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Abstract

:

Lead-based halide perovskite semiconductors have demonstrated considerable potential in optoelectronic applications. However, the lack of high-quality crystals suitable for research has led to rare reports on CsPbF3 single crystals. Good quality CsPbF3 single crystals were successfully grown using the Bridgman method. The structure, luminescence, and electrical properties of crystals were investigated. At room temperature, the crystal structure was determined to be cubic perovskite, with a calculated bandgap of 3.68 eV. The measured emission spectrum showed one broad emission peak at approximately 400 nm. Three decay time constants were obtained from a sum of exponential functions fit to the fluorescence decay curve: 0.4 ns, 2.4 ns, and 15.0 ns for fast, middle, and slow decay times, respectively. The decay times excited by pulsed X-ray were measured to be 2.2 ns and 10.2 ns, indicating that CsPbF3 is an ultrafast scintillator. Furthermore, the electrical properties demonstrated that CsPbF3 exhibits high ion mobility, which is approximately 20 times that of electron mobility.
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1. Introduction


Lead-based halide perovskites with a stoichiometric ratio of ABX3 (where A = MA+, GA+, and Cs+; B = Pb2+; X = Cl−, Br−, and I−) exhibit high carrier mobility, long diffusion length, adjustable bandgap, and defect tolerance. Therefore, they are exceptional candidates for various applications such as photodetectors, radiation detectors, solar cells, light-emitting diodes, and other fields [1,2,3,4,5,6,7]. Compared with the organic-inorganic hybrid perovskites, all-inorganic perovskite CsPbX3 (X = Cl−, Br−, and I−) is more appealing for radiation detection due to its superior stability, optoelectronic performances, and radiation hardness. CsPbI3 has garnered considerable attention due to its exceptional thermal stability and ideal bandgap of approximately 1.75 eV, making it an attractive candidate for tandem applications. Tan et al. showed a study on the thermal stability of low-dimensional perovskites that utilize hydrophobic organic ammonium salts and their potential to safeguard CsPbI3 through passivation. The highest-performing solar cell device employing CsPbI3 as its primary material demonstrated an unprecedented efficiency of 21.0% while sustaining high stability [8,9]. CsPbBr3 quantum dots emit light at a narrow band at room temperature, which makes them highly desirable for use in conventional light-emitting devices as well as emerging quantum light sources [10]. He et al. reported that all inorganic perovskite CsPbBr3 devices resolve 137Cs 662 keV γ-rays with 1.4% energy resolution, the CsPbBr3 detector exhibited an excellent hole mobility lifetime product of 8 × 10−3 cm2 V−1, and a long hole lifetime of up to 296 μs. This research has established perovskite CsPbBr3 semiconductors as exceptional candidates for high energy γ-ray detection in the new generation [11]. Although CsPbCl3 has received less attention than CsPbBr3, some researchers have reported its optical and photodetection properties. CsPbCl3 crystals have shown excellent ultrafast scintillation at low-temperature and semiconductor detection performance [12,13].



In particular, aluminium gallium nitride (AlxGa1−xN) is used to fabricate the visible-blind photodetector where the band gap energy can be adjusted from 3.4 eV (GaN) to 6.2 eV (AlN) by modifying the composition parameter x. Typically, the composition is altered to achieve a long wavelength cut-off below 300 nm by selecting a sufficiently high value for x. Conventional photodiodes and Schottky barrier detectors can be created, although the latter are somewhat simpler to manufacture. Silicon carbide (SiC) photodiodes are sensitive to light with wavelengths below approximately 355 nm, making them suitable for visible-blind detection. CsPbF3 perovskite semiconductors possess a relatively large band gap energy of approximately 3.68 eV and a direct band gap, resulting in a well-defined long wavelength cut-off. Compared to the difficulty of growing GaN and SiC crystals, CsPbF3 single crystals are easier to obtain in excellent quality, indicating their potential for application in visible-blind photodetectors. CsPbF3 is a direct bandgap semiconductor with optical activity, which can effectively be used in optical and optoelectronic devices [14]. Bouznik et al. investigated the fast conduction of fluoride ions in CsPbF3 polycrystals using continuous wave and pulse NMR techniques. The CsPbF3 crystals were grown from the melt in an Ar-HF mixture atmosphere using a high-frequency crystallization apparatus [15]. Berastegui et al. observed a transition of CsPbF3 from a rhombohedral distorted perovskite structure to a cubic perovskite structure at 187 K through neutron diffraction experiments, and the transition was found to be discontinuous [16]. In the low-temperature phase, cations exhibit a parallel displacement away from the center of their anion polyhedrons, which proves the existence of ferroelectric properties [17]. The CsPbF3 polycrystalline sample was prepared by mixing stoichiometric amounts of CsF and PbF2 in a dry box filled with nitrogen gas. Wang et al. circumvent the multiple bottlenecks of Li+ ion batteries by using CsPbF3 as a solid-state electrolyte. The battery cycled stably at 25 °C for 4581 h without considerable capacity fade [18]. Therefore, this ternary compound exhibits potential characteristics in terms of its performance. The optical performance of CsPbF3 has not been investigated and presented yet, mainly due to the difficulty in obtaining high-quality CsPbF3 crystals. Most perovskite devices are based on polycrystalline and thin films, which are greatly affected by a high density of traps and grain boundaries. In contrast, single crystals have significantly lower trap densities. However, there is insufficient research on the optical performance of CsPbF3 single crystals, and many blanks need to be filled. As a result, the potential application of polycrystalline devices is significantly limited.



In this study, good-quality CsPbF3 single crystals were grown by the Bridgman method. The optical and luminescence properties of the crystal were characterized and analyzed. The results demonstrate that CsPbF3 crystal exhibits ultrafast scintillation and has potential as an ultrafast scintillation crystal. Additionally, the electrical properties of the crystals were characterized, revealing that CsPbF3 single crystals exhibit high ion mobility and can be applied as a semiconductor.




2. Materials and Methods


2.1. Crystal Growth of CsPbF3


The Bridgman method involves using a furnace with a hot and cold zone to create a temperature gradient, where the hot zone is maintained at a temperature above the melting point of the crystal [19,20,21]. The melt moves from the hot zone to the cold zone to complete the crystallization of the material by controlling the descending system. This method is commonly used to prepare single crystals of alkali metal, alkaline earth metal halides, and fluorides. The CsPbF3 single crystals were prepared using the vertical Bridgman method. The advantages of preparing CsPbF3 single crystals by the Bridgeman method mainly include the following aspects. Firstly, the raw material is sealed in the crucible, which reduces the leakage and pollution caused by the volatilization of the raw material, so the composition of the crystal is easy to control. Secondly, the perovskite structure can easily accommodate impurity atoms, which is conducive to the removal of volatile impurities, thereby improving the crystal quality. The experimental configuration for crystal growth is depicted in Figure 1. High-purity powders of CsF (99.99%, Aladdin) and PbF2 (99.99%, Aladdin) were mixed in a 1:1 ratio and ground thoroughly. The raw materials were mixed and put into a platinum crucible. The crucible was then placed inside a sealed quartz crucible. The crucible was moved to the Bridgman furnace for the growth of single crystals. The furnace temperature was set to 30°C higher than the melting point of the growth crystal. After the raw material was melted and soaked for 24 h, the drop controller system started to work, and the growth rate was set to 0.5 mm/h. Subsequently, CsPbF3 single crystal growth was started, and the temperature gradient in the solid-liquid interface was about 20–30 °C/cm. After the entire solution was crystallized, the furnace was cooled down to room temperature at a rate of 50 °C/h. The crystal boules obtained were cut into plates, polished, and sealed.




2.2. Characterization


The crystal structure of CsPbF3 was analyzed using a Bruker D8 advanced X-ray powder diffractometer with Cu Ka radiation (λ = 1.5406 Å), scanning 2θ from 10–90° with a step size of 0.02°. The thermal stability was tested using a NETZSCH STA449F3 instrument under a nitrogen atmosphere, with a heating program from 20 °C to 800 °C at a heating rate of 10 °C/min. The cathodoluminescence (CL) spectroscopy was tested using a HORIBA i-CLUE spectrometer with an electron beam voltage of 30 keV. The transmission spectrum was measured using a Hitachi U-4100 UV-vis spectrophotometer. The photoluminescence (PL) spectrum and fluorescence decay curve were measured using the FS5 spectrometer from Edinburgh, UK. The X-ray excited luminescence (XEL) and decay kinetic curve excited by X-rays were characterized with the Dongyi DF-7000X X-ray spectrometer with a rhodium target X-ray tube operating at 40 kV. Electrical properties were measured using the Keysight B1500A semiconductor analyzer.





3. Results and Discussion


3.1. Crystal Structure and Growth


Figure 2a illustrates the linear attenuation coefficients as a function of photon energy for several fast scintillation crystals, which were calculated using the NIST XCOM photon cross-section database. The red line in Figure 2a depicts the linear attenuation coefficient of CsPbF3. It has been observed that the value of the red line is marginally higher than that of the other curves, indicating that a thinner layer of material is required to achieve effective photon cut-off. Compared with other ultrafast inorganic scintillators, CsPbF3 has superior photon cut-off capabilities due to its high average atomic number (Cs: 55, Pb: 82, and F: 9) and relatively high density (ρ = 5.6 g/cm3). The statement suggests that CsPbF3 is capable of absorbing X-rays more efficiently compared to other materials, indicating its potential superiority in X-ray imaging applications.



One of the key aspects is the stability of perovskite materials, which can affect the crystal structure transition, has not received sufficient attention. ABX3-type perovskites can form different crystal structures based on the sizes of the A, B, and X ions. The first requirement is the octahedral factor, which is calculated below:


  μ =    r B     r X     



(1)




where     r   B     and     r   X     are the efficient ionic radii of B and X, respectively. The octahedral factor is an important parameter for determining the stability of the ABX3-type perovskite structure. When the octahedral factor falls in the range of 0.4420–0.8950, the octahedral structure can remain relatively stable. The octahedral factor of CsPbF3 is 0.8947, which is close to the edge of the stable region. The most commonly used and most successful geometric ratio is the Goldschmidt tolerance factor (    t   G    ) [22,23], which can be expressed as follows:


   t G  =    r A  +  r X     2  (  r B  +  r X  )    



(2)




where     r   A     is the efficient ionic radii of A. The Goldschmidt tolerance factor is widely used to investigate distorted perovskites. A sTable 3D perovskite phase with high absorption coefficients can be formed within the range of 0.8–1.0. CsPbF3 has a tolerance factor of 0.841, which is close to the edge of the stable perovskite structure. This indicates that CsPbF3 may display unique properties because of its borderline stability.



Figure 2b illustrates the relationship between cubic transition temperature and Goldschmidt tolerance factor of CsPbX3 (X = F−, Cl−, Br−, and I−) crystals. CsPbI3 tends to crystalize into a yellow non-perovskite phase, which has poor optoelectronic properties at room temperature [24]. There are cubic phase transitions as CsPbCl3 and CsPbBr3 are cooled from high temperature to room temperature. The Bridgman method used to grow these crystals can result in residual stress, twinning, and cracking, which can reduce the yield of high-quality single crystals. Although Zhao et al. managed to find some good quality CsPbBr3 crystals that exhibit an energy resolution of 5.5%, the yield of high-quality single crystals was extremely low (less than 5%) [25]. However, CsPbF3 is in a cubic phase at room temperature, and its phase transition temperature is as low as 187 K. There is no cubic phase transition-induced defects as the crystal grows by the melting method. Due to the strong polar molecular bond of Cs+ and F−, CsPbF3 is susceptible to being hygroscopic, and it is prone to oxidation and volatilization at high temperatures. Therefore, obtaining high-quality CsPbF3 crystals can be a challenging task. As shown in Figure 2c, the cubic CsPbF3 is formed by the lead cation and six fluorine ions surrounding the lead cation to form an octahedral coordination. The lead cation locates at the center of the fluorine octahedron; the caesium cation is in the cavity created by the octahedron. At around 187 K, there is the phase transition of CsPbF3 from the rhombohedral distorted perovskite structure to the cubic phase.



The differential thermal analysis (DTA) and thermogravimetric analysis (TG) curves of the perovskite powder are shown in Figure 3a. The DTA heating curve (black line) shows an evident endothermic peak at 629 °C; it is the absorption peak temperature that corresponds to the melting point of CsPbF3. The TG curve indicates that the crystal melts at 629 °C and experiences a steep weight loss, which suggests strong volatility at high temperatures. When using the Bridgman method to prepare crystals, the furnace temperature must be carefully controlled based on the melting point of the crystal. The furnace temperature should be set above the melting point but not excessively high when preparing crystals using the Bridgman method. This is because excessively high temperatures can cause the volatilization of raw materials and lead to component segregation during the crystal preparation process. Hence, the furnace temperature is typically maintained at approximately 660 °C. Figure 3b displays a high-quality CsPbF3 single crystal, which has been polished to a transparent finish with a thickness of 3 mm. The optical clarity of the crystal is apparent, as it is colorless and devoid of any visible macroscopic defects.



In Figure 3c, a comparison is presented between the XRD pattern of CsPbF3 and the standard PDF card (ICDD 22-1075) for CsPbF3. The analysis indicates that CsPbF3 has a cubic perovskite structure at room temperature. Additionally, when the crystal boule experiences an impact force, a smooth cleavage surface becomes visible. To investigate this further, cleavage surface XRD pattern analyses were conducted on the surface, and the results are displayed in Figure 3d. The results demonstrate that the (100) surfaces of the CsPbF3 single crystal can be easily cleaved, similar to those of CsPbCl3 [26].




3.2. Optical Properties


The CsPbF3 crystal is known to be hygroscopic in air. In Figure 4a, the mass variation of the crystal as a function of time is presented. During the experiment, the CsPbF3 crystal was exposed to air for 30 h, and its mass increased by 0.8% as a result of its hygroscopic nature. This result highlights the high sensitivity of the crystal to hygroscopicity, emphasizing the importance of encapsulating crystals for any application. To prevent hygroscopicity, the crystals were encapsulated in a quartz box that was filled with nitrogen. Silicone oil coupling was utilized between the quartz windows and the crystal to enhance light collection. Encapsulation has been shown to be an effective method for preventing hygroscopicity, and this packaging technique is both straightforward and efficient.



In order to characterize the optical quality of the single crystal, the transmission spectrum from 200 to 3000 nm is shown in Figure 4b. The black curve corresponds to the A region in Figure 4a, which is equivalent to the cavity between two quartz windows. This structure forms a Fabry–Perot resonator with a lower transmission spectrum compared to the quartz plates. The absorption peak at around 2730 nm is related to OH-. The transmission spectrum of the A region is also used as a background to analyze the transmission spectrum of the encapsulated crystal. The red curve corresponds to the B region in Figure 4a, which is the transmission spectrum of the encapsulated CsPbF3 sample. The jump of transmittance at 800 nm is attributed to the detector shift of the spectrometer. The transmittance of CsPbF3 is more than 70% from 800 to 3000 nm, and the absorption edge is around 345 nm. The infrared absorption peak in zone B corresponds to the transmission spectrum of the quartz windows and silicone oil (blue line). Meanwhile, the Tauc Plot method was used to calculate the optical bandgap, as shown in Figure 4c. The bandgap of the CsPbF3 crystal is about 3.68 eV, indicating it is a wide bandgap semiconductor. This result is consistent with the calculation results reported [13].



Figure 4d shows CL spectra of CsPbX3 (X = F−, Cl−, and Br−) crystals grown by the Bridgman method. The pictures of CsPbCl3 and CsPbBr3 are also shown in the plot. CsPbCl3 is a light-yellow transparent crystal, and CsPbBr3 is an orange transparent crystal. The CL spectra show the emission wavelengths of CsPbF3, CsPbCl3, and CsPbBr3 are 400 nm, 419 nm, and 534 nm, respectively. They correspond to their direct radiative transitions between the conduction band and valence band. Meanwhile, it demonstrates that the regulation of anions can achieve tunability of the emission wavelength. The full width at half maximum (FWHM) of emission peaks obtained from Gaussian fitting are 54 nm, 12 nm, and 14 nm, respectively. The FWHM value of the CsPbF3 emission peak is larger than that of CsPbCl3 and CsPbBr3, which may be due to spectral broadening induced by crystal surface deterioration.



Figure 5a shows the fluorescence excitation and emission spectra of the CsPbF3 crystal. The excitation wavelength is 208 nm, and the emission peak is around 400 nm, which is consistent with the CL spectrum. Figure 5b displays the fluorescence decay curve of the emission spectrum of CsPbF3 using an excitation wavelength of 300 nm and a monitoring wavelength of 400 nm. The green curve represents the fluorescence decay kinetic curve, and the black line represents the instrument response coefficient. The instrument response coefficient is subtracted by the inverse convolution function. The fitting results indicate that there are three decay components with decay times of 0.4 ns, 2.4 ns, and 15.0 ns, accounting for 30.4%, 50.9%, and 18.7%, respectively. This suggests that the fluorescence luminescence of CsPbF3 is fast. Compared to thin films, perovskite single crystals exhibit a stronger self-absorption effect due to the longer optical path photons take within the crystal, which increases the probability of non-radiative transitions. In the previous works, it was also observed that the PL lifetime of CsPbBr3 single crystals was shorter than that of thin film samples [27,28].



Figure 5c,d show the X-ray excited luminescence properties of the CsPbF3 crystal. In Figure 5c, the crystal emits light with a slightly redshifted wavelength of 405 nm under X-ray excitation, which is attributed to the self-absorption effect. In Figure 5d, the decay kinetic curve of CsPbF3 crystal excited by the pulsed X-ray is presented. The fitting results indicate that there are two decay components with decay times of 2.2 ns and 10.2 ns. These decay components have a good correspondence with the fluorescence decay components and indicate the potential of CsPbF3 in scintillation luminescent materials.




3.3. Electrical Properties


Figure 6a shows the Current-Voltage (I-V) curve of an ohmic type Au/CsPbF3/Au device, where the thickness of the crystal is 2 mm. The I-V curve provides valuable information on the electrical behaviors of the material, as it shows the relationship between the current flowing through the device and the voltage applied to it. In this case, the resistance of the sample is found to be approximately 2 × 105 Ω, which can be inferred from the slope of the I-V curve at different voltage points. Interestingly, the cyclic I-V curve reveals that the forward scanning curve does not coincide with the reverse scanning curve. This hysteresis effect suggests that the electrical response of the material is not reversible and may be influenced by various mechanisms such as ferroelectric properties, ion vacancy migration, and so on. Although the cubic CsPbF3 does not exhibit ferroelectricity, the hysteresis effect observed in the I-V curve is believed to be related to ion migration, which may be influenced by factors such as defects, impurities, and other material parameters.



Figure 6b depicts the Current-Time (I-T) curve of the CsPbF3 single crystal under a bias voltage of 2 V, which was employed to determine the ionic and electron conductivities using the DC voltage method. The I-T curve can be separated into three stages, which are dominated by ionic migration, dominated by electron migration, and solely electron migration. The calculated ion conductivity and electron conductivity are 1.1 × 10−5 s/cm and 5.86 × 10−7 s/cm, respectively, indicating that the I-V curve hysteresis effect is linked to fluoride ion migration. The phenomenon of fluoride ion migration is commonly observed in other fluoride materials, including PbF2, SrF2, BaF2, and PbSnF4, which are all considered fluoride ion conductors. Fast ion conductors have also been discovered in gas detectors and solid electrolyte batteries. CsPbF3 is a fast ionic conductor, and its perovskite structure’s tolerance factor is located at the boundary of a stable structure. Due to the small ion radius of fluoride ions, they can move freely within the perovskite skeleton created by Pb2+, resulting in fluoride ion migration. CsPbCl3 and CsPbBr3 also exhibit ion migration, which has been exploited in research fields such as photon artificial synapses and memristors [29,30].



The intrinsic instability of perovskite materials towards water, oxygen, and temperature is primarily accountable for their inferior stability. Therefore, before characterizing the electrical performance of the CsPbF3 device, a packaging process was employed, in which the crystal was enclosed with resin casting. The devices that were not electrically tested exhibited insignificant changes in their crystal structure for a duration of one month. Conversely, the electrodes of devices that were exposed to the bias experienced marked blackening owing to direct contact with the perovskite layer. The exposure of the device to a high-voltage environment instigated electrode decomposition, and the corrosion of the gold electrode by the migration of perovskite ions resulted in apparent discoloration. Hence, the investigation of CsPbF3 stability is an essential research field.





4. Conclusions


This investigation reports the preparation of CsPbF3 single crystal by the Bridgman method. The optical and electrical properties of the synthesized crystal were characterized. The crystal was found to have a band gap of 3.68 eV, a PL emission wavelength of approximately 400 nm, and a fluorescence lifetime with three components: 0.4 ns, 2.4 ns, and 15.0 ns. It was also observed that the CsPbF3 single crystal had a high density and excellent photon cut-off ability. Under pulsed X-ray excitation, the decay times were measured to be 2.2 ns and 10.2 ns, indicating its potential as an ultrafast scintillation crystal. However, it was also noted that CsPbF3 is prone to being hygroscopic and exhibits high ion mobility. These properties make CsPbF3 single crystals promising candidates for various applications, such as ultrafast scintillation materials or visible-blind photoelectric detection devices and more.
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Figure 1. Schematic illustration of the crystal growth using the vertical Bridgman method. 






Figure 1. Schematic illustration of the crystal growth using the vertical Bridgman method.



[image: Crystals 13 00765 g001]







[image: Crystals 13 00765 g002 550] 





Figure 2. (a) Linear attenuation coefficients as a function of photon energy for several fast scintillation crystals. (b) The relationship between cubic transition temperature and Goldschmidt tolerance factor. (c) A transition of CsPbF3 from a rhombohedral distorted perovskite structure to a cubic perovskite structure at 187 K. 
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Figure 3. (a) DTA (black line) and TG curves (red line) of the CsPbF3 crystal. (b) Photograph of CsPbF3 single crystal. (c) Powder XRD pattern of the CsPbF3 crystal and standard PDF card (ICDD 22-1075) of the CsPbF3 crystal. (d) Cleavage surface XRD pattern of the CsPbF3 crystal. 
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Figure 4. (a) The weight of the crystal changes with time. (b) Optical transmission spectrum of the CsPbF3 crystal. (c) The band gap of the sample was calculated by the Tauc Plot method. (d) Cathodoluminescence spectrum of the CsPbX3 (X = F−, Cl− and Br−) crystals. 
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Figure 5. (a) Photoluminescence excitation and emission spectra of CsPbF3 crystal. (b) Photoluminescence decay curve of CsPbF3 crystal (Excitation: 300 nm; Emission: 400 nm). (c) X-ray emission spectra of CsPbF3 crystal. (d) Decay kinetics curve excited by the pulsed X-ray. 
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Figure 6. (a) Current-Voltage and (b) Current-Time characteristic curves of an ohmic type Au/CsPbF3/Au device. 
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