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Abstract

:

Structural defects and compositional uniformity remain the major problems affecting the performance of (Cd, Zn)Te (CZT) based detector devices. Understanding the mechanism of growth and defect formation is therefore fundamental to improving the crystal quality. In this frame, space experiments for the growth of CZT by the Travelling Heater Method (THM) under microgravity are scheduled. A detailed ground-based program was performed to determine experimental parameters and three CZT crystals were grown by the THM. The structural defects, compositional homogeneity and resistivity of these ground-based crystals were investigated. A ZnTe content variation was observed at the growth interface and a high degree of stress associated with extensive dislocation networks was induced, which propagated into the grown crystal region according to the birefringence and X-ray White Beam Topography (XWBT) results. By adjusting the growth parameters, the ZnTe variations and the resulting stress were efficiently reduced. In addition, it was revealed that large inclusions and grain boundaries can generate a high degree of stress, leading to the formation of dislocation slip bands and subgrain boundaries. The dominant defects, including grain boundaries, dislocation networks and cracks in the interior of crystals, led to the resistivity variation in the crystals. The bulk resistivity of the as-grown crystals ranged from 109 Ωcm to 1010 Ωcm.
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1. Introduction


The electrical properties, room temperature operability and absorption efficiency for X-rays of (Cd, Zn)Te (CZT) make this material suitable for developing highly efficient radiation detectors. These CZT radiation detectors are widely applied for national security, nonproliferation inspections, medical imaging, space exploration and astrophysics investigation [1]. The Traveling Heater Method (THM) is demonstrated to be an excellent growth technique to produce a large volume detector-grade CZT [2,3,4,5]. In a THM system, growth occurs from a Te-rich solution zone at a temperature lower than the melting point, which brings the benefits of lower defects and contaminations. Another main advantage of THM is a high compositional uniformity of the regrown crystal because THM establishes a steady state. Nevertheless, CZT is susceptible to deformation by stress generated during crystal growth because of its high ionicity and low yield stress [6]. Moreover, the performance, uniformity and efficiency of detector devices are still limited by the compositional inhomogeneities and structural defects, such as Te inclusions, dislocations, grain/subgrain boundaries, twins and even cracks in the material [7,8,9]. It has been reported that Te inclusions act as trapping centers, causing a significant amount of charge losses. Additionally, the magnitude of the trapping effect depends strongly on the size of the inclusions [10]. Twins and grain boundaries form potential barriers for the drifting carriers and cause electrical diffusion, affecting charge transport. The associated dislocations may increase further charge trapping by accumulating secondary phases and impurities along the boundaries [10,11].



To reduce the defect concentration in the material, it is therefore imperative to improve the homogeneity and crystal quality of CZT crystals. The generation of these defects and inhomogeneity is strongly related to the gravitational convection, which can be suppressed and minimized under microgravity conditions. It was reported that microgravity conditions in combination with the Rotating Magnetic Field (RMF) improved crystal quality and electrical properties for detector applications [12,13]. As a res investigating and comparing the defects and homogeneity of the crystal from both terrestrial and space experiments, the influences of the gravitational convection and growth conditions on growth mechanisms and defect formation can be explored. Therefore, microgravity can be used as a tool to increase the understanding of growth mechanisms and fundamental THM processes for improvement of the crystal growth on Earth [14].



Recently, two space experiments “VAMPIR-F” for growth of CZT by the THM combined with the RMF under microgravity are scheduled aboard the International Space Station (ISS) in the Russian Multifunctional Laboratory Module (MLM). In the last two years, three ground experiments for growing CZT crystals with a nominal ZnTe content of 10% [15] were performed to determine the experimental parameters for the space experiments and for comparison reason. Specifically, we adjusted the initial composition and the absolute length of the zone to ensure a good fit with the temperature profile, aiming at reaching 10% mole fraction of ZnTe in the grown crystals. These adjustments of zone and temperature profile could further influence the formation of the crystal defects in the materials. The change of the zone length affects the heat and mass transport in the zone, which results in variations in the compositional uniformity and impurity density, such as Te inclusions deposited on the growth interface. In addition, the formation of defects and strains is directly correlated to the temperature. Last, the energy band gap of the CZT semiconductor is strongly dependent on the Cd:Zn ratio and temperature [16]. The resistivity increases exponentially with its band gap, which is related to ZnTe mole fraction. Therefore, the influence of these adjustments on the compositional uniformity, resistivity and crystal defects, especially the Te inclusions distribution and the stress formation, must be analyzed. In our last work [15], we have discussed the inclusion distribution in detail. In this work, we investigated the compositional homogeneity, the resistivity, the extended defects and the resulting stress of these terrestrial crystals. Birefringence and X-ray White Beam Topography (XWBT) were utilized to characterize structural defects and strains. The correlation of the observed defects and growth parameters is discussed.




2. Materials and Methods


Three CZT ingots, including F1-01, F1-02 and F1-03, were grown by the THM from Te-rich solution under terrestrial conditions. The detailed experimental parameters were explained in an earlier work [15]. Since the seed of F1-01 was not dissolved and there was a power supply shutdown during the experiment, this study focused on the investigation of the other two crystals, F1-02 and F1-03. Seed materials Cd0.9Zn0.1Te with a diameter of 23.5 mm and a length of 30–31 mm were used. A rotating magnetic field of 2 mT at frequency of 100 Hz was applied to both experiments. The translation ran for 240 h at a speed of 0.15 mm/h. The as-grown ingots had a diameter of 24 mm with lengths of 36–37 mm. The main differences in the parameters for these two experiments include the temperature profile, the CdTe fraction in the Te solution zone and the heater starting position. Specifically, for F1-02, we gradually increased the heater temperature from 1100 to 1110 °C during translation. For F1-03, to compensate for the heat loss and keep the growth temperature constant, the heater temperature was lowered from 1110 to 1100 °C during the first 50 h of translation and then slowly increased again to 1110 °C. In addition, 5% CdTe was added in the Te-rich solution zone of F1-02 and 10% in F1-03 to achieve compositional uniformity. Furthermore, we set the heater position to the center of the Te-rich zone for F1-02 and 5 mm further towards the seed side for F1-03 to ensure a good fit with the temperature profile. Two slabs with thickness of around 3 mm were extracted parallel to the growth direction of the as-grown ingots (Figure 1). The samples were then mechanically polished by 3 μm Al2O3. Immediately afterwards they were chemically polished with 1–2% Br-CH3OH solution on both sides to a mirror finish.



To determine the chemical composition of the crystals, Energy Dispersive X-ray Analysis (EDX) (EDAX, New York, USA) was applied. Additionally, the orientations and compositions of the seed, interface and grown crystal in F1-02 were determined by High-Resolution X-ray Diffractometry (HRXRD) (Panalytical, Almelo, The Netherlands) using Panalytical X’Pert Pro materials research diffractometer system at Position 1, 2 and 3, respectively (Figure 1a). The identification of extended defects and strains in CZT crystals was characterized by employing three techniques: (1) transmission infrared microscopy for evaluation of the concentration and size distribution of the Te inclusions in the crystals; (2) Infrared birefringence measurements for identification of the distribution of the structural defects and stress in both crystals; (3) X-ray White Beam Topography (XWBT) with the back reflection geometry for visualizing the microstructural defects and strains. A white beam from topography station at imaging cluster at Karlsruhe Institute of Technology (KIT) light source [17,18] with a spot size of 5 × 5 mm2 was employed to illuminate the areas in yellow and red frames in F1-02 (Figure 1a). All the diffraction signals were recorded on high-resolution X-ray sensitive films. Finally, a resistivity map was carried out by scanning the samples with a Contactless Resistivity Mapping technique with 0.5 mm resolution.




3. Results


3.1. Evaluation of Compositional Uniformity


From the optical photograph of the slab F1-02 in Figure 1a, we can observe the color difference near the interface region, which is 30 mm from the seed, shown as green arrows. Under natural light, the seed and the grown crystal near the interface region present different reflections, making the interface visible to naked eyes. The original seed used in this experiment (F1-02) had a length of 31 mm. The difference of 1 mm indicates that only 1 mm of the seed was dissolved. The Laue patterns of two spots at Position 1 in the seed and Position 3 in the grown crystal (Figure 1a) demonstrate that the angels between these two area surfaces and (111) plane are 30.81° and 30.76°, respectively. This result suggests that the two grains share the same orientation, and the seeding process is successful. Figure 2a (Supplementary File S1) shows the θ–2θ scans of the 111 reflections at three spots, namely in the seed, the boundary and the grown crystal region (Position 1, 2 and 3 as shown in Figure 1a). At the interface region, shown in red color, the 111 peak is splitting, indicating the variation of the lattice parameter, which in turn reflects the variation in ZnTe mole fraction in CZT. When applying the Bragg’s law [19] and Vegard’s law [20], the ZnTe variation at the interface is calculated to be 2.4% mole fraction. Figure 2b (Supplementary File S1) illustrates the ω scans of the 111 reflections at these three spots. Boundary_1 and boundary_2 denote the seed side and the grown crystal side at the boundary, respectively. The broadening and diffuse scattering of the peaks of boundary_2 and grown crystal suggest that the crystal quality deteriorates (mosaic tilt) and more defects exist at the boundary and in the grown crystal region than in the seed.



Figure 3 (Supplementary File S2) shows the EDX results of ZnTe mole fraction as well as the calculated value from a mathematical model [21]. The results confirm that the ZnTe content variation at the interface of F1-02 is 2.51% mole fraction at about 30 mm from the seed, which is consistent with the aforementioned HRXRD result. Considering this, some parameters were adjusted for F1-03, including enhancing the CdTe content in the Te-rich solution zone from 5% to 10%, changing the temperature profile and rearranging the heater position 5 mm towards the seed side. After these adjustments, the ZnTe content variation in F1-03 is found to be reduced efficiently to about 1.02% at the interface. On the other hand, the position of the interface for F1-03 is shifted towards the seed by 7.5 mm instead of 1 mm to the seed, indicating that a larger portion of the seed was dissolved. This suggests that moving the heater position by 3 mm is expected to be sufficient for the space experiments. Furthermore, it is observed that the ZnTe concentration of both crystals decreases gradually as the growth/solidification continues and it approaches to the value of the ZnTe content in the feeds in the end of growth. The cause of the decrease is the following. The ZnTe concentration in the crystal at beginning of growth is higher than in the feed. Therefore, the amount of ZnTe outgoing from the solution into the growing crystal exceeds the ZnTe amount received from the feed. The solution is gradually depleted with ZnTe, resulting in decreasing ZnTe concentration in the growing crystal.




3.2. Structural Defects Analysis


Figure 4 displays the infrared transmission images and birefringence images of some typical defects in CZT crystals. The defects and their related local stress fields are clearly illustrated. In Figure 4a,b one grain boundary is observed, and it induces strong stress, which is revealed by the high contrast in the birefringence image. In Figure 4c,d; however, we can find several grain boundaries, which show different degrees of birefringence contrast. The twin boundary in Figure 4e,f generates a rather different stress field when compared to the grain boundaries. This suggests that the stresses associated with the wall contact are relieved due to the formation of twins. Two large inclusions can be found in Figure 4g,h, one with hexagonal or near triangular shape, and the other one with elongated rectangular shape. In the middle part some pearl string inclusions are illustrated. All of these inclusions induce strong stress fields. The Te droplet entrapment of a star-like shape corresponds in our crystals to the local stress generation at the hexagon and rectangle edges [22].



Figure 5 displays the infrared transmission images and birefringence images of F1-02 and F1-03. Clearly, from the infrared images in Figure 5a,c we find numerous large inclusions decorating in the peripheral regions of both slabs. Their sizes range from micrometers to millimeters. The origin of these large inclusions results inherently from the utilizing of Te-rich solution in THM growth and ampoule wall contact. These inclusions generate large amounts of stress around them, as revealed by the brightness contrast in the birefringence images in Figure 5b,d. Some large inclusions are observed decorating at a twin boundary (TB) in F1-03, which further generates stress in that region.



It is noteworthy that, in Figure 5b, high degrees of stress concentrate in the growth interface region (I) of F1-02. The accumulation of this stress is induced by the lattice distortion, which originates from the large ZnTe content variation at the growth interface of F1-02. In the interior of the seed, not much stress can be observed except that from several large inclusions (TI*). While in the interior of the grown crystal, three high stress fields are clearly discerned. The first one, illustrated in a red circle, is generated from an inclusion (TI**). The second and more severe one in the middle is caused by the crack (C). The last one near to the crack is located at a grain boundary (GB).



In contrast, the interior of matrix of F1-03 in Figure 5d is almost free from stress. No visible stress exists at the growth interface (I), indicating the successful reduction of ZnTe content variation at that region of F1-03. Although at the lower part of the end crystal we can observe several stress fields, which are caused by the grain boundary defects (GB1 and GB2), there are also some large inclusions (TI) and cracks (C) near the periphery. Due to wall contact and accumulation of large size inclusions in this region, stresses are generated and propagate into the interior, thereby forming cracks.



From the above results, we deduce that the CdTe content of 5% in the Te-rich zone results in larger variation of ZnTe content at the interface. The resulting ZnTe variation leads to high degree of lattice distortion and stress field at the interface, which propagates further into the interior of the grown crystal. This stress is efficiently minimized by enhancing the CdTe content from 5% to 10%.



A back reflection mapping of the interface area of F1-02 (in yellow frame in Figure 1a) is shown in Figure 6a and the corresponding infrared image of the scanned region is shown in Figure 6b. The ampoule wall and the huge inclusions (TI) are responsible for inducing excessive stress from the peripheral regions of the slabs. Scratches (Sc) on the surface appear on both sides. It is obvious that a large inclusion (TI1) in the seed generates high degrees of stress, shown as white contrast in XWBT image. Several comparatively smaller inclusions (TI2–TI4), displayed as smaller white dots, can be found in the seed. Except for the inclusions and scratches on the near surface region, the interior of the seed is almost stress free. However, high lattice distortion is observed in the growth interface region (I), which is generated mainly by the ZnTe concentration variation at the interface. This stress propagates forward into the grown crystal region, giving rise to the formation of dislocation networks (D). Additionally, many white streaks are slightly visible, and they prevail the whole grown crystal, which show a concave shape. The authors assume that these streaks originate from the inclusion striations (IS) under the influence of temperature periodic fluctuations and the resulting variation in the instantaneous growth rate [15].



In addition to Figure 6, back reflection topographs recorded from different regions of the grown crystal in F1-02 (in red frame in Figure 1a) is shown in Figure 7. The crystal area is highly distorted, indicating that this region is heavily strained. The overlapping and separation of the images arise from different senses of tilt between the neighboring grains or subgrains. It is obvious that this region exhibits a relatively higher density of dislocation density and subgrain boundaries (SB). At the upper right part, an individual grain (G1) is nucleated at the wall contact region. Again, we can observe the strain originated from the large sized inclusions near the periphery of the crystal. Another individual grain (G2) can be found at the bottom of the image. Except for a subgrain (SB2), this region is almost stress free. The middle grain shares the same orientation as the seed. The upper left region is concentrated with dislocation networks (D). A localized orientation contrast associated with distortion suggests the existence of a different grain, which is generated due to the wall contact and large inclusions in that region. The stress extends into the interior, resulting in the formation of extensive dislocation networks. Two inclusions (TI1 and TI2) shown as white dots appear at the left region. The slightly bigger inclusion (TI1) induces a high degree of stress, which is also illustrated in the birefringence image (TI**) in Figure 4b. The right region is heavily strained, which shows high consistence with the birefringence result in Figure 4b. At the regions of the crack (C) and the grain/subgrain boundaries, high degrees of stress fields are formed. High density of dislocations is generated around the crack. These dislocations realign to form tilt subgrain boundaries by the polygonization process, such as gliding and climbing [23,24]. Combining the two topographies with the birefringence result in Figure 4b, it can be easily found that the stress generated at the interface propagates into the interior region and contribute with the inclusions and grain boundaries to the formation of the crack.




3.3. Electrical Performance


Figure 8 illustrates the resistivity results of F1-02 and F1-03 from Contactless Resistivity Mapping. As shown in the figure, the resistivity over the entire areas of the two samples was found to be in the range of 0.8–9 × 109 Ωcm, which is consistent with high quality CZT materials [25,26,27]. The resistivities of F1-02 and F1-03 are in the order of 3 × 109 Ωcm and 1 × 109 Ωcm, respectively. The content variation in ZnTe leads to a variation in the bandgap, the number of photogenerated electron-hole pairs and the leakage current in the crystal [28]. F1-03 generally has slightly higher ZnTe content than F1-02, as shown in the EDX results in Figure 3. The excessive ZnTe content regarding stoichiometry further leads to higher concentration of free carriers. Hence, the resistivity of F1-03 is lower. Several regions in both grown crystals show relatively high resistivity than other regions. It is assumed that the abundant grain boundary defects and the cracks including the associated dislocation networks are related to the increase of the resistivity. Such defects affect the charge carrier density by trapping the free carrier, which further leads to resistivity variation.





4. Discussion


In this work we investigated the extended defects, the resulting stress and resistivity of two CZT crystals grown by the THM. The aims are to understand the correlation of these observed defects and growth parameters, and to determine the parameters for the space experiments.



Extensive structural defects and strain were observed in some regions of the grown crystals. Since THM growth occurs from the Te-rich solvent zone, Te can be entrapped into the grown crystals due to microscopic irregularities, forming as a result to a high concentration of Te-rich secondary phases. These large inclusions generate extensive stresses, especially in the periphery of the crystals. In addition, wall contact between the ampoule and the CZT crystals induces shear stresses, which further lead to the formation of dislocations and slip bands propagating into the interior of the crystals. As a result, dislocations realign to form tilt subgrain boundaries at these regions.



Dislocation networks were observed at the seed interface, which propagate into the interior of the grown crystal. The stress is reduced in F1-03 when increasing the CdTe content in the Te-rich zone from 5% to 10%. This suggests that stresses can originate from the ZnTe mole fraction variation at the growth interface and the associated lattice mismatch. Furthermore, the resistivity of F1-03 is one order lower than that of F1-02 and the ZnTe mole fraction at the growth interface is slightly higher. Therefore, the defect microstructure and the electrical properties of the grown crystals are affected by the adjustment of CdTe composition in the Te-rich zone. Hence, the authors believe that 10% of CdTe in the Te-rich zone will be more beneficial for the flight experiments.



The shift of 7.5 mm of the interface position indicates that more part of the seed is dissolved in F1-03. The rearrangement of the heater position contributes to this result. Therefore, we assume that the adjustment of heater position for 3 mm would be sufficient for the space experiments.



Slight thermal stresses are observed in the grown crystals, which originate from the inclusion striations resulting from the periodic temperature variation. No dramatic change of the resistivity is caused by the striation patterns. However, the inclusions can degrade the charge carrier trapping efficiency. Methods to damp the temperature variations would be of significance.



The crystal F1-02 manifest more grain boundaries and cracks than F1-03 as the growth continues. Their formation can be attributed to the temperature gradient at the interface. Due to the heat loss through the changes in seed and feed lengths as growth continues, the temperature gradient at the interface and the growth rate tend to vary. As a result, grains and cracks can be formed to relieve stresses. Such defects affect the charge carrier density thus resulting in resistivity variation. It was reported earlier that evident charge loss was observed in the region with high concentration of dislocations [10]. Furthermore, it is revealed that grain boundary defects can play a dominant role in increasing the resistivity of CZT crystals [24]. After adjusting the temperature profile in F1-03 to reach higher consistency of the growth rate, grains and cracks are distinctly reduced.




5. Conclusions


In this work the compositional homogeneity, structural defects and resistivity of two CZT crystals grown by the THM from ground experiments were investigated. As expected, large inclusions near the periphery can generate high degree of strain fields, comprising the formation of dislocation slip bands and subgrain boundaries. From the HRXRD and EDX results we observed a ZnTe content variation at the seed/grown crystal interface. According to the birefringence images and back reflection topographs, this ZnTe variation induces severe local stress associated with extensive deformation microstructures in that region, especially dislocation networks, which propagates forward into the grown crystal. By increasing the CdTe composition from 5% to 10% in the Te-rich solution zone and adjusting the heater position, the ZnTe content variation in F1-03 and the resulting stress are efficiently reduced. Additionally, a heavily strained region with grain boundaries and cracks in F1-02 is illustrated and believed to be relative to thermal gradient at the growth interface. These dominant defects further result in the variation of the bulk resistivity in the crystals. The as-grown crystals exhibit a high bulk resistivity, which ranges from 109 Ωcm to 1010 Ωcm.
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Figure 1. Optical photograph of the slabs cut along the ingot axis: (a) F1-02; (b) F1-03 [14]. We performed XRD measurements at Position 1, 2, 3 and XWBT in the areas in yellow and red frames. 
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Figure 2. HRXRD θ-2θ scan (a) and ω scan (b) at the three positions of F1-02. The splitting of the peak at the boundary and the shifting of the peak position in the grown crystal from the θ-2θ scans indicate the variation in lattice parameter. The broadening and diffuse scattering of the peaks from the ω scans suggest the existence of more defects in the grown crystal region. 
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Figure 3. ZnTe content distributions along the growth direction of the crystals and calculated value from mathematical simulation [21]. ZnTe content variation at the interface of F1-02 is higher than that in F1-03. In both crystals, gradual reductions in the ZnTe content are observed as the growth/solidification continues. 
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Figure 4. Infrared transmission images and birefringence images showing related local stress fields of typical defects observed in our CZT crystals: grain boundaries (a–d); a twin boundary (e) and (f); Te inclusions (g) and (h). 
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Figure 5. Infrared transmission images and birefringence images of F1-02 (a) and (b) and F1-03 (c) and (d). Abundant large sized inclusions in the peripheral regions of both slabs generate high degree of stress filed. An evident reduction of stress generated at the interface (I) of F1-03 was observed when compared to F1-02. Most of the stress originates from twin boundary (TB), inclusions (TI), grain boundaries (GB) and cracks (C). 
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Figure 6. XWBT back reflection mapping (a) and infrared image (b) near the interface region of F1-02. Some scratches (Sc) exist on the surface. The observation of white dots suggests the stress induced by Te inclusions (TI1–TI4). Extensive distortion and dislocation networks (D) accumulate at the interface and further extend into the grown crystal region. White streaks prevail the grown crystal, which are considered to be caused by the inclusion striations (IS) [15]. 
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Figure 7. Back reflection topographs recorded from the grown crystal region of F1-02 showing extensive defect structures. Two individual grains (G1 and G2) are observed. High density of dislocation network (D) and subgrain boundaries (SB) are generated near the periphery and around the crack (C). 
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Figure 8. Contactless resistivity mapping of: (a) F1-02 and (b) F1-03. 
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