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Metal halide perovskites have been sought for ionizing radiation detection due to their tunable bandgap, high quantum yield, high absorption coefficient, excellent charge transport properties, flexible chemistry synthesis and cost-effective manufacturing. Among the family of perovskites, bismuth-based halide perovskites have attracted a rapidly growing interest as possible alternatives to lead-based halide perovskites in the development of nontoxic perovskites for opto-electronic devices. Herein, bismuth-based inorganic perovskite Cs3Bi2Br9 single crystals were successfully grown using an innovative dual-diffusion gel growth technique for the first time. Silica gel has been developed as an enabling medium for gel growth of single crystals due to its transparency and easy control of nucleation sites. The UV-vis transmission spectrum was recorded using a light source of deuterium and halogen lamps and a Tauc plot was obtained, which gave an estimate of the bandgap energy, 2.54 eV. Silver electrodes were used on the top surface and the bottom surface of Cs3Bi2Br9 single crystals for material characterization and detector tests. Current-voltage (I-V) measurements gave a room-temperature resistivity of [image: image]. The Cs3Bi2Br9 single crystals were then tested for X-ray response using ON\OFF testing which revealed attractive responsiveness for X-ray photons (rise and fall time: [image: image] ). Using the net current ([image: image]), which can be extracted from the X-ray response measurements at varied applied voltages, a modified Hecht fitting was applied to estimate the mobility-lifetime product of electrons, [image: image] for a Ag/Cs3Bi2Br9/Ag device. This study shows that our innovative crystal growth method, enabled by the unique gel growth process, can be used as an appealing technique to grow functional crystals for opto-electronic devices. Meanwhile, Cs3Bi2Br9 has shown great potential as a promising candidate for X-ray detection applications. The efforts in this work will serve as a metric for growing halide perovskites in the gel for opto-electronic devices.
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1 INTRODUCTION
Perovskites consist of a large family of materials that have the same crystal structure of the mineral calcium titanium oxide. The perovskite family can be divided into different categories based on their chemical compositions and microstructures. The different microstructures represent the structural dimensionality of halide perovskites at the molecular level. The more traditional 3D halide perovskite has a general formula of ABX3, where A can be a small organic cation (e.g., MA+ = Methylammonium (CH3NH3 +), FA+ = Formamidinium (CH (NH2)2 +)) or an inorganic cation (e.g., Cs+, Rb+), B is a metal cation (e.g., Pb2+, Sn2+), and X is a halide anion (e.g., I−, Br−, Cl−). Thus, depending on whether the A cation is an inorganic or organic ion, one can determine perovskites’ classification as inorganic or hybrid metal halide perovskites, respectively. In comparison with hybrid halide perovskites, inorganic perovskites often have better thermal stability and lower ion migration, and thus are preferred for high-energy radiation detection [1].
Metal halide perovskites are currently emerging as a new generation of high-energy radiation detector materials thanks to their unique physical properties such as high material density, ability to incorporate high Z elements, excellent material defect tolerance, tunable bandgaps by cation exchanges and additions, high bulk resistivity, low charge trap density, and high light yield from X-ray irradiation. Recently nontoxic perovskites have been actively pursued to address the environmental concerns of widely-studied lead-based perovskites, and as such, bismuth (Z-number: 83) has been considered as an alternative to lead (Z-number: 82) in the development of halide perovskite devices. To this end, bismuth halide perovskite materials have emerged for high sensitivity X-ray detection applications [2]. As a representative lead-free perovskite material, Cs3Bi2Br9 exhibits a stronger attenuation coefficient than most commercial compound detectors, see Figure 1 [2]. Cs3Bi2Br9 has 2D bilayered perovskite structures and belongs to the family of “defect” perovskites. The term “defect” comes from the introduction of ordered vacancies from the incorporation of higher-valent metals in the B-site, recalling the generic perovskite formula ABX3. This incorporation compensates the additional charge to the 2 + charge required by the perovskite formula, resulting in compositions of A2(B4+)X6 and A3(B3+)2 X9 for tetravalent B4+ or trivalent B3+ cations, respectively [3].
[image: Figure 1]FIGURE 1 | Energy-dependent total attenuation cross-section of Cs3Bi2Br9 along with contemporary inorganic perovskites and semiconductor detector materials (XCOM data).
Solution growth methods are widely used to grow hybrid perovskites because melt growth techniques were not viable due to the instability of organic compounds around their melting temperatures. Recent progress demonstrated that hybrid perovskites of millimeter to centimeter dimensions can be achieved using different solution-based growth methods at low temperatures [4]. In contrast, inorganic perovskites have higher temperature stability, and thus melt growth methods have been attempted as well [5, 6]. However, compared with melt growth, low-temperature solution growth can avoid phase transitions and advantageously provide an alternative low-cost manufacturing technique.
While advantageous, solution-based methods are often accompanied by the formation of equilibrium defects, and an increase in the concentration of vacancies, especially at higher temperatures. An underutilized, inexpensive, and scalable alternative technique of growing functional crystals named the “gel growth method” allows for controlled diffusion of reagents in a gel medium, thus facilitating the growth of high quality functional material single crystals [7]. This method has several advantages over other crystal growth methods, namely,: less chance of formation of equilibrium defects [8], lower concentration of non-equilibrium defects [9], and simplicity of growth processes. A gel can be considered a loosely interlined polymer. The most common gels for single crystal growth are silica, gelatin, and agar. The growth in silica successfully yielded very high quality crystals [9]. Gel growth methods have been demonstrated to grow functional materials such as nonlinear optical (NLO) materials, pharmaceutical crystals, nanosheets, and nanoparticles (e.g., CdS and ZnS) [7]. Additionally, the microgravity-like environment of gel growth allows one to simulate space-like environments to explore the discovery and growth of new functional crystals for a wide range of applications [7, 10].
The gel medium which effectively separates reagents also acts as an in situ filter that prevents solid particles from participating in the diffusion process as they are trapped in gel walls during gelling [7]. Moreover, crystals grown in the bulk of the gel medium has limited contact with ampoule walls and other crystals, thus eliminating potential growth stress and adhesions [8]. Additionally, the surrounding gel media limits the buoyancy-driven convection phenomenon during the growth process. The chemically inert gel medium which prevents turbulences, an advantage for keeping as-grown crystals in position, provides an ideal framework for stable nucleation and growth. In the diffusion process that leads to crystal growth, different grains from various nucleation sites compete for the solute atoms, which restrict the sizes of individual grains/crystals. Therefore, nucleation suppression is important to initiate as few crystals as possible, which advances the growth of large crystals. It has been established that the modification of gel age does decrease the diffusion rate of reactants without hindering the crystal quality, unlike the modifications of gel density and pH value [9]. Figure 2 shows a simple diagram where a U-shaped tube arrangement allows a double diffusion technique by separating two reagents with an inactive gel. In general, the methods of growing crystals in gel are very versatile and there exist different complex setups that can be used for the growth of perovskite materials in gel for radiation detector applications.
[image: Figure 2]FIGURE 2 | Schematic diagram of gel crystal growth U-tube arrangement.
2 METHODS AND CHARACTERIZATION
2.1 Chemicals
Cesium bromide (CsBr: 99.9%, Alfa Aesar), Bismuth III) bromide (BiBr3: 99%, Alfa Aesar), and Hydrobromic acid (HBr: 47%–49% in H2O, Alfa Aesar) were used in this work. Water glass solution (WGS) was prepared from sodium silicate solution Na2SiO3.9H2O (40°–42° Be, Carolina Biological) with distilled water as a solvent with the desired solution density of 1.06 g/cm3.
2.2 Gel growth
Custom-designed beakers (Total volume intake = 145 mL) with three-outlet capacities were used to form a gel matrix using an optimized gel formation HBr: WGS ratio of 1:1 with an HBr molarity of 0.67. HBr was used for gel formation when growing Cs3Bi2Br9 to prepare a gel convenient to the feeding solutions which also employ HBr as a solvent. This precaution was made to eliminate potential foreign ions, from other solvents, embedded in the gel matrix to interact with the diffusion process and thus affect the crystal formation, chemical compositions, or crystalline quality. Initially separated, a stirring of the WGS and the diluted HBr acid solution was applied inside the growth vessel, and the gel formed within 15 min. The custom-designed beakers were then covered with a layer of parafilm to avoid contamination during complete gel conversion, which took approximately 24 h.
2.3 Cs3Bi2Br9 crystal formation
Solutions of CsBr and BiBr3 were prepared with HBr separately. A gel period of 24 h and 48 h were used for two U-tube trial experiments. A dual diffusion gel growth technique was implemented where CsBr solutions were poured in the arms of the U-tube and BiBr3 solutions were poured in the center portion of the U-tube. Within a week, crystals were forming for both experiments.
Through both trials we have successfully grown single crystals and polycrystalline crystals, which are of transparent bright green color. Even though a day apart, the 48 h gel period trial clearly shows the difference of crystal growth in sizes and quantities. As mentioned previously, one can observe that with a slower diffusion growth, the number of crystals will decrease, which allows for growth of larger crystals. Moreover, the formation of polycrystalline crystals can be attributed to high concentration of precursors used in the trial experiments where multiple crystals grew on other tiny crystals that also served as nucleation sites.
3 RESULTS AND DISCUSSION
3.1 Powder and single crystal X-ray diffraction
The powder X-ray diffraction (PXRD) measurements were performed using a Rigaku SmartLab X-ray diffractometer with a CuKα source at the Analytical Instrumentation Facility (AIF) of North Carolina State University (NCSU). Figure 3 shows a representative PXRD result of a gel-grown Cs3Bi2Br9 single crystal crushed into powder, which is confirmed by reference pattern (Reference code#: 00-044–0714) with a hexagonal crystal system and of space group (P-3m1). Single X-ray diffraction (SXRD) measurements were also utilized to determine the flat face of the as-grown single crystals in the gel, as shown in Figure 4.
[image: Figure 3]FIGURE 3 | PXRD pattern of gel-grown of Cs3Bi2Br9 single crystal.
[image: Figure 4]FIGURE 4 | Single crystal XRD pattern of gel-grown of Cs3Bi2Br9 single crystal.
3.2 Bandgap measurements
After confirmation from PXRD of the as-grown crystals, the UV-vis transmission spectrum was recorded using a light source (combination of deuterium and halogen lamps) to determine the bandgap of selected crystals. The minimum photon energy required to produce an electron/hole pair needed for electrons in the valence to be excited to the conduction band leads to an increase in the transmission spectrum at the fundamental absorption photon energy. The transmission refers to the amount of light that successfully passed through the substance material while the absorbance refers to the light that has been absorbed. The relationship between transmission and absorbance can be described by Eq. 2. The so-called Tauc plot can accurately determine the bandgap by reconstructing the transmission spectrum through reducing effects resulting from band-tailing due to material defects, described by Eq. 3, where [image: image] is the absorbance coefficient, [image: image] is the incident photon energy, [image: image] is a constant, and [image: image] is a factor equal to two for direct bandgap and 0.5 for indirect bandgap determination [12].
[image: image]
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Figure 5 shows the spectrum of transmission vs. wavelength with an inset figure of the Tauc plot ( [image: image] versus energy from Eq. 3 of a selected Cs3Bi2Br9 single crystal. The optical cutoff edge shows a bandgap of 2.54 eV. This bandgap value shows that these crystals can be classified as wide-bandgap semiconductors making them suitable for some harsh radiation environments [12].
[image: Figure 5]FIGURE 5 | Transmission spectrum with inset of the Tauc plot for a Cs3Bi2Br9 single crystal.
3.3 Device fabrication and tests
Once the material bandgap was determined, a selected Cs3Bi2Br9 single crystal with an estimated dimensions of 2 mm2 × 1.9 mm [image: image], as shown in Figure 6, was used for I-V measurements and X-ray response measurements.
[image: Figure 6]FIGURE 6 | A Cs3Bi2Br9 single crystal with silver electrode deposited on the (001) surface.
In this step, removal of any remaining silica gel on the selected Cs3Bi2Br9 single crystal was thoroughly performed with cotton swaps. Next, silver electrodes were carefully deposited on the top and bottom surfaces of the crystal. The time frame for the remaining measurements performed under an electric field was short enough to reassure no silver electrode degradation as it is aimed in our research scope for early-stage demonstration of X-ray response.
3.4 I-V/I-V hysteresis measurement
Bulk resistivity usually can be determined by measuring the current-voltage (I-V) curve, from which the resistivity can be calculated by,
[image: image]
where [image: image] is the voltage, [image: image] is current, [image: image] is the resistance, [image: image] is the single crystal thickness, and [image: image] is the surface area. Figure 7 shows the I-V curve of a Ag/Cs3Bi2Br9/Ag device measured by a Keithley 6487 Picoammeter/Voltage source with a linked python script to run commands and acquire data from the instrument. Using Eq. 4, the determined resistivity for the Cs3Bi2Br9 single crystal is [image: image]. Such a high resistivity helps obtain a low leakage current and reduced electronic noise for radiation detectors.
[image: Figure 7]FIGURE 7 | Current-voltage (I–V) curve was measured on a Ag/Cs3Bi2Br9/Ag device at room temperature.
An analysis known as I-V hysteresis was also performed where voltage sweeps in the same range of approximate time frame expose the effect of slow moving mobile ions on charge collection, an established phenomena observed in past studies [13]. Furthermore, a study of high efficiency perovskite solar cells with small I-V curve hysteresis shows that I-V curve hysteresis depends on contact quality (amount of surface recombination) and the diffusion length of charge carriers [13]. A voltage sweep from -5V to 5V and back to -5V was made with different delay times. The delay time represents a varied wait time to record the succeeding current value at the given voltage value, essentially charge collection. The step sizes in the total voltage range can be varied manually as well in the command script. Figure 8 shows the I-V hysteresis in the mentioned voltage sweeps with varied delayed time from 1 s to 10 s. The I-V hysteresis shows that the varied wait time does not significantly change the current values during voltage sweeps, indicating good contact behaviors.
[image: Figure 8]FIGURE 8 | Current-voltage (I–V) hysteresis curves of a Ag/Cs3Bi2Br9/Ag device at room temperature.
3.5 Mechanical properties
The mechanical properties of a Cs3Bi2Br9 single crystal grown in the gel were estimated by nano-indentation measurements that utilized a diamond indenter tip available at the AIF. Figure 9 shows the relationship between applied load and displacement for five indentation experiments performed at room temperature. Young’s modulus and hardness values were extracted using the Oliver-Phar analysis, [image: image] and [image: image], respectively. When compared to mechanical properties of other perovskites, these values represent similar values for Young’s modulus and hardness [13].
[image: Figure 9]FIGURE 9 | Applied load for 20s, held for 10s at 5,000 μN, and unload for 20s on a Cs3Bi2Br9 single crystal.
3.6 X-ray response
A Cs3Bi2Br9 single crystal has a strong attenuation coefficient in which 1 mm of thickness can attenuate 98.1% of incident 50 keV X-ray photons [2]. Figure 10 presents the X-ray induced response (X-ray Tube Voltage: 50 kV, X-ray Tube current: 140 mA) of a Cs3Bi2Br9 single crystal device using ON/OFF testing for 20-s periods. The X-ray response tests were performed in a non-vacuum-enclosed chamber. The X-ray tube has a Tungsten anode (10W/70 kV capability) that outputs a characteristic X-ray energy spectrum, thus not mono-energetic, under 40 keV with major intensities around 10 keV. As a low-intensity X-ray beam, the air discharge effect will not be an issue for detector measurements. The X-ray response tests were conducted under varied applied positive bias voltages using a Keithley instrument to acquire the current signals. The device was first tested under low applied voltages of 5 V and −5 V, as shown in Figure 10. The signal was higher under the positive applied field. Therefore, positive bias voltages were carried out for the On/OFF testing. Such an increase of photocurrent under the increased bias voltages, when the X-ray beam was turned on, indicates attractive responsive characteristics for X-ray photons (rise and fall time: [image: image] ). The rise and fall times were estimated roughly by subtracting the time difference between the first and last point of the rise and fall periods observed when plotted separately. It should be noted that at 100 V, the Ag/Cs3Bi2Br9/Ag device began to become unstable and introduced a relatively much higher dark current.
[image: Figure 10]FIGURE 10 | X-ray induced response (X-ray tube at 50 kV and 140 mA) under varied applied bias voltage of a Ag/Cs3Bi2Br9/Ag device.
When utilizing alpha particles, a modified version of Hecht’s equation can also be represented by a single charge carrier where charge carriers will mostly be produced near an electrode. With the corresponding experimental configuration setup for cathode or anode collection, a single charge carrier travel length is effectively the detector thickness, as described by Eq. 5
[image: image]
[image: image]
where [image: image] is the mean drift length, [image: image] is the carrier mobility, [image: image] is the average lifetime of a charge carrier before a trap takes place by a material defect, [image: image] is the applied electric field, [image: image] is the amount of charge collected, [image: image] is divided by the theoretically generated charge [image: image], [image: image] is the detector thickness, and [image: image] and [image: image] are the mean drift lengths of holes and electrons that are generated at a distance [image: image] from the cathode of a planar detector [12].
From the net induced current ([image: image]) at the varied applied voltages, a single carrier Hecht equation fitting was implemented to estimate the mobility-lifetime product [image: image]. It is important to note that while a single carrier is assumed here, it was made to provide a quantitative estimate of the transport property. An accurate contribution of electrons and holes separately must not be overlooked as both charge carriers contribute to the signal. In this work, this average quantitative estimate of the [image: image] of electrons could have an uncertainty range as large as by a factor of two as [image: image] was taken as [image: image], assuming an average distance of charge carrier drift length from the X-ray bombardment. Nonetheless, this is reasonable as the same estimation of [image: image] assumed by Pan et al. using a gamma source, when an alpha source was not applicable, ultimately gave a [image: image] value consistent with other reported hole and electron [image: image] values [14]. As the voltage bias increases, a saturation of CCE values would occur indicating a full charge collection. In this work, the instability of signal was observed at 100V and it could not be determined if a full charge collection was reached. Therefore, an optimized tool in python was used to not only fit the function but to return a best R2 score of the fitting function assuming a CCE that varied from 0.5 to 1 at 100V. The CCE that gave a best R2 score (0.957) was determined to be 0.9 at 100V. Figure 11 shows the single charge carrier Hecht fitting using Eq. (5) where the mobility lifetime product of electrons for Cs3Bi2Br9 was estimated to be [image: image] along the (001) plane, which is higher than the reported [image: image] value ([image: image] ) perpendicular to the (−120) plane for a Cs3Bi2Br9 single crystal [2].
[image: Figure 11]FIGURE 11 | X-ray induced single charge carrier Hecht fitting of a Ag/Cs3Bi2Br9/Ag device.
Figure 12 shows the relationship between the applied bias voltage and the signal-to-noise ratio (SNR) of the Ag/Cs3Bi2Br9/Ag device under a dose of [image: image] using the following equation,
[image: image]
where [image: image] is the signal current, calculated by the subtraction of the averaged induced current and dark current, and [image: image] is the noise current, calculated by the standard deviation of induced current. It is after 10 V that the SNR decreases rapidly. As shown in Figure 13, we varied the X-ray tube power by changing the tube current under constant tube voltage, 50 kV, and used constant low bias voltage, 5 V, to test the device’s response linearity. This variation represents a relative dose rate and the good linearity is vital in radiation dosimetry applications in which the prompt determination of X-ray dose is required [15]. Our results show a great promise of the device for radiation dosimetry and medical imaging applications.
[image: Figure 12]FIGURE 12 | Signal-to-noise ratio at different applied bias voltages of a Ag/Cs3Bi2Br9/Ag device.
[image: Figure 13]FIGURE 13 | X-ray induced current of an Ag/Cs3Bi2Br9/Ag device using of varied X-ray tube current (X-ray Tube Voltage: 50kV, Bias voltage: 5V).
4 SUMMARY
In summary, the gel growth method was utilized to grow Cs3Bi2Br9 single crystals for the first time. Our gel growth method used silica gel as a porous medium to grow single crystals, which are free of major defects with minimal Si inclusions in the diffusion process. The reagents were separated and the diffusion rate was controlled during the growth of Cs3Bi2Br9 single crystals. The diffusion starting positions were made to fasten the diffusion process in order to observe the sequent effects on growth of crystals. The PXRD results confirmed that Cs3Bi2Br9 single crystals were successfully grown in gel, which are of a hexagonal crystal system and of space group (P-3m1). The mechanical properties of as-grown Cs3Bi2Br9 single crystals were estimated using nano-indentation experiments which gave Young’s modulus of 21.401 GPa and hardness of 1.021 GPa. The device fabrication was implemented using silver electrodes. The Cs3Bi2Br9 single crystals grown in gel showed a very high resistivity, [image: image], which is a promising value for achieving low leakage current and reduced electronic noise for radiation detection applications. The X-ray tests of Cs3Bi2Br9 single crystal devices show not only high response but also good stability under a low bias voltage.
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