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Abstract

:

The growth of (Cd,Zn)Te (CZT) crystals and the improvement of the crystal quality are part of a research project towards experiments under microgravity using the Traveling Heater Method (THM). In order to determine the experimental parameters, we performed a detailed ground-based program. Three CZT crystals with a nominal Zn content of 10% were grown using THM from a Te-rich solution. The size and distribution of the Te inclusions were evaluated by transmission infrared microscopy (IR). From the three-dimensional mapping of the inclusions, we observed striation-like patterns in all of the crystals. The correlation between the growth parameters and the formation of these striations was explored and discussed. We found that the inclusion striations are related to periodic temperature variations.
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1. Introduction


The application of (Cd,Zn)Te (CZT) in radiation detectors demands high-quality CZT crystals with a larger volume and high resistivity. Because of the low growth temperature, the use of a seed crystal and the higher solubility of most impurities in the Te-rich zone, the Traveling Heater Method (THM) has received much attention due to a successful production of a large volume of detector-grade CdTe and CZT crystals with excellent electrical properties [1,2,3,4,5]. Nevertheless, the growth of high-quality CZT crystals with a low number of defects and high compositional homogeneity remains a challenge. In recent decades, it has become apparent that convection has a strong influence on the heat and mass transport, interface stability and, thus, the compositional uniformity of the grown crystal [6,7,8]. Forced convection—such as the application of a static magnetic field [9,10], rotating magnetic field (RMF) [11,12,13,14] and accelerated crucible rotation technique [15,16,17,18]—is therefore induced to suppress natural convection and consequently improve homogeneity in the solution zone. Microgravity conditions have been reported to dramatically reduce the buoyancy convection, and thus, heat and mass transport become dominated by diffusion [19]. Therefore, microgravity offers a unique opportunity to improve the technique for growing homogeneous crystals. Moreover, microgravity can be used as a tool to improve the understanding of the growth mechanisms and fundamentals of the THM growth processes [20]. Establishing the effects of microgravity conditions involving convection on the morphology, impurities incorporation, structural defects, induced strain and compositional uniformity is of great scientific significance for the improvement of crystal growth on Earth [21,22,23,24,25,26]. Crystal growth under microgravity yields important results, which will be used to improve growth in the laboratory and in industrial processes.



Long-term CdTe and CZT growth experiments have been carried out in a close collaboration between European and Russian scientists using the FOTON and FOTON-M satellites with the Zona-4 and Polizon-2 facilities [13,27,28,29,30,31,32,33,34]. These FOTON missions have aimed to grow high-quality crystals and investigate the origin of compositional inhomogeneities and defects in the grown crystals. Recently, two space experiments on the growth of CZT by THM under microgravity, dubbed “VAMPIR-F”, were scheduled and will be carried out in the Russian Multifunctional Laboratory Module (MLM). The module will be launched in summer 2021 and will be a part of the International Space Station (ISS) for the next decade. Three ground experiments by THM combined with an RMF have been performed to determine the technological parameters for the space experiments and for comparison reasons. More specifically, the initial composition and the absolute length of the zone need to be determined to ensure a good fit with the temperature profile, further aiming at reaching 10 mol% of ZnTe in the grown crystals. In addition, to ensure proper operation, the setup—including the furnace, the ampoule design, temperature control and RMF—must be assessed before running the space experiments. The final motivation is to establish the contributions of the growth parameters to the formation of crystal defects. In this study, we have focused on investigating the relation between the growth process and the formation of secondary phase Te inclusions.



Material defects such as grain boundaries, twins, dislocations and Te inclusions have been proved to hamper the performance and to limit the size of CdTe and CZT detectors. Te inclusions are of particular interest in general due to the fact that they can trap the charge from electron clouds, thereby resulting in significant fluctuations in the collected charge signal in the detector device [35]. Te inclusions are preferably concentrated at the re-entrant angles of the grain boundaries and twins crossing the growth interface. It has been demonstrated that the formation of Te inclusions in a grown crystal is strongly dependent on the microscopic morphology of the growth interface [36], which, in turn, can be influenced by growth parameters such as growth rate, growth temperature, temperature gradient and temperature stability of the furnace. The diameter of typical Te inclusions is 1 to 30 μm. Te inclusions with a diameter larger than 10 µm can dramatically affect the performance and efficiency of the detector, while the detector’s spectral resolution is better when the inclusions’ size is smaller [37,38]. It has been reported that the peak width (%FWHM) of the response function of detectors narrows from 3.7% to 0.3% when the concentration of large Te inclusions (>10 µm) is reduced by two orders of magnitude [37].



Another common defect in crystal growth is striations. Striations are usually observed in silicon crystals grown using the Czochralski method [39]. Striations can vary in nature. For instance, resistivity striations in Ge [40] and InSb [41], and carrier lifetime striations in silicon solar cells [42] were reported. Most of these striations are created by rotation of the growing crystal, or time-dependent flow phenomena in the melt, such as a fluctuating growth rate. Te inclusion striations in CdTe were first observed by Bolke et al. [35] in 2017, and he concluded that these patterns might be influenced by the selected growth parameters. However, the question of which specific parameters these patterns are correlated to has not yet been studied. In this work, we also observed axial inclusion striations in our terrestrial CZT samples grown using THM. The correlation between the growth parameters—specifically the periodic temperature variations—and the inclusion striations was analyzed.




2. Materials and Methods


Three CZT ingots were grown using THM from a Te-rich solution under terrestrial conditions. The setup and growth process of THM growth of CdTe and CZT crystals has been discussed in detail in earlier studies [3,27,43]. The feeds were polycrystalline and had a composition of Cd0.9Zn0.1Te with a purity of 99.9999%. The polycrystalline seeds with a composition of Cd0.9Zn0.1Te were grown using the Bridgman method [44]. The length of the feeds and seeds used for the experiments was ~30–32 and ~68–70 mm, respectively. The Te-rich zone contained 5 ppm indium as a dopant, and the lengths were ~22 mm when molten. The translation speed was 0.15 mm/h. The cooling rate was 50 °C/h. A rotating magnetic field of 2 mT at a frequency of 100 Hz was induced during translation for two crystals, while one was grown without applying a magnetic field (Table 1). The heater temperature during translation was set to increase gradually from 1080 to 1100 °C for F1-01, and from 1100 to 1110 °C for F1-02. For F1-03, we lowered the heater temperature from 1110 to 1100 °C in the first 50 h of translation and then slowly enhanced it back to 1110 °C. During the growth, thermocouples (type N) with a resolution of 0.1 °C were fixed at different positions on the ampoules for temperature recording. The CdTe composition in the zone and the heater starting position were adjusted, as shown in Table 1.



The grown crystals were 24 mm in diameter and ~36–37 mm in length. Several slices with a thickness of around 3 mm were cut along the growth axis from the crystal ingots (Figure 1). The samples were then mechanically polished using 3 μm Al2O3. Immediately afterwards, they were chemically etched with 1–2% Br-MeOH solution on both sides to a mirror finish. Transmission infrared microscopy (IR) was used to evaluate the concentration and size distribution of the Te inclusions in the crystals.




3. Results and Discussion


3.1. Comparison of the Inclusions in the Seed and the Grown Crystal


To compare the seed and the grown crystal, an area near the interface in F1-03, as shown in the red frame in Figure 1b, was evaluated, and quantification of Te inclusion density was performed. Figure 2 shows that some larger inclusions are homogeneously distributed in the seed, while there are more inclusions in the grown crystal with considerably smaller sizes. For comparison, two areas with the same size from the seed and the grown crystal, shown in Figure 3a,b, respectively, were quantitatively analyzed and the results are shown in Figure 3c,d. It is worth noting that the inclusion distribution in the seed (Figure 3a, Supplementary File 1) is random, while distinct striation-like patterns are displayed in the grown crystal (Figure 3b, Supplementary File 1). Furthermore, in Figure 3c, two peaks, labeled as “Peak A” and “Peak B”, appear in the inclusion distribution in the seed area. Even though the count concentration of Peak A is higher than that of Peak B, Peak B with large sizes contributes the majority of the inclusion volume. Hanager et al. [45] and McCoy et al. [46] observed this typical bimodal or multimodal distribution in CZT/CdTe from melt growth. However, this distribution was not found in the grown crystal region in Figure 3d. Instead, only one peak with a smaller size, similar to Peak A in the seed region, was observed. In total, 339 inclusions were found in the seed (Figure 3c) and their mean diameter was 10.57 μm, while in the grown crystal (Figure 3d), there were 2299 inclusions, with a mean diameter of 6.17 μm. That is, the number of inclusions in the grown crystal showed a sevenfold increase and their mean size reduced by almost half. The total concentrations of Te inclusions in the seed region and the grown crystal region were 5.8 × 104 cm−3 and 3.9 × 105 cm−3, respectively. It has been reported that smaller-size Te inclusions will not dramatically affect the performance and efficiency of the detector as the larger inclusions do (>10 µm) [37,38]. Therefore, regarding applications as radiation detectors, efforts to increase efficiency have focused on reducing the inclusion size, and we achieved a reduction of almost half by using THM growth. The inclusions in the seed showed a lower density but larger size when compared to those of the grown crystal.




3.2. Axial Inclusion Distribution


The size and concentration of the inclusions were evaluated along the axial direction. Taking into account both the size and concentration of Te inclusions, the volume density or the atomic density can be used for evaluation. With the simplification that Te inclusions have near-spherical geometry, the atomic density of the excess Te can be calculated using the following equation [47]:
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where ρTe is the density of the Te, NA is the Avogadro constant, MTe is the relative atomic mass of Te, ri is the radius and ρi is the density of the inclusions with a class of particle diameter i.



Figure 4 plots the total atomic density as well as the count density of the Te inclusions averaged over the diameter along the growth axis (data in Supplementary File 2). Figure 4a shows that the count density of the three samples is at the same level except at the starting position. In Figure 4b, the value of their atomic density varies from 2 × 1018 to 8 × 1018 atoms/cm3. The ingot F1-01 shows a rather different distribution with a considerably high Te atomic density at the beginning and at a position 19 mm from the boundary. The former is due to the fact that the heater position was slightly above the Te zone center, and thus, the seed was not dissolved. This resulted in the high accumulation of Te inclusions from the zone to the boundary. The latter enrichment of the inclusions at the position of 19 mm is considered to be the result of an unexpected power shutdown. The atomic density of the other two ingots is comparably stable. F1-03 demonstrates a slight increase at the ends of the ingots. Rudolph [29] also reported a similar increase in the axial distribution of Te inclusions, and he explained that this might have resulted from the increasing morphological instability rather than a segregation effect. This increase in Te inclusions captured at the growth interface reflects the enrichment of the melt with Te during growth [47]. Additionally, the atomic concentration of the ingot F1-03 was lower when compared to the other two ingots. The most likely explanation is that the experimental parameters for F1-03 provide the most suitable growth conditions for CZT growth by THM in this furnace.




3.3. Striation-Like Patterns


The aforementioned conspicuous striation-like patterns were observed in all of the three crystals. Figure 5 illustrates these patterns in F1-02. Similarly, in the seed region, the inclusions are distributed randomly, while in the grown crystal, they tend to form striations. The periodicity of these striations was observed to be from 150 to 750 μm, which was about 1–5 h of growth.



This phenomenon observed in all crystals in this work is sketched and represented in Figure 6. Bolke et al. [35] reported similar inclusion striations in CdTe with periodicity in the range of several centimeter. During the growth process, the excess Te is rejected and fails to diffuse away from the growth interface. Hence, the inclusions are formed by capturing melt-solution droplets from the diffusion layer and enveloped at the growth interface [48]. The distribution of Te inclusions is therefore correlated to the composition of the diffusion boundary layer adjacent to the growing interface. The shape of these striations in F1-02 reveals the concave shape of the growth interface, while the interface of F1-03 (in Section 3.1) is flatter. In addition, these striations contribute to revealing the effects of experimental parameters on the compositional fluctuation of the growth interface. Variations of the inclusion distribution would influence the uniformity of charge transport. More uniform distributed inclusions would be beneficial for the application as a radiation detector. Consequently, in order to enhance inclusion uniformity and to reduce inclusion density, it is of great importance to investigate and understand with which specific parameters these patterns are correlated.



The inclusion striations could most likely result from forced vibration such as the rotating magnetic field or temperature variations. Because the rotating magnetic field was applied for only two crystals, but all three crystals manifested these inclusion striations, it is not responsible for this distribution. Indeed, periodic temperature variations were observed in all three experiments in this work and, hence, are possibly correlated to the striation formation. Figure 7 (data in Supplementary File 3) demonstrates that the temporal change in ampoule temperature in F1-02 (marked as T1 to T6), which was recorded by the thermocouples every 30 min at different positions, undulated to varying degrees. The value ranged from 0.1 to 8 °C/min at different positions of the ampoules. The temporal change in the heater temperature ∆T/∆t showed slight fluctuations, while a high degree of fluctuation was observed in that in the ampoule temperature, especially in ∆T4/∆t and ∆T5/∆t, where T3, T4 and T5 had a higher temperature during this specific experiment. The temporal change in the ampoule temperature could be due to ambient conditions.



In order to study the relationship between the temperature variations and the inclusion striations in the growth direction, their period (1/frequency) was computed by Fourier transform and the results are shown in Figure 8 (data in Supplementary File 4). This analysis was carried out by first collecting data of the inclusions with the same axial (x) position range (at every μm) along the growth direction in a specific area and the corresponding ampoule temperature during this period of growth. Following that, we applied Fourier transform to analyze the frequency, period and power spectrum of the inclusion distribution and the temporal change in the ampoule temperature. These two curves are plotted in Figure 8 with the assumption that the growth rate is equal to the translation rate of 0.15 mm/h. It should be noted that during actual growth, due to the heat loss through the changes in seed and feed lengths as growth continues, the local growth rate is usually not the same as the translation speed. In addition, the concave shape of the inclusion striations indicates that the x positions of the inclusions in a stripe would vary, even though we chose an area with a flatter distribution for investigation. Despite the aforementioned limitations, we found that these two curves coincide with each other. The most prevalent period of the temperature variations was 1.57 h, which matches well with the most salient period for inclusion distribution of 254 μm. This leads to a small difference of 19 μm. This suggests that the inclusion striation-like patterns are caused by the periodic temperature variations during growth.



It should be emphasized that it is not the entirety of the temperature fluctuations that contribute to the inclusion “striation”-like patterns, but rather the low-frequency periodic components of the temperature variations. As shown in Figure 9 (data in Supplementary File 5), it is clear that the temperature in experiment F1-03, which was recorded every minute, actually fluctuated even more frequently, in several minutes instead of hours. However, the temperature manifested a periodic change, as shown in the smooth curve. High densities of Te inclusions tend to accumulate as the temperature changes periodically, as indicated with the pale red color. Therefore, we can conclude that the axial distribution of Te inclusions in this crystal tends to synchronize with the corresponding periodic temperature variations. The periodic temperature variations, in turn, lead to the fluctuations in the instantaneous growth rate. Chernov and Temkin [49] studied the capture of inclusions in crystal growth in detail. In their capture theory, the particles or droplets of a secondary phase will be captured by the solid/melt interface when the growth rate V is above a critical growth rate Vc. Conversely, the particles will be repelled and pushed ahead by the interface if Vc is not reached. According to this theory, the fluctuations in the growth rate will cause variations in the distribution and size of the formed inclusions.





4. Conclusions


In this work, three CZT crystals were grown using THM from ground experiments, and the size and distribution of the Te inclusions were investigated using IR microscopy. The axial distribution of the Te inclusions was also studied. The grown crystal showed a higher concentration of inclusions, but the size of the inclusions was smaller compared to that of the seed crystal, which was grown using the Bridgman method. In addition, the inclusions were distributed randomly in the seed, while striation-like patterns along the growth direction with a periodicity of 150–750 μm were observed in all of the grown crystals. The shape of these striations revealed the concave shape of the growth interface. It was also found that the axial distribution of Te inclusions tends to synchronize with temperature variations. The authors would like to emphasize the finding that instead of all temperature fluctuations, it is the low-frequency periodic temperature variations that are more likely to contribute to the inclusions.
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Figure 1. (a) The as-grown ingot of F1-03 grown using the THM technique and (b) a slice cut from the ingot with a thickness of about 3 mm. 
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Figure 2. The inclusion distribution around the interface area. The boundary can be clearly seen and is decorated with some inclusions. The inclusions in the seed show lower density but larger size when compared to those of the grown crystal. 
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Figure 3. Magnified 3D illustrations of the two regions: (a) seed and (b) the grown crystal. The inclusions randomly decorate the seed, while distinct striations are formed in the grown crystal. Histogram of the inclusion size distribution in the seed (c) and the grown crystal (d). Almost 7 times more inclusions are found in the grown crystal (from 339 to 2299). However, the average size of the inclusions is reduced to half (from 10.57 to 6.17 μm) of that in the seed. 
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Figure 4. Axial distribution of the inclusions in three ingots: (a) count density distribution; (b) atomic density distribution. 
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Figure 5. Randomly distributed inclusions in the seed and striation-like patterns in the grown crystal. The periodicity of these striations is about 150–750 μm. 
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Figure 6. Schematic striation-like patterns of the Te inclusions in our grown crystals with a concave interface. 
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Figure 7. Temporal changes in the temperature recorded by the thermocouples (T1 to T6) in F1-02. The data were collected every 30 min. The temporal change in the heater and ampoule temperature shows synchronized but varying degrees of fluctuations. 
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Figure 8. Fourier transform results of the axial distribution of Te inclusions and the temporal change in the temperature. 






Figure 8. Fourier transform results of the axial distribution of Te inclusions and the temporal change in the temperature.



[image: Crystals 11 00649 g008]







[image: Crystals 11 00649 g009 550] 





Figure 9. Correlation between the axial distribution of Te inclusions and the temperature (collected every minute). The inclusions tend to accumulate as the temperature changes periodically, instead of fluctuating. The delay between the two functions can be explained by the thermal conductivity of the material. 
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Table 1. Experimental parameters of the three ground experiments.
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	Sample No.
	Dopant
	CdTe % in Zone
	Heater Temperature
	RMF
	Heater Starting Position





	F1-01
	In (5 ppm)
	5%
	1080–1100 °C
	No
	Zone center



	F1-02
	In (5 ppm)
	5%
	1100–1110 °C
	2 mT, 100 Hz
	Zone center −2 mm



	F1-03
	In (5 ppm)
	10%
	1110–1100–1110 °C
	2 mT, 100 Hz
	Zone center −5 mm
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