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In situ imaging of dislocation expansion in FZ -Si seeds during temperature ramp heating process
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The impact of the thermal field in a directional solidification furnace on the generation and propagation of dislocations is investigated in intrinsic floating zone single crystal silicon.

Seeds with different crystallographic orientations are wire-cut from mono-crystalline wafers and dislocation sources are solely left at the edges. Thermal annealing experiments are carried out in situ at the European synchrotron radiation facility and the evolution of the silicon crystalline quality is studied by X-ray diffraction imaging technique. At 1073 K, dislocations nucleate only at the edges and their strain field remains local. At higher temperature (1373 K), dislocations propagate throughout the entire width of the seed via the preferential activation of slip planes, related to the crystallographic orientation of the seed. These results confirm the high importance of seed preparation in monolike silicon growth process. Both mechanical Revised Manuscript 2 and chemical polishing of all seed surfaces, including their edges, are mandatory to prevent dislocation expansion and multiplication.

Introduction

Monolike silicon (ML -Si) growth is an attractive technique because it merges the high quality monocrystalline and the low cost multicrystalline manufacturing processes in a single, improved hybrid version that gives squareshaped ingots at high productivity levels.

In addition, ML -Si has been found to be less sensitive to light-induced degradation than Cz -Si. [START_REF] Gu | Seed-assisted cast quasi-single crystalline silicon for photovoltaic application: Towards high efficiency and low cost silicon solar cells[END_REF] In this technique, the Si grows by directional solidification from a pavement of monocrystalline seeds placed on the bottom of the crucible. Despite that the wafers obtained from these ingots have been shown to result in high efficiency solar cells, [START_REF] Gu | Seed-assisted cast quasi-single crystalline silicon for photovoltaic application: Towards high efficiency and low cost silicon solar cells[END_REF][START_REF] Jay | Advanced process for n-type mono-like silicon a-Si:H/c-Si heterojunction solar cells with 21.5% efficiency[END_REF][START_REF] Mrcarica | Potential for mono-cast material to achieve high efficiencies in mass production[END_REF] several challenges have emerged and prevented the wide spread adoption of ML -Si mass production. Among these are the formations of dislocations initiated at the bottom of the ingot either in the seeds and/or at their junctions, leading to the formation of electrically active small angle grain boundaries. These small angle grain boundaries multiply and propagate during the growth process along the height of the solidified ingot degrading the photovoltaic performance of the obtained wafers.

The generation of dislocations in ML-Si has previously been related to the relative misorientation and the gap between the seeds [START_REF] Tsoutsouva | Monolike silicon ingots grown on low angle misoriented seeds: Defect characterization by synchrotron X-ray diffraction imaging[END_REF][START_REF] Trempa | Influence of grain boundaries intentionally induced between seed plates on the defect generation in quasi-mono-crystalline silicon ingots[END_REF][START_REF] Trempa | Defect formation induced by seed-joints during directional solidification of quasi-monocrystalline silicon ingots[END_REF][START_REF] Ekstrøm | Structure and dislocation development in mono-like silicon[END_REF] as well as the presence of precipitates. [START_REF] Tsoutsouva | Segregation, precipitation and dislocation generation between seeds in directionally solidified mono-like silicon for photovoltaic applications[END_REF][START_REF] Autruffe | The impact of oxygen precipitation on dislocation generation at small angle grain boundaries during seed-assisted directional solidification of silicon[END_REF] Furthermore, the formation of dislocations in the preserved seeds that propagate in the upgrown crystal during the solidification process has also been investigated. [START_REF] Oliveira | Influence of processing parameters on the generation and propagation of electrically active crystalline defects in monolike silicon[END_REF] Their generation has been attributed to different mechanisms: i) thermal stresses induced during heating and cooling down process, [START_REF] Jiptner | Thermal stress induced dislocation distribution in directional solidification of Si for PV application[END_REF] ii) poor surface preparation of the seeds, [START_REF] Ervik | Dislocation formation in seeds for quasi-monocrystalline silicon for solar cells[END_REF] iii) weight and/or indentation by the silicon feedstock, [START_REF] Ekstrøm | Structure and dislocation development in mono-like silicon[END_REF][START_REF] Oliveira | Sub-grain boundaries sources and effects in large mono-like silicon ingots for PV[END_REF] iv) contact points at the interface between adjacent seeds, [START_REF] Ervik | Dislocation formation in seeds for quasi-monocrystalline silicon for solar cells[END_REF] v) indentation by contact points between the seeds and the Si3N4 coating/crucible interface at the bottom of the crucible, [START_REF] Ekstrøm | Structure and dislocation development in mono-like silicon[END_REF][START_REF] Ervik | Dislocation formation in seeds for quasi-monocrystalline silicon for solar cells[END_REF] vi) formation of precipitates (silicides) punching out dislocations, such as SiO2 precipitates formed at high temperature during long annealing. [START_REF] Tempelhoff | Precipitation of oxygen in dislocation-free silicon[END_REF] V.A Oliveira [START_REF] Oliveira | Influence of processing parameters on the generation and propagation of electrically active crystalline defects in monolike silicon[END_REF] investigated the role of SiO2 precipitates on the dislocation formation in the seeds of monolike ingots in FZ (low oxygen content) seed instead of a Cz for the crystallization. The characterization of the seed zone by Xray Bragg diffraction imaging showed that the dislocation density and the cellular dislocation network in the FZ Si seed was quite similar to the one present in the CZ Si seed. This observation proves that SiO2 precipitates have none or very small contribution in the dislocation density inside the seeds of ML -Si ingots. Nevertheless, the principal sources and the mechanism of dislocation formation and propagation in the seed of ML -Si remain unclear. Assumptions have been made after ex situ characterization of the grown ingot but this approach is not able to isolate the dislocation sources and examine the internal spatial deformation distribution to provide an in-depth understanding. Moreover, additional stresses induced in the system during cooling down very likely generate new dislocations and modify those that have already been formed during heating up and solidification making the understanding from the ex situ investigations even more challenging. It becomes clear though that the current research progress is limited by the difficulty of accessing, understanding and controlling the physicochemical mechanisms acting during the heating -meltingsolidification process. This work focuses on the protocol of the heating process of FZ -Si seeds having different crystallographic orientation but a common direction normal to their surface and its impact on the dislocation formation. For this purpose, heating ramp test, at high temperature (up to 1623 K), is performed using FZ -Si seeds in a directional solidification furnace. The uniqueness of our approach is that the dislocation formation in the Si seeds, as a function of the temperature increase, is followed in real time by synchrotron Xray Bragg diffraction imaging techniques. This experiment allows us not only to identify the sources of dislocation generation and follow their evolution during heating but also to determine the activated slip planes with regards to the seed crystallographic orientation. An analysis on the role of seed surface preparation (front, back and edges), the seed holding system, the temperature levels, the temperature gradients (unavoidable or mastered) and crystallographic orientation on the morphology of the formed dislocations is performed.

Experimental Procedure

Heating ramp experiments are carried out in situ inside GaTSBI (Growth at high Temperature observed by Synchrotron Beam Imaging) device at beam line BM05 at the European Synchrotron Radiation Facility (ESRF). GaTSBI is a specially designed experimental installation composed of a high temperature directional solidification (DS) furnace employed in conjunction with synchrotron radiation X-ray imaging techniques. So far, GaTSBI has been used to perform in situ solidification experiments of monocrystalline and multicrystalline silicon to investigate the growth phenomena that occur during the solidification process. A detailed description of the whole equipment and the previously obtained results can be found in references. [START_REF] Tandjaoui | Real Time Observation of the Directional Solidification of Multicrystalline Silicon: X-ray Imaging Characterization[END_REF][START_REF] Tandjaoui | Investigation of grain boundary grooves at the solid-liquid interface during directional solidification of multi-crystalline silicon: in situ characterization by X-ray imaging[END_REF][START_REF] Riberi-Béridot | On the impact of twinning on the formation of the grain structure of multi-crystalline silicon for photovoltaic applications during directional solidification[END_REF][START_REF] Tandjaoui | Twinning occurrence and grain competition in multi-crystalline silicon during solidification[END_REF][START_REF] Tsoutsouva | In situ investigation of the structural defect generation and evolution during the directional solidification of 〈110〉 seeded growth Si[END_REF] In the present work, we take advantage of this unique experimental setup to follow in contains information about the deviation from the perfect crystal structure. This is a powerful technique dedicated to the visualization of defects-induced strain in general and in particular, of dislocations, inclusions, strong impurity gradients present in the monocrystal volume.

Indeed, it is sensitive to long range distortion fields and / or strain fields associated with a crystal deformation. This is made possible, because these distortion fields affect the diffracted intensity, so that a contrast (nonhomogeneous intensity distribution) is created in the recorded image.

Seeds are appropriately cut with a diamond wire (having particles of 60 µm in size) saw from a double-sided mechanochemically polished intrinsic (resistivity beyond 5000 Ωcm) FZ wafer 50.8 mm, {110} in surface orientation provided by SIL'TRONIX Silicon Technologies. No further chemical polishing has been applied afterwards, leaving the edge damage due to sawing.

The FZ -Si seeds are housed inside a pyrolytic BN crucible (Figure 1b) one side of which has a hollow with the following dimensions: length 40 mm, width 6 mm and depth 0.35 mm. The pyrolytic BN has been chosen as the material for the crucible, since it is almost transparent to X-rays, in the range of the used wavelengths, does not give additional diffraction images to the detector, presents stability at high temperatures and can be machined. To limit any stresses that can be introduced in the seed during heating, even though the low difference in thermal expansion coefficient between Si and BN, the seed dimensions have been defined to be (38.0 ± 0.6) mm × (5.8 ± 0.6) mm × (0.30 ± 0.01) mm that are shorter dimensions in length and width as compared to the hollow of the BN crucible. However, the thickness of the seed and the depth of the hollow in the BN are nearly alike, since usually, the seed is partially melted and Si flow along the BN walls should be avoided for further studies of recrystallization from the seed. Noteworthy, the Mo clips allow both part of the crucible being tightly maintained in contact, casually to prevent the melt from flowing in the furnace. The furnace is specially designed to impose a dominant vertical temperature gradient that allows vertical directional solidification while smaller amplitude radial and transverse gradients might exist.

The heating ramp process is the same for all the examined cases and is presented, in figure 2, for the representative case of the seed oriented <100> along the vertical direction (length direction), FZ<100>. The seed is heated by applying the same temperature at the bottom and top resistance of the furnace during 2 hours and 40 minutes, up to 1373 K and then a temperature gradient of 30 K/cm is imposed during 30 minutes of heating. To study the impact of both mechanical and thermomechanical stresses on the generation, multiplication, propagation and interaction of dislocations in FZ -Si seeds, multiple Bragg diffraction images are recorded during the high temperature ramp heating process. Figure 3 shows selected diffraction images recorded during heating for the three {110} seeds voluntarily cut with different crystallographic orientations along the vertical direction corresponding as well to the applied temperature gradient direction.

In all cases, even at low temperature (873 K), both side edges of the seed are darker in comparison to the central part of the crystal, similarly to figures 3a, 3d and 3g. As the temperature increases, the Bragg diffraction images reveal the propagation of dislocations, initiated at the edges, throughout the whole width and length of the seed. These dislocations, which appear as dark parallel straight lines in the images, follow specific crystallographic directions (Peierls valleys, <110>) that are different in each seed and are related to its crystallographic orientation. It is worth noting that this kind of dislocations appear in FZ<100> at 1373K (horizontal dark lines in figure 3b), whereas no temperature vertical gradient is applied. , (d-e), (g-h): no vertical applied temperature gradient; (c), (f), and (i), a 30K/cm vertical gradient Gl is applied.

In the examined seeds, we observe three different morphologies of dislocations that are gathered and presented in magnified images in figure 4. Figures 4a,b,c show the morphology A of dislocations that appear as straight long segments in seeds FZ<100>, FZ<110> and FZ<111> respectively. In addition to this morphology of dislocations, there are also many short-tangled dislocation (morphology B) elongated up to 300 µm from the edges of the specimen (Figure 4d). Moreover, some straight and short scarce "staple-like" shaped dislocation segments (morphology C in figures 4e and f, triangles in orange in figures 3f and 3i) are also present.

The latter seems to interact with morphology A dislocations (see figures 4e and f). The dislocation density in the three examined specimens is not uniform and varies in different areas in the same seed. However, indicative values of the dislocation density can be given according to the contrast of the Bragg diffraction images. In diffraction images, a single dislocation induces a contrast so that in the uniformly grey zones that are free of dark segments or lines, the dislocation density is 0 cm -2 . In areas that appear very dark in the diffraction images, such as the edges of the seeds, the dislocation density is ≥10 6 cm -2 , in areas where individual lines can be distinguished, it is estimated to ~10 4 cm -2 . [START_REF] Burns | HPHT growth and x-ray characterization of high-quality type IIa diamond[END_REF] To evidence the possible {111} slip planes to be activated with regards to the crystallographic orientations of each seed, figure 5 The fact that some gliding systems are activated or not, and some dislocation sets are present or not in the seeds is discussed in part 4. An analysis of the dislocation sources, the role of temperature and of the crystallographic orientation on the generation and propagation mechanisms of dislocations is performed. This analysis focuses on morphology A dislocations that are the most abundant and that propagate all along the width or length of the seeds.

Discussion

FZ -Si is the closest possible to a perfect crystal, with very low impurity concentration and no as grown extended defects, as confirmed in figures 3a, d, g. The dark edges of the seeds, in these Laue spots, prove that these zones are more strained than the internal part of the Si crystal denoting that the wire sawing process introduces local stacked strain in these regions, due to the mechanical interaction of the abrasive grit with the Si. The uniform gray contrast observed in the center of these Bragg diffraction images proves that the central region is "perfect" from the crystalline point of view and regarding strain. Thus, the sole possible source of dislocations found in the seeds is the surface damage induced by the sawing step. Saw damage is well documented as being present in the first few micrometers of an as-cut wafer, [START_REF] Wu | Mechanical Strength of Silicon Wafers Cut by Loose Abrasive Slurry and Fixed Abrasive Diamond Wire Sawing[END_REF] the work hardening depending of course on the diameter of the diamond particles present on the wire. Saw damage induces residual stresses, compressive in nature in the range from -20

MPa to -85 MPa including stresses having a component in both the x-and y-coordinate directions, namely, σxx and σyy. [START_REF] Pogue | Measurement and analysis of wire sawing induced residual stress in photovoltaic silicon wafers[END_REF] When those stresses exceed the Si critical shear stress, they cause plastic deformation and/or micro cleavage. [START_REF] Sopori | 1 National Renewable Energy Laboratory, Golden, CO 80401, USA, Surface characteristics and damage distributions of diamond wire sawn wafers for silicon solar cells[END_REF] However, the presence of this local strain = 0

The values of m for each glide system and each stress direction allows discriminating which glide planes can be activated (if m≠0) or not (if m=0) and which ones are the most probable to release the applied stress, that are the glide systems having the highest m value called primary glide systems. The secondary glide systems can still be activated if their resolved shear stress remains beyond the critical threshold to move dislocations at the studied temperature. The corresponding results are given in table 1.

Table 1: 5a). However, since the dislocation pattern is horizontal, the activated planes can only be (111) or (111 ̅ ). If the uniaxial stress along [001 ̅ ] would have expand morphology A dislocations, all the slip planes would have been activated, which is not the case. The same reasoning holds for the two other seed orientations. Consequently, it is eventually found that the activation of the respective slip planes for the three seeds (Figures 5 a,b,c) can only be caused by an applied external force perpendicular to the largest surface of the seeds, inducing a stress along <110>.

FZ<100>

Wittge et al. [START_REF] Wittge | X-ray diffraction imaging of dislocation generation related to microcracks in Si wafers[END_REF][START_REF] Wittge | Dislocation sources and slip band nucleation from indents on silicon wafers[END_REF] investigated the dislocation sources and slip band nucleation from indents on silicon wafers and they also observed an asymmetry on the slip plane activation that was attributed to the different temperature gradient within their furnace in the vertical and horizontal directions. They also found slip nucleation at the periphery of the wafer which cannot be correlated with the intended points and they did not determine the edge defects that induced such a slip nucleation.

On the one hand, due to the complexity of the set up system in the furnace (BN crucible, Mo tweezers, graphite fixing screw, etc…), it is not possible to simulate the exact thermal gradients that may exist in the sample. On the other hand, the impact of the thermo-mechanical stresses induced in the sample by the heating ramp and/or the applied temperature gradients would require analyzing a three-dimensional, non-linear, multi-body contact and stress simulation, which is out of the scope of this manuscript. However, a simple stress tensor matrix calculation is used to determine the possible activated glide systems (see in the appendix the extended calculations for FZ<100>). It shows that the possible temperature gradients that may exist in the furnace should activate all the glide planes in our samples, which is not observed.

Thus, it is likely that the driving force expanding the dislocations in the seed is related to mechanical stresses induced by the complex crucible / sample holder system.

The present experimental results show that the state of the side surfaces of the seed after wafering process can be the origin of dislocation nuclei. The dislocation velocity depends on the shear stress applied on the different slip planes and on the temperature if we consider thermally activated dislocation glide. Therefore, dislocation nucleation and propagation could be reduced by optimizing the seed surface preparation in order to eliminate the dislocation sources, controlling the crystallographic orientations and / or the mechanical stress in the crucible in such a way that the resolved shear stress applied on the slip glide systems becomes lower than the critical resolved shear stress to develop dislocations.

To further investigate the impact of the saw process on the generation of dislocations during the heating process, an experiment is performed, under the same experimental conditions, using a seed that has been chemically polished, prior HF bath followed by a CP4

polishing with a newly fabricated solution at room temperature during 3 min after the cutting process, in order to smoothen the damaged zone at the edges. Using this process, we attempt to remove all dislocation sources induced by sawing and prevent the dislocation propagation during the temperature ramp. However, the sole chemical polishing is not efficient enough: a fine combination of mechanical and chemical polishing is mandatory. The obtained results (not presented in the present manuscript) as well as the conclusions withdrawn, concerning the relationship between the seed orientation and the preferential activation of slip planes, are identical with those presented in this work. The only remarkable difference is that the dislocation propagation event has been delayed during the heating process with prior chemical polishing. Instead of a dislocation propagation occurrence at 1423 K, this event happens at 1673 K just before the melting started. This fact denotes that the dislocation sources induced during the sawing process have been attenuated by chemical polishing but they have not been fully

removed. Nonetheless, it should also be noticed that both front and back sides of the seed do not allow any dislocation generation during none of the examined experiments, excepted very scarce ones likely due to seed handling. Thus, from the current experimental observations and under the present experimental conditions, it seems that the industrial wafer double sided mechanochemically surface polishing (SIL'TRONIX Silicon Technologies [27] ), efficiently removes all dislocation sources and thus prevents the propagation of dislocations in the seed.

Conclusions

Temperature ramp heating experiments have been carried out in a directional solidification furnace on diamond wire saw FZ -Si seed with different in plane crystallographic orientations. The in situ Xray diffraction imaging investigations performed during the heating process reveal that the wafering process induces dislocation sources via deformation and/or micro-cleavage at the edges of the seed. Lattice distortion, limited only to the edges, appears on the diffraction images even at very low temperature (lower than 873K). When increasing the temperature, the edges become more strained and eventually dislocations nucleate, forming half-loops but always remaining close to the edges. When temperature reaches 1373 K, dislocation propagation occurs throughout the entire width of the seed with, interestingly, the activation of specific crystallographic slip planes depending on the seed crystallographic orientation. This preferential activation of slip systems allows us to essentially attribute it to an applied external stress induced by the crucible holding system, lying along <110>, across the thickness of the seed. When the examined seeds are chemically polished after the cutting process, in order to remove the edge damage and thus the dislocation sources, the dislocation propagation event is delayed during the heating process; it happens at 1673 K. In all cases, dislocation generation is not observed on the front and back side of the wafer denoting that the industrial wafer double sided mechanochemical surface polishing efficiently removes all dislocation sources. Knowing that in the monolike Si process dislocations formed in the seeds during the heating and melting process expand in the growing ingot afterwards during the solidification process, seed cutting and surface preparation is of major importance. Sources of dislocations need to be eliminated both at the surfaces of the seeds that are in contact with the anti-releasing coating of the crucible below, and the silicon feedstock above and their side edges as well, during the cutting and preparation process. A special care must be taken to limit mechanical stresses on the seeds, such as the ones induced by the weight of the feedstock on the top of the seed.

Let us check now that the resolved shear stresses which are  ̿ (Ro). n {111} ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ .b ⃗ , where h, k, l are the Miller indexes of the four glide systems and b ⃗ is each of the three Burger vectors belonging to each {111}, is in good agreement with the simple calculation of Schmid factor.

Indeed we find with the letter "a" being the Si lattice parameter: In conclusion, with a shear stress in xy sample plane, all glide systems can be possibly excited and in particular the ones having a common Burgers vector in each couple of either experimentally active glide planes (see figure 3b It is likely that the main stress capable to drive dislocation through the entire crystal is a compression stress along the y axis of the seed.

Figure 1 :

 1 figure 1a. The DS furnace is based on two resistive heating elements (top and bottom) schematically depicted in figure 1a and is operated under a secondary dynamical vacuum (~10 - 6 mbar). X-ray Bragg diffracted images, corresponding to different {hkl} diffracting planes, are regularly recorded on Xray sensitive films (AGFA Structurix D3-SC, 17.6×12.5 cm 2 )

Figure 2 :

 2 Figure 2: Thermal annealing profile, where Tb and Tt are the applied-temperatures

Figure 3 :

 3 Figure 3: Bragg diffraction images of the FZ -Si seeds during heating ramp. 𝒈 ⃗⃗ is the

Figure 4 :

 4 Figure 4: Magnified Bragg diffraction images of the three different morphologies of

Figure 5 :

 5 Figure 5: Stereographic projections of the studied FZ<hkl> -Si seeds. <hkl> is the direction

  remaining after the sawing step can only explain the formation of the morphology B dislocations. It cannot be the origin of the driving force for the propagation of morphology A dislocations while heating, through the crystal width or length, via the activation of different specific slip planes in each case. An external stress beyond the critical shear stress for the activation of the specific slip planes at the corresponding temperature should be applied to the system to explain the propagation length of morphology A dislocations. Let us have a look at the effect of three stress directions, regardless their origin but perpendicular to each seed surfaces ((xy) plane, bottom; (xz) plane, thickness; (yz) plane, front and back surfaces of the seed). This uniaxial stress and thus the Schmid's factor m of the corresponding inducedresolved shear stresses for the three orientations of the seeds can be calculated for each slip system. An example of the Schmid factor calculation in a cubic crystal for a stress applied parallel to[1 ̅ 10], on the slip plane (111), for a slip direction (Burgers vector) [011 ̅ ][START_REF] Schmid | Plasticity of Crystals, with special Reference to Metals, Kristallplastizität: Mit Besonderer Berücksichtigung der Metalle[END_REF] is given by the following equation: 𝒎 [𝟎𝟏𝟏 ̅ ](𝟏𝟏𝟏) = (𝟏 * (-𝟏)+𝟏 * 𝟏+𝟏 * 𝟎) √(𝟏 𝟐 +𝟏 𝟐 +𝟏 𝟐 ) * √((-𝟏) 𝟐 +𝟏 𝟐 +𝟎 𝟐 ) * (𝟎 * (-𝟏)+𝟏 * 𝟏+(-𝟏) * 𝟎) √(𝟎 𝟐 +𝟏 𝟐 +(-𝟏) 𝟐 ) * √((-𝟏) 𝟐 +𝟏 𝟐 +𝟎 𝟐 )

  Schmid's factors m calculated for all FZ <hkl> seeds considering the presence of a uniaxial stress applied along the three perpendicular dimensions of the seeds (width w, length l, thickness t). The column highlighted in red, points out the directions of the seed along which the applied stress corresponds to the experimental observations of morphology A dislocation propagation.



  All is in agreement with simple Schmid factor calculations. Now let us evaluate the resolved shear stress due to a pure shear in the (xy) plane (see table) for instance, due to a vertical temperature gradient Gl (which can be voluntarily applied or being residual even when the top and bottom temperature of the resistors are set equal, which should not happen since the furnace is designed to master their temperature); ̿ (R FZ<100> ) = ( ̿ (Ro) = t (Rz(45°))  ̿ (𝑅 𝐹𝑍<100> ) Rz(45°)

))

  of the submitted paper) such as (111) and (111 ̅ ) with b ⃗ = 𝑎/2[1 ̅ 10] and the non-experimentally active glide planes such as (1 ̅ 11 ̅ )and (1 ̅ 11) with b ⃗ = 𝑎/2[110] : all these four primary glide systems have the same probability to relieve stress. Now let us evaluate the resolved shear stress due to a pure shear in the (xz) plane (see table) for instance, due to a horizontal temperature gradient Gt. In the sample coordinates, the corresponding stress matrix would be written as: and can be written in (Ro) as  ̿ (Ro)= ( Once more, let us calculate the resolved shear stress on the 12 different glide systems: aE/(2√2) If any shear stress existed in xz plane, unless only the primary planes were excited the (1 ̅ 11) and (1 ̅ 11 ̅ ) should also have been excited (unless the resolved shear stress in those planes is still too low to move dislocations). Eventually, let us see the effect of the presence of a shear stress in the (yz) plane of the sample (temperature gradient existing indeed across the width of the seed Gw): and can be written in (Ro) as  ̿ (Ro)= ( The primary glide planes would be in (1 ̅ 11) and (1 ̅ 11 ̅ ) planes having a Burgers vector b ⃗ = 𝑎/2[110] which is not visible in figure 3b of the paper, due to the used diffraction vector. Nevertheless, all other secondary glide systems would have then the same probability to relieve stress, thus both (1 ̅ 11) and (1 ̅ 11 ̅ ) would have contained visible dislocations.

  

  

Table 1

 1 

	Uniaxial stress	w	l	t
	Applied stress direction	[𝟏 ̅ 𝟏𝟎]	[𝟎𝟎𝟏 ̅ ]	[𝟏𝟏𝟎]
	Slip plane	Burgers vector	Schmid's factors
	(𝟏𝟏𝟏)	[𝟏 ̅ 𝟏𝟎]	0	0	0
	(𝟏𝟏𝟏)	[𝟎𝟏𝟏 ̅ ]	0	-0.408	0.408
	(𝟏𝟏𝟏)	[𝟏𝟎𝟏 ̅ ]	0	-0.408	0.408
	(𝟏𝟏𝟏 ̅ )	[𝟏 ̅ 𝟏𝟎]	0	0	0
	(𝟏𝟏𝟏 ̅ )	[𝟎𝟏𝟏]	0	-0.408	0.408
	(𝟏𝟏𝟏 ̅ )	[𝟏𝟎𝟏]	0	-0.408	0.408
	(𝟏 ̅ 𝟏𝟏)	[𝟎𝟏𝟏 ̅ ]	0.408	-0.408	0
	(𝟏 ̅ 𝟏𝟏)	[𝟏𝟏𝟎]	0	0	0
	(𝟏 ̅ 𝟏𝟏)	[𝟏𝟎𝟏]	-0.408	0.408	0
	(𝟏 ̅ 𝟏𝟏 ̅ )	[𝟎𝟏𝟏]	0.408	-0.408	0
	(𝟏 ̅ 𝟏𝟏 ̅ )	[𝟏𝟏𝟎]	0	0	0
	(𝟏 ̅ 𝟏𝟏 ̅ )	[𝟏𝟎𝟏 ̅ ]	-0.408	0.408	0

underlines that in FZ<100> for example, if a uniaxial stress along

[1 ̅ 10] 

were responsible for the propagation of the morphology A dislocations, then (1 ̅ 11) and (1 ̅ 11 ̅ ) glide planes would have been activated. Hence, in that case, a diagonal dislocation pattern would have been observed according to the stereographic projection (see figure
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Appendix

Let us determine the matrix components in the crystallographic coordinates system (Ro) of a stress applied along the y axis in (RFZ<100>) (see table below) since this seed does exhibit morphology A dislocations when vertical temperature gradient Gl is still set to zero at 1073K. In this appendix, the activated glide systems are written in bold and the primary ones are in red.

At high temperature, both primary and secondary glide systems are usually activated.

In all the studied seeds dislocations are visible solely in (111) and (111 ̅ ). 

Table giving the method to determine the stress matrix for FZ<100> : a) scheme of both coordinate systems (crystallographic (Ro) or linked to the sample (RFZ<100>)); b) to e) determination of the components of the stress matrix in (Ro) due to a stress applied along y in (RFZ<100> ). Note that t (Rz(45°)) is the transposed matrix of (Rz(45°)) which is the rotation matrix of 45° about the z axis.