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Abstract

:

The origin of twinning during the Czochralski (CZ) growth of 36°-RY lithium tantalate (LiTaO3) single crystals is examined, and it is shown that lineages composed of dislocation arrays act as an initiation site for twinning. Two types of lineages expand roughly along three different {  1  2 ¯  10  } planes and two different {  1  1 ¯  00  } planes. The former lineages and some latter lineages are composed of two types of mixed-dislocations with different Burgers vectors, while the other lineages are composed of only one type of edge-dislocation. All the dislocations have the Burgers vector of 〈  1  2 ¯  10  〉 type with the compression side at the +Z side. Twin lamellae on {  10  1 ¯  2  } are generated at a lineage during the CZ growth. We have hypothesized that dislocations in the lineage with b = 1/3〈  1  2 ¯  10  〉 change their extension direction along a slip plane of {  10  1 ¯  2  }, and they dissociate into pairs of partial dislocations with b = 1/6〈  2  2 ¯  01  〉and 1/6〈  0  2 ¯  2  1 ¯   〉 forming twin lamellae on {  10  1 ¯  2  }.
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1. Introduction


Lithium tantalate (LiTaO3) crystallizing in the space group R3c [1] represents lithium-based trioxides, and has a unique combination of excellent acoustic, non-linear optical, piezoelectric, pyroelectric, and electro-optical properties depending on its crystallographic direction [2]. The functional crystal is thus the most attractive material for surface acoustic wave (SAW) filters, especially for mobile phones, as well as for frequency conversion [3], acoustic devices [4], and pyroelectric detectors [5,6]. Moreover, the crystal is regarded as a candidate for broadband waveguide quantum memories for entangled photons [7], whispering-gallery-mode resonators with second harmonic generation (SHG) [8], holographic data storage material thanks to its large storage density and high diffraction efficiency [9,10,11], and solid breeder blanket material thanks to its nuclear fusion property [12].



Recently, there is a growing demand for high quality LiTaO3 wafers used for miniaturized SAW filters because of a rapid increase of communication circuits in the telecommunications mobile phone handset market. Nowadays, using Czochralski (CZ) growth techniques [13,14], LiTaO3 single crystals with high optical uniformity, without the macroscopic structural defects of cellular structures, solute striations, domains, and twins [15], can be grown to large diameters more than 4 inches. Even though arrays of dislocations on specific planes (so-called lineages) are occasionally introduced in commercial LiTaO3 single crystals, owing to high thermal stresses during the CZ growth [16], they do not severely influence the performance of SAW filters. Meanwhile, from a commercial point of view, growth of long high-quality CZ-LiTaO3 single crystals is still challenging. One important issue to obtain long CZ-LiTaO3 single crystals is cracking during the growth, because in most cases, such cracked crystals are broken into fragments during the CZ growth and/or wafer processing. Kumaragurubaran has classified the cracking phenomena in CZ-LiTaO3 single crystals into four origins: (1) the crossover of macroscopic twins, (2) change in crystal geometry forming vertexes, (3) ridges, and (4) lineages [17]. Macroscopic twin lamellae on {  10  1 ¯  2  } planes, which are the predominant cleavage planes [15] and the probable slip planes [18], often nucleate at the bottom part of tantalate crystals during the CZ growth, via the mechanical twinning process [19]. They propagate up to some length in the body, and cracks nucleate when such twins run across one another [17,20,21,22]. Moreover, cracks may be nucleated around the vertex of the angle defined either between the shoulder and the body or between the tail and the body, at which large thermal stress would be generated [23], as well as between the facets at ridges. Those three types of cracking can, however, be suppressed in the commercial CZ-LiTaO3 single crystals by using an appropriate growth condition. Meanwhile, the cracking process at lineages is still unclear. In the present work, we have found that twinning takes place accompanied with cracking at a specific region in which lineages are growing. We have thus determined three-dimensional (3D) distribution and structural properties of the twin domains and lineages to discuss a possible twinning mechanism at lineages.




2. Materials and Methods


Specimens were commercial-grade LiTaO3 single crystals grown by Sumitomo Metal Mining Co., Ltd. (Tokyo, Japan). They were grown from a congruent melt in an iridium crucible in a high frequency induction furnace under a conventional CZ growth condition, thus the non-stoichiometric crystals inevitably introduced a number of point defects (antisites on the lithium sites and cation vacancies). We used a seed for the pulling direction so-called 36°-RY; the direction Y’ was rotated around the X axis of [  2  1 ¯   1 ¯  0  ] by 36° from the Y axis of [  01  1 ¯  0  ] towards the Z axis of [0001], which is widely used to obtain commercial LiTaO3 wafers for SAW filters. The orthogonal coordinate system in the crystals can be defined as (X, Y’ (=36°-RY), Z’). The seed was introduced into the melt in a nitrogen and oxygen atmosphere and the temperature was adjusted so as to obtain a stable interface. It was then withdrawn from the melt with simultaneous crystal rotation. The diameter of the crystal, about 4 inches, was controlled by adjusting the furnace temperature automatically. Poling processes were executed after the growth so as to homogenize distributions of composition and point defects, as well as to remove domain reversals in the crystals. Two kinds of LiTaO3 wafers of 0.5 mm thick, both sides of which were polished to a mirror finish by chemical mechanical polishing (CMP) technique [24], were cut out from the single crystals; 36°-RY wafers were cut normal to the pulling direction, and {0001} wafers were cut normal to the Z axis.



A series of 36°-RY wafers was cut out sequentially at equal intervals of 11.8 mm from a crystal, and the distribution of lineages in each wafer was determined by X-ray topography using the Lang method with MoKα1 radiation. A 3D distribution model of lineages in the crystal was then reconstructed by stacking the topographic images sequentially at the interval of 11.8 mm along the 36°-RY direction.



Structural properties of the lineages were examined by transmission electron microscopy (TEM), with a conventional microscope operated at 200 kV (JEOL (Tokyo, Japan), JEM-2000EX), combined with differential interference contrast (DIC) microscopy [25]. A {0001} wafer was cut from a crystal, and it was etched chemically for 15 min in a mixture of HF and HNO3 (1:2) at the temperature of 80 °C [26]. Etch pits of dislocations composing lineages were formed only on the (  000  1 ¯   ) surface [26]. The surface was observed by DIC microscopy to visualize and analyze the dislocations. A small chip with a specific lineage was then cut from the etched wafer using etch pits as a marker [27], and it was thinned by CMP with colloidal silica in an alkaline solution to obtain electron transparency [28]. TEM specimens except for high-angle annular dark-field scanning TEM (HAADF-STEM) were prepared without ion milling techniques, as the atomistic structure in thin materials, especially in insulators, can be modified during the milling process [29]. Thin foils with a dislocation for HAADF-STEM with a specific incident direction were cut by focused ion beam (FIB) milling. Atomic arrangement around the dislocation was then examined with a JEOL JEM-ARM200F analytical microscope.




3. Results


Most of our non-stoichiometric CZ-LiTaO3 single crystals that are available for commercial wafers contain no macroscopic defect except lineages, and they have high optical uniformity all over the crystals. Very rarely, twinning takes place during the CZ growth and cracks are generated from the twinned region, even though the growth condition for those cracked crystals is similar to that for the crack-free crystals. Twinning takes place at limited regions mostly beneath the ±X surfaces and rarely beneath the –Z’ surface on the cracked crystals (Figure 1). Similar cracking nearby {  2  1 ¯   1 ¯   0} surfaces is reported in stoichiometric CZ-LiTaO3 single crystals pulled along the Z axis [16]. The twinned regions are always intersected with lineages, suggesting that lineages would act as initiation sites for twinning.



3.1. Characteristics of Lineages in Single Crystals


3.1.1. 3D Distribution of Lineages


In a series of 36°-RY wafers cut from single crystals free from cracks and/or twin domains, lineages are observed as almost straight lines by X-ray topography (e.g., Figure 2a). Five kinds of lineages expanding along different planes, of which the location varies in each wafer, are typically observed. Figure 2b shows the reconstructed 3D X-ray topograph of the lineages projected along the pulling direction. Except for the lineage normal to the X axis (indicated with the double arrow in Figure 2a), the other lineages are inclined from the pulling direction. Meanwhile, all lineages are observed edge on when the 3D topograph is observed along the Z axis (Figure 2c), indicating that they are parallel to the Z axis. They would nucleate nearby the +Z’ surface at the vertex of the angle defined between the shoulder and the body, at which large thermal stress would be generated [23]. They expand roughly along three {  1  2 ¯  10  } planes of (  1  2 ¯  10  ), (  2  1 ¯   1 ¯  0  ), and (  11  2 ¯  0  ), and two {  1  1 ¯  00  } planes of (  1  1 ¯  00  ) and (  10  1 ¯  0  ), as the crystal grows. Those lineages are, therefore, preferentially arranged to form a mirror symmetry to the (  2  1 ¯   1 ¯  0  ) plane passing through the central axis of the crystal, as schematically shown in Figure 2d. This symmetry is the same as the crystallographic symmetry on the 36°-RY plane. Similar 3D distribution of lineages with the mirror symmetry is observed even in the monocrystalline parts in twinned crystals, as shown in Section 3.2.



Comparing X-ray topographs of lineages and optical images of etch pits of dislocations in the same {0001} wafer, each lineage is composed of arrays of dislocations (Figure 3a–f). Two types of lineages can be distinguished by DIC microscopy on etched {0001} wafers. The {  1  1 ¯  00  } lineages are always observed as double arrays of dislocation etch pits near each other (Figure 3b,f). Meanwhile, the {  1  2 ¯  10  } lineages are mostly observed as single array of dislocations (Figure 3c–e), and some (  2  1 ¯   1 ¯  0  ) lineages are observed similarly to the {  1  1 ¯  00  } lineages. The contrast of the etch pits varies depending on the sheared direction. The contrast analysis indicates that the former lineages and some latter lineages are composed of two types of dislocations (Figure 3g), while there is one type of dislocation in the other lineages (Figure 3h). The analysis procedure is summarized in the Appendix A. Structural properties of the dislocations are examined in detail by TEM in the following section.




3.1.2. Structural Properties of Lineages


The (  1  2 ¯  10  ) lineage shown in Figure 3c is composed of a set of dislocations arranged at similar intervals of about 5 μm (Figure 4a). The dislocation lines are observable by dark-field (DF-) TEM (e.g., Figure 4b), except when the Burgers vector b is normal to the reflection vector g [30], e.g., for g = [   1 ¯  010  ] (Figure 4c) and [   1 ¯  012  ] (Figure 4d). The Burgers vector is, therefore, either 1/3[  1  2 ¯  10  ] or 1/3[   1 ¯  2  1 ¯  0  ]. This result indicates that the dislocations are not dissociated into pairs of partial dislocations of the 〈  10  1 ¯  0  〉-type, as observed in some as-grown crystals [31]. Dissociation of dislocations, reported for the dislocations introduced intentionally on (0001) in a LiTaO3 bicrystal [32], is not observed. Dislocations on pyramidal planes with b = 1/3〈   1 ¯  101  〉 or 1/2〈   2 ¯  201  〉 (so-called pyramidal dislocations), introduced frequently during the CZ growth with the pulling direction of [0001] [17,18,32,33], are not observed.



The extension directions of the dislocations in the (  1  2 ¯  10  ) lineage are determined by stereoscopic BF-TEM. When the incident direction is inclined from [0001] by 50° toward [   1 ¯  010  ], each dislocation line is almost parallel to the incident direction (Figure 4e). Besides, Figure 4f shows the dislocation line observed normal to the incident direction, which is inclined from [0001] by 40° toward [  10  1 ¯  0  ]. The dislocation line is taken with a negative deviation parameter s with g = [   1 ¯  2  1 ¯  0  ], and its position in the image is displaced to upper side of the dislocation core. This result indicates that b is 1/3[   1 ¯  2  1 ¯  0  ] for the dislocation, because (gb)s < 0 when b is defined by the finish-to-start vector in a right-hand circuit [30]. As schematically shown in Figure 4g, dislocations in the (  1  2 ¯  10  ) lineage are edge-type with the compression side at the +Z side in the wafer, and they extend towards the crystal surface as the crystal grows. Dislocations in many {  1  2 ¯  10  } lineages have similar structural properties, even though the extension direction changes from lineage to lineage.



Figure 5 shows the similar analysis for the (   1 ¯  100  ) lineage shown in Figure 3b. The lineage is composed of two sets of dislocations arranged at similar intervals of about 3 μm (Figure 5a). One set of dislocations has the Burgers vector parallel to [   2 ¯  110  ], as they are invisible for g = [  01  1 ¯  0  ] (Figure 5b) and [  01  1 ¯   2 ¯   ] (Figure 5c), while the other set of dislocations has the Burgers vector parallel to [  1  2 ¯  10  ], as they are invisible for g = [  10  1 ¯  0  ] (Figure 5d) and [  10  1 ¯   2 ¯   ] (Figure 5e). Stereoscopic BF-TEM analysis like Figure 4e,f shows that (Figure 5f,g) both dislocations are mixed-type with the compression side at +Z side in the wafer, and they extend the same direction towards the crystal surface as the crystal grows. Those structural properties, schematically shown in Figure 5h, are also obtained from the (  10  1 ¯  0  ) lineages and some (   2 ¯  110  ) lineages.





3.2. Formation of Twin Lamellae at Lineages


Figure 6a shows an X-ray topograph of a {0001} wafer cut nearby the twinned part in the 36°-RY crystal shown in Figure 1b. The central part of the wafer, which is about 20 mm from the bottom and from the –Z’ surface of the crystal, exhibits white contrast, indicating large lattice distortion. The estimated height of 20 mm from the bottom corresponds with the initiation height at which the beginning of twinning is confirmed by eyes. Several {  2  1 ¯   1 ¯  0  } lineages widely expanding towards the –Z surface and short segments of lineages spreading in various directions exist in the distorted part (Figure 6b). The {  2  1 ¯   1 ¯  0  } lineages are merged into a single {  2  1 ¯   1 ¯  0  } lineage as the crystal grows. We have found that a lamella parallel to the [  1  2 ¯  10  ] direction is formed at a {  2  1 ¯   1 ¯  0  } lineage nearby the junction of {  2  1 ¯   1 ¯  0  } lineages (Figure 6c). The segments of the lineage indicated with the asterisk in Figure 6b are observed as a line, showing that the extension direction of the dislocations composing the segments is not inclined so much with respect to the Z plane, but is nearly parallel to the Z plane. They vary their extension direction just before the formation of the lamella, forming etch pits, and the propagation plane of the lineage is translated to the [  1  2 ¯  10  ] direction at the lamella. BF-TEM reveals that some dislocations in the lineage would be connected with the lamella, accompanied by the translation of the lineage.



Figure 7a,b show stereo microscopy of the lamella and lineage shown in Figure 6c, indicating that the lamella propagates on the (  10  1 ¯  2  ) plane. Some dislocations in the lineage would propagate on the lamella and their extension direction is close to the growth direction. The other dislocations nearby the lamella also extend to the similar direction. DF-TEM reveals that the Burgers vector of the dislocations on the lamella differs from that of the dislocations observed in single crystals without twinning (i.e., b = 1/3〈   1 ¯  2  1 ¯  0  〉). Most of the dislocations on the lamella, indicated by red arrows in Figure 7c, have the Burgers vector nearly normal to [   2 ¯  110  ], as they are scarcely observed when g = [   2 ¯  110  ] (Figure 7d). Meanwhile, the Burgers vector of the other dislocations, indicated by blue arrows in Figure 7d, is nearly normal to [   1 ¯   1 ¯  20  ], as they are invisible when g = [   1 ¯   1 ¯  20  ] (Figure 7c).



One of the former interface dislocations, with the Burgers vector nearly normal to [   2 ¯  110  ], is observed by HAADF-STEM with an FIB specimen. Using DF-TEM, it is confirmed that the Burgers vector and expansion direction of the dislocation would not be modified during FIB milling. HAADF-STEM with the incident direction of [  1  2 ¯  10  ], parallel to the lamella, indicates that the lamella is a twin domain with the (  10  1 ¯  2  ) twin crystal interface, as observed in Figure 7e. The dislocation line extends towards the right depth direction in the figure. Therefore, although the dislocation line would intersect a specimen surface at the encircled area, it is unclear because the incident direction is not parallel to the dislocation line. In the (   1 ¯  012  ) plane indicated with the yellow arrowhead, the atomic columns at the left side of the intersection are arranged on the (  10  1 ¯  4  ) planes in the host crystal (as a guide, see the green dotted lines). Meanwhile, those at the right side would be arranged on the (  10  1 ¯  4  ) planes in the twin lamella (see the yellow broken lines), indicating an atomic displacement due to the introduction of the interface dislocation. The component of the displacement normal to the twin crystal interface would be negligible. Those results suggest the Burgers vector of the interface dislocation parallel to the twin crystal interface.





4. Discussion


Here, we discuss the formation mechanism of twin lamellae at lineages. TEM reveals that dislocations in a lineage change their extension direction so that they are parallel to the {  10  1 ¯  2  } plane, and they change their Burgers vector when they are connected with {  10  1 ¯  2  } twin lamellae. HAADF-STEM suggests that the Burgers vectors would be parallel to the twin interface. According to the pole mechanism of twin formation [34], twins can grow by the movement of a twinning dislocation through successive twinning planes. Considering that {  10  1 ¯  2  } planes are the probable slip planes in LiTaO3 [18], we hypothesize that dislocations with b = 1/3〈  1  2 ¯  10  〉 would dissociate into two partial dislocations with b = 1/6〈  2  2 ¯  01  〉 and 1/6〈  0  2 ¯  2  1 ¯   〉 forming a stacking fault on {  10  1 ¯  2  }. According to the model, the Burgers vector b of the interface dislocations indicated with the red arrows in Figure 7c is parallel to [  0  2 ¯  2  1 ¯   ], while that with the blue arrows is parallel to [  2  2 ¯  01  ]; i.e., dislocations with b = 1/3[  1  2 ¯  10  ], parallel to the twin crystal interface, would dissociate into the interface dislocations. Such an abrupt dissociation of dislocations accompanied with the change of their extension direction may be induced by a stress generated for some reason. Assuming a stress along the radial direction of the crystal r, the Schmid factor of the (  10  1 ¯  2  ) slip system for the dislocations with b = 1/6[  0  2 ¯  2  1 ¯   ] is quite small, because b is nearly parallel to the growth direction, thus rb ~ 0. On the other hand, the factor for the dislocations with b = 1/6[  2  2 ¯  01  ], nearly normal to the pulling direction, is as large as close to 0.5, because the normal direction of the (  10  1 ¯  2  ) plane n, almost normal to the pulling direction, is inclined by about 45° with respect to r. This factor is about twice as large as the Schmid factor of the (0001) slip system for the dislocations with b = 1/3[  1  2 ¯  10  ] (about 0.3). Therefore, owing to an effect of geometrical arrangement of slip systems in the crystal, undissociated dislocations with b = 1/3[  1  2 ¯  10  ] would dissociate into pairs of partial dislocations with b = 1/6〈  2  2 ¯  01  〉 and 1/6〈  0  2 ¯  2  1 ¯   〉. Dislocations with b = 1/6[  2  2 ¯  01  ] would move under a stress, leaving dislocations with b = 1/6[  0  2 ¯  2  1 ¯   ], and stacking faults between the pairs would expand. Twin lamellae would be formed via the integration of the stacking faults. Similar twin lamellae at lineages are also observed nearby twinned parts in other single crystals, suggesting that twinning at lineages would be an origin of twinning as well as cracking during the CZ growth.



The twinning phenomena takes place in a single crystal even when the growth condition is the same as in the crack-free single crystals. This suggests that the origin of the twinning would not related to the point defects introduced because of non-stoichiometry, even though the defects may impact the threshold stress for twinning. We consider that the stress for twinning would be introduced because of an extrinsic factor irrespective of the normal growth condition, such as an abrupt change of temperature distribution around the crystal/melt interface due to accidental fluctuation of growth temperature, growth speed, and so on. More study is needed to understand how and where the twinning phenomena takes place, towards the control of the generation and growth of twin domains, so as to suppress cracking, by controlling the extrinsic factor.




5. Conclusions


In 36°-RY LiTaO3 single crystals grown by the Czochralski method, five kinds of lineages are introduced during the growth. They would nucleate nearby the +Z surface at the vertex of the angle defined between the shoulder and the body, and expand roughly along three different {  1  2 ¯  10  } planes and two different {  1  1 ¯  00  } planes. The {  1  1 ¯  00  } lineages and some {  1  2 ¯  10  } lineages are composed of double arrays of mixed-dislocations with different Burgers vectors, while there is only one type of edge-dislocation in the other lineages. All the dislocations have the Burgers vector b of 〈   2 ¯  10  〉 type with the compression side at the +Z side.



In partially twinned LiTaO3 single crystals, twin lamellae on {  10  1 ¯  2  } are formed at lineages. We hypothesize the twinning mechanism as follows: (1) undissociated dislocations with b = 1/3〈  1  2 ¯  10  〉 in a lineage would change their extension direction so that they are parallel to the {  10  1 ¯  2  } plane, and (2) they are dissociated into two partial dislocations with b = 1/6〈  2  2 ¯  01  〉 and 1/6〈  0  2 ¯  2  1 ¯   〉 forming a stacking fault on {  10  1 ¯  2  }. Then, (3) twin domains would be formed via the integration of the stacking faults.
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Appendix A


Figure A1 shows a DIC micrograph of etch pits due to the (  1  2 ¯  10  ) lineage shown in Figure 3c. In DIC microscopy, a polarized light beam is separated into two orthogonally polarized mutually coherent beams, which are spatially sheared by a specific distance, and the sheared beams illuminate the etch pits. In the present work, the polarization direction of a sheared beam is set to be parallel to the sheared direction. The contrast of the etch pits varies depending on the sheared direction. Comparing the DIC micrographs and TEM data, it is shown that a strong bright contrast appears at the compression side in the etch pits when the Burgers vector of the dislocations is normal to the sheared direction. The bright area in each etch pit is fan-shaped, and the point of the fan would correspond to the dislocation core penetrating the (  000  1 ¯   ) surface. A similar contrast is obtained from many (  2  1 ¯   1 ¯  0  ) and (  11  2 ¯  0  ) lineages when the Burgers vector of the dislocations composing those lineages is normal to the sheared direction.



Figure A2 shows DIC micrographs of etch pits due to the (  1  1 ¯  00  ) lineage shown in Figure 3b. Similar to the DIC micrographs of {  1  2 ¯  10  } lineages, a strong bright contrast appears at the compression side of the etch pits when the Burgers vector of the dislocations is normal to the sheared direction. A similar contrast is also obtained from the (  10  1 ¯  0  ) lineage when the sheared direction is normal to the Burgers vector of the dislocations composing the lineage. As a result, using DIC microscopy with different sheared directions, we can examine the Burgers vector and extension direction of the dislocations in both {  1  2 ¯  10  } and {  1  1 ¯  00  } lineages in {0001} wafers.



Here, we briefly discuss the origin of the contrast of dislocation etch pits in DIC micrographs. In DIC microscopy, the sheared beams reflected on the specimen are interfered, and this interference induces a contrast [25]. Therefore, the contrast is sensitive to their optical path difference in the sheared direction determined by the geometric path length and refractive index [25]. The etch pit of a dislocation can induce a contrast at an edge when the sheared direction is normal to the edge, because the geometrical path length changes across the edge depending on the 3D shape of the pit, which is determined by strains around the dislocation. In addition, the contrast can vary depending on the polarization direction of a sheared beam when the refractive index is asymmetric. It is known that the refractive index in R3c structures can vary as a result of strains [35]. For edge and mixed dislocations, the sign of the strain component parallel to the Burgers vector at the compressive side is opposite from that at the tensile side. Therefore, the refractive index at the compressive side would differ from that at the tensile side, especially for the polarized beam parallel to the Burgers vector, and this difference can induce an asymmetric contrast on those sides.
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Figure A1. (a–g) DIC micrographs of dislocation etch pits in a {  1  2 ¯  10  } lineage at different wafer orientations with respect to the fixed sheared direction, on an etched (  000  1 ¯   ) surface schematically shown in (h). 






Figure A1. (a–g) DIC micrographs of dislocation etch pits in a {  1  2 ¯  10  } lineage at different wafer orientations with respect to the fixed sheared direction, on an etched (  000  1 ¯   ) surface schematically shown in (h).
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Figure A2. DIC micrographs of dislocation etch pits in {  1  1 ¯  00  } lineages. Most segments are composed of two kinds of dislocation arrays, as in (a), but sometimes those arrays are separated, as in (b). 






Figure A2. DIC micrographs of dislocation etch pits in {  1  1 ¯  00  } lineages. Most segments are composed of two kinds of dislocation arrays, as in (a), but sometimes those arrays are separated, as in (b).
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Figure 1. 36°-RY LiTaO3 single crystals in which twinning takes place beneath (a) +X and (b) −Z’ surfaces. The visible twinned region in each crystal is indicated with the rounded rectangle. 
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Figure 2. (a) X-ray topograph of lineages in a 36°-RY wafer cut from a 36°-RY single crystal. Reconstructed 3D X-ray topograph of lineages projected parallel to (b) 36°-RY and (c) [0001] directions. (d) Schematic view of the 3D distribution of lineages in the crystal. 
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Figure 3. (a) X-ray topograph of lineages in a {0001} wafer cut from a 36°-RY single crystal. Typical etch pit patterns of lineages propagating on (b) (  1  1 ¯  00  ), (c) (  1  2 ¯  10  ), (d) (   2 ¯  110  ), (e) (  11  2 ¯  0  ), and (f) (  10  1 ¯  0  ). These data are obtained from the regions indicated in (a). Differential interference contrast (DIC) micrographs of dislocation etch pits in (g) (  1  1 ¯  00  ) and (h) (  1  2 ¯  10  ) lineages taken with the sheared direction shown in each figure. 
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Figure 4. (a) Low magnified bright-field (BF-) transmission electron microscopy (TEM) image of a {  1  2 ¯  10  } lineage. (b–d) Dark-field (DF)-TEM images of the dislocation in the square in (a), taken with g indicated in each figure. (e and f) Stereoscopic BF-TEM images of the dislocation, taken with g = [   1 ¯  2  1 ¯  0  ] and s < 0 with the incident direction indicated in each figure. (g) Schematic view of the {  1  2 ¯  10  } lineage in (a). 
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Figure 5. (a) Low magnified BF-TEM image of a {1-100} lineage. (b–e) DF-TEM images of the dislocations in the square in (a), taken with g indicated in each figure. (f and g) Stereoscopic BF-TEM images of the dislocations, taken with g = [   1 ¯  100  ] and s < 0 with the incident direction indicated in each figure. (h) Schematic view of the {  1  1 ¯  00  } lineage in (a). 
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Figure 6. (a) X-ray topograph of lineages near the twinned part in the crystal shown in Figure 1b. The wafer is cut nearby the twinned region, indicated by the red line in the right figure. (b) Etch pit patterns of lineages obtained at the strained region shown in (a). (c) A lamella intersecting a lineage is observable in the squared region shown in (b). (d) BF-TEM of the lamella and lineage in the squared region shown in (c). 
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Figure 7. (a,b) Stereo micrographs of dislocations around the lamella shown in Figure 6d. The incident directions are (a) nearly parallel to the growth direction and (b) along the Z axis. (c and d) DF-TEM images of the dislocations on the lamella, taken with g indicated in each figure. (e) High-angle annular dark-field scanning TEM (HAADF-STEM) image of a dislocation on the lamella taken with the incident direction of [  1  2 ¯  10  ]. 
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