep their SNR at high level until bias voltage of 100 V, followed by SNR decrease after 200 V
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bias voltage. Simultancously, the SNR of 120°C-annealed crystal increase until the bias voltage
reaches 200 V. According to these SNR information, 120°C-annealed sample has a wide range of
bias voltage, which can support the excellent X-ray detection ability compared with other

annealing temperature applied samples.
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Figure 4.8 Comparison of X-ray dose rate-dependent SNR from pristine, 80°C-, and 120°C-
annealed FA3Bi:lo single crystal.
Using the SNR data, the detection limit of 120°C-annealed FAsBizlo single crystal can be
estimated, as described in Figure 4.10. The SNRs corresponding to X-ray dose rate are indicated
in the graph with the y-axis (SNR value) in log-scale. Based on the description from the
International Union of Pure and Applied Chemistry, the limit of detection is equivalent to an X-
ray dose rate that provides an SNR value lager than three [106]. By using the linear interpolation
method in the X-ray dose rate-dependent SNR data, the detection limit of 120°C-annealed FA3Bi2lg
single crystal was 4.0 nGy s~1, which is considerably outstanding value in X-ray detector material

research.
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Figure 4.9 Detection limit of 120°C-annealed FA3Bilg single crystal using SNR data.

4.4 Stability

Stability issue is one of the main problems for hybrid perovskites to be used in various
environmental applications. To evaluate if as-grown FA3Bizlg single crystals have a good quality
of stability to be used for extreme environmental applications, the most promising detector device,
i.e., 120°C-annealed FAzBi2ly single crystal-based planar detector device, was utilized for the
measurement. X-ray was set up as 7.392 uGy/s with 70 kV and 60 uA configuration, while the
bias voltage of 30 V entered the detector device. As shown in Figure 4.11, the dark and
photocurrent under X-ray is maintained for 90 days from the first fabrication. There are some
changes in exact dark current and photocurrent value, however, this variation is minor differences,

which means that the quality and functionality of the as-grown FA3Bi:lg single crystal does not
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change during about 90 days. This fact highly guarantees the FA3Bi2lg single crystal can be the

promising candidate for commercial radiation detector materials.
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Figure 4.10 Photocurrent and dark current measurement of detector device fabricated using
120°C-annealed FA3Bi2lg single crystal every 15 days after first fabrication.
4.5 X-ray Imaging
X-ray imaging has been considered as an emerging research field due to its high possibility
of being used for many applications, especially medical diagnostic systems. The principle of X-
ray imaging by using semiconductors is almost the same as X-ray detectors, which were discussed

in Chapter 1. Therefore, in the X-ray imaging field, hybrid perovskite single crystals can be an
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outstanding candidate because of their high absorption coefficients, tunable bandgap, high
detection efficiency, low detection limit, and especially cost-effective of fabrication.

We developed a customized testing setup for X-ray detection and obtained some X-ray
imaging results, as described in Figure 4.11. The lead collimator with a hole whose size is 8mm
or 1.2mm was prepared to control the resolution of the image from incident X-ray. For the 8mm
resolution imaging, the word ‘IC’ fabricated by steel material was scanned at 36 rectangular shaped
positions under X-ray dose rate of 6.16 uGy/s. The detector device was selected as Ag/FA3BiI2lg
(pristine)/Ag and the bias voltage was 10 V, so that the word ‘IC” was successfully imaged enough
to be recognizable. Using the detector device Ag/FAsBi2lg (120°C-annealed)/Ag, which
demonstrated the highest performance in the electrical and X-ray response experiment, 1.2mm
resolution X-ray imaging test was conducted with X-ray dose rate of 0.616 uGy/s, which is the
lowest X-ray dose rate using Mini-2 X-ray tube. We imagined a key with a steel core wrapped in
a composite material of rubber and plastic at the handle and were able to obtain the expected shape
through X-ray imaging at 1300 points. However, the lack of precision in imaging the curved
portion was noted as an issue, which can be overcome by improving experimental factors for
scanning with a resolution of less than 1mm. Also, in the handle part, it was difficult to distinguish
the photocurrent between the portion made only of the composite material and the part where the
steel and the composite material overlap. This issue is expected to be overcome by applying more

advanced single crystal growth methods or detector fabrication methods.
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Figure 4.11 X-ray imaging results using Ag/FAsBizlg (pristine and 120°C-annealed)/Ag planar

detector device from 8mm and 1.2mm lead collimator attached configuration.
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CHAPTER 5: CONCLUSION AND FUTURE WORK

This chapter provide the summary and conclusion of this work for the development of
lead-free hybrid perovskite FA3Bi2lg single crystal, which are followed by the expected future
work to enhance the radiation detection performance and to guarantee the commercialization.
5.1 Summary and Conclusion

In this work, we successfully grew the temperature-annealed lead-free bismuth-based
FAs3Bi2lg single crystal by seeded solution-based evaporation method and prepared
Ag/FAsBI2leo/Ag planar detector device. The seeded method can offer an opportunity to obtain the
bulk FAsBi2lg single crystals with reasonable production cost and their quality is guaranteed by
XRD and UV-vis measurement. The investigated results demonstrate that the 120°C annealing
temperatures provided the most improved quality of FA3Bizlg single crystal, while the 160°C
annealing temperatures can reduce the performance of the single crystal and generate substantial
damage to the structure of FAsBizlo single crystal, which can influence the optical, electrical, and
X-ray response properties. The temperature-annealed FA3Bi2lg single crystal can be a promising
candidate for X-ray detector materials, due to its high resistivity of 5.06 x 101° Q cm with wide
bandgap of 1.97 eV, high enough ut product of 3.39 x 10™* cm? V1, and superb sensitivity of
804 uC Gyt cm™2 with extremely low detection limit of 4.0 nGy s~*. Given these advantages,
temperature-annealed FA3Bi2lg single crystal has significant potential for application in various
fields as a future X-ray detector material. At the same time, further research is encouraged to
improve the temperature annealing condition and device fabrication method to optimize the

accomplishment of FAsBilg single crystal.
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Table 5.1 The comprehensive radiation detection performances of pristine, 80°C, 120°C, and

160°C-annealed FAsBi:lg single crystal in this work.

Pristine 80°C-annealed | 120°C-annealed | 160°C-annealed
Bandgap
V) 1.97 1.97 1.97 1.97
Resistivity 927%x10'0 590x10'° 5.07x10'° 8.56x10'"
Qcm)
Trap dgr;sr[y 1.61x10° 1.20x10° 6.69x10° -
(em™)
ut product 0.000105 0.000185 0.000339 0.000099
(cm* V™)
Sensitivity
. _ 345 570 804 166
(uC Gygy cm™2)
Detection limit 40 10 4.0 1000
(nGys™) '

Comparing the X-ray detection performance of 120°C-annealed FA3BiI2lg single crystal
with recent investigated lead-free bismuth-based perovskite single crystal (Table 5.2), it is clear
that the FA3Bi2lg single crystal can be a promising candidate for the radiation detector. The trap
density of 120°C-annealed FA3Bi2lo single crystal is extremely lower than the others with the order
of 108 cm. For the ut product, there are other type of perovskites with higher value, however,
there is a progress compared with the FA3Bi2lg single crystal investigated in 2021 [40]. The
sensitivity is also relatively high except the CssBizlg single crystal explored in 2022 [108]. The
detection limit of 120°C-annealed FA3Bi2lg single crystal is extremely low, which is about 50 times
lower than the previous work of FA3Bizlg single crystal [40] and Cs,AgBiBrs single crystal [107].
Therefore, we can tell the FA3Bi:lg single crystal coupled with post-growth temperature annealing

strategy have strong potential for the radiation detector material.
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Table 5.2 The comparison of X-ray detection performance among the lead-free bismuth-based

perovskite single crystal materials

Trap density ut product Sensitivity Detection limit
(cm™3) (m?V=Y (€ Gyztem™?)  (nGysTh)
FA;3Bizlo with 804
120°C annealing 6.69x10% 0.000339 4.0
. under 50 V
(This work)
Cs2AgBiBrg 9 325.78
([107]/2022) 1.18x10 0.000536 under 4V 241
Cs3Bizlo 9 4382
([108]/2022) 2.56x10 0.00135 under 20 V 7.93
FA3Bizlo 9 598.1
(/2021) 9.48%10 0.00013 under 500 V 200
MA;Bizly ) i 872 31
(/2020) under 100 V
AgB1217 10 282.5
(/2020) 3.78%10 0.0034 under 500 V 72

Note: The -’ symbol in the table indicates that the results are not provided in the reference
5.2 Future work
According to the experimental results from temperature-annealed FAsBi:lg single crystal-
based detector device, this kind of hybrid bismuth-based perovskite single crystal has a highly
promising potential to be used for radiation detector materials, due to wide bandgap, high
resistivity, low trap density, and excellent performance in ut product, sensitivity, and limit of
detection under X-ray. However, there are some challenges to be overcome, which would be the
future work regarding FA3Bi2ls single crystal for radiation detection following by this work.
First, the verification of detection ability under incident high energy radiation and charged
particles, i.e., alpha particle, should be conducted. There are several kinds of research regarding
gamma-ray detection performance using hybrid perovskite materials, such as Cs,AgBiBrs [97],
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MAPDBIClsx [110], and CsPbBrs [111]. However, there is a lack of related research using
formamidinium (FA)-based perovskite and lead-free perovskites for radiation detection. High
energy gamma-ray can penetrate the detection medium material easily. As such acquiring thick
detector medium is crucial to effectively detect gamma-ray. It is possible to grow the bulk size of
single crystal using seeded-evaporation method, as described in Chapter 2. Thus, obtaining the
spectra from gamma-ray and alpha particle sources, such as Cs*¥’, Co®%, and Am?*! would be the
next step for further exploring FA3Bi2lg single crystals for the detection of high energy radiation.

Second, high resolution X-ray imaging should be explored as the next step to obtain high
quality X-ray imaging. Using the collimator of um unit size and resolution stage, which can be
operated automatically with slow moving step and speed, the high-resolution X-ray image can be
collected. Fabrication of pixelated detector device can provides another promising option for high
resolution X-ray imaging [112].

Third, the diversification of device fabrication methods should be considered to improve
the radiation detection performance of the hybrid perovskite single crystals. Perovskite single
crystals’ ion migration and stability issues have not been fully addressed. lon migration affects the
quality of radiation detection efficiency, and it can change the structure of the perovskite single
crystals over time. Especially for hybrid perovskite single crystals, due to its intrinsic structure,
there is a possibility to lose its operation stability in extreme environment over long operation time.
Fabrication using guard ring, passivation, and doping could provide a potential solution to enhance

the detector performance.
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Appendix A: Effect of Growth Seeded Solution Evaporation Growth Method

For solution evaporation growth method, it is crucial that controlling the nucleation energy
to form a structure of perovskite, e.g., ABXz and AzB2Xg, because nucleation process is the starting
point of single crystal growth. Generally, the transparent beaker was used to grow single crystals,
so that the single crystals can be grown on the bottom of the beaker. Nucleation energy varies
depending on the location of the bottom of the beaker, with lower nucleation energy observed in
the peripheral regions adjacent to the surface of the beaker, while higher nucleation energy is
observed in the central region of the beaker bottom. Thus, as shown in Figure A.1, which is the
growth result of solution evaporation method without seed, many single crystals are closely packed
together. This provides a challenging environment for the growth of a single, bulk crystal, because

each single crystal infringes on the space of others.

Figure A.1 Growth result of FA3Bi2lg perovskite single crystals using solution evaporation

method without seed.
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On the other hand, the seeded solution evaporation method can significantly reduce
nucleation energy, leading to minimal nucleation in areas other than the provided seed. As

illustrated in Figure A.2, only the inserted seed grew into a bulk single crystal, while no single

crystals were observed in other regions.

»
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Figure A.2 Growth result of FA3Bi2lg perovskite single crystals using solution evaporation

method with seed, whose size is approximately illustrated.
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Appendix B: Estimation of Mobility-Lifetime (ut) Product

Predicting the mobility-lifetime (ut) product is significant in assessing how quickly and
efficiently the charge carrier, electron and hole pairs, in semiconductors can move without being
lost before reaching the electrodes. Therefore, a higher ut product enables more effective radiation
detection. The most commonly used method for predicting this product is using charge collection
efficiency (CCE). Figure B.1 illustrates the results obtained by calculating CCE for each sample
and fitting it to the modified Hecht equation.

Fitting results obtained for as-grown 80°C- and 120°C-annealed FAsBizle hybrid
perovskite single crystals were in good agreement with the measured CCE, resulting in the highest
values for the ut product. In contrast, 160°C-annealed single crystal showed a significant deviation
between the fitted results and measured CCE, resulting in the lowest values for the ut product.
Therefore, it can be explained that temperature annealing at 80°C and 120°C provides optimal
conditions for charge carriers to move efficiently due to the suppression of ion migration
phenomena and improved surface conditions, which help for charge carriers to be transported to
current collection system. On the other hand, temperature annealing at 160°C resulted in the
formation of damage or defects in the perovskite internal structure, leading to a decrease in the ut

product.
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Figure B.1 Bias voltage dependent charge collection efficiency (CCE) estimation results of (a)

pristine, (b) 80°C-, (c) 120°C-, and (d) 160°C-annealed FA3Bi:lg as-grown single crystals.
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Appendix C: Stability under Long Time X-ray Exposure
To be a promising radiation detector material, it is crucial that the material produces
consistent results over a long period of high energy adiation exposure. Therefore, as-grown
FAsBi2lg single crystals were also subjected to X-ray exposure for a prolonged time, and the
photocurrent was analyzed. The results show that there is no significant change in performance

after 30 minutes of X-ray exposure, for both the pristine and 120°C-annealed samples.
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Figure C.1 Photocurrent measurement under X-ray dose rate of 6.78 Gy/s for 30 minutes using

as-grown pristine and 120°C-annealed FA3Bi:lg single crystal.
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