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Abgract

The growth of multicrystalline silicon and the faation of a random angle grain
boundary, as well as the dislocation generationexhnsion is observed dynamically
in situ, by Synchrotron X-ray imaging techniques. The fosukept on a random angle
grain boundary since its behavior is particularhportant to better understand the HP
mc-Si (High Performance Multi-crystalline Silicophotovoltaic properties. Due to the
process conditions and to the grain competition ticaurs during the solidification, a
facetted {111} /facetted {111} groove is formed thys random angle grain boundary at
the solid/liquid interface. It is shown how the phaof the solid/liquid interface allows
the change of the preferential {111} growth faceid aaffects the grain boundary

propagation direction. In one of the groove confagions, the two adjacent {111}



facets do not have the same growth velocity and asnsequence the corresponding
grain boundary does not follow the bisector ofdngle between the two facets. Indeed,
the direction of the grain boundary is determingdhe growth velocities of the facets
which control the grain competition. Moreover, anthese experimental conditions a
clear relationship is observed between the exist@iagandom angle grain boundaries
and the local generation of dislocations as welthasr expansion. By comparison,

dislocation emission is not observed at the le¥&3{111} grain boundaries.

Keywords X-ray radiography, Bragg diffraction imaging (topaghy), crystalline defects,

dislocations, grain growth, grain competition

1 Introduction

Unlike the traditional mc-Si process characterizbyg large grains and
predominant electrically-inactive twin boundariethe crystal growth of high-
performance multi-crystalline silicon (HP mc-Si) kjirectional solidification is
nucleated on uniform small grains, resulting inatenal with a high fraction of random
angle grain boundaries (RAGBs). The HP mc-Si pacept and the first results
were presented in the 5th International WorkshopCoystal Growth Technology in
June of 2011 by Professor C. W. Lan [1]. The ingsfidified with this technique
present not only a better uniformity and a high@dpction yield but also an improved
material quality for photovoltaic applications. &n2011, different approaches have

been proposed to obtain such a grain structure] [AH6a result, the average efficiency



of HP mc-Si solar cells in production increaseoinfr16.6% in 2011 to 18.5% or

beyond in 2016 [7].

The lifetime of HP mc-Si is in general uniform amgdher than what was achieved

for the traditional mc-Si due to the limited infhee of the harmful dislocation clusters.

Indeed, the areas with high dislocation densitycar&ined in the small grains and the

propagation of dislocation clusters from the bottmnthe top seems to be blocked by

the presence of RAGBs [7]. Trying to understand ithwlved mechanism leading to

the improved performance of the HP mc-Si, differgr@ories have been proposed in

relation to grain growth, dislocation generationultiplication and interaction with

grain boundaries.

It is believed that the uniform and small-graindducture reduces the stress

concentration at the initial stage of solidificatiand thus the initial dislocation

generation. It has also been suggested, howevdrwutitclear evidence, that the

presence of RAGBs can additionally relax streshesugh a slip mechanism at high

temperatures [6,8]. It is expected that since tlobal stress is reduced and that the

dislocation sources are less abundant, the disbocatultiplication mechanisms are less

active. Stokkaret al. [9] assumed that RAGBs contain heavily mis-recacséd bonds

so that when the predominantly vertical clusterkatiice dislocations interact with such

boundaries the bonds can be more easily rearrangéd the grain boundary energy



changes very little. Hence, the boundaries corms$go more ductile areas (than the
grain themselves) where the dislocations can gpéd Whatever mechanism, due to
the existence of a high length fraction of RAGBHHR mc-Si, where dislocations are
prevented to move across, the development of ldiglecation clusters during growth
is limited. Furthermore, from recent investigatioinsvas shown that the recombination
activity of the grain boundaries in HP mc-Si wafess much lower than in the
conventional mc-Si but the reason of this obseowastill remains unknown [10, 11].
Apparently, apart from the grain size, the crysgaphic relationship and the lattice
misfit between two adjacent grains have a sigmificanpact on the dislocation
movement and thus, on the minority carrier lifetimehe area of the grain boundary

[12].

The detailed mechanisms of grain competition aridcten that lead to grain
boundary formation as well as dislocation genematimultiplication and interaction
with grain boundaries (nucleation and/or terminagtiare not well understood. A better
knowledge of these mechanisms is a prerequisitedotrolling the final structure and
is thus vital to be able to achieve the desiredtatyproperties. However, it is difficult
to get an understanding of the phenomena that ahaumg the solidification process,

by ex situ characterization of the cooled down crystal. Themo information left about



the morphology of the solid/liquid interface and tbe grain competition dynamics

during growth.

In the present work, our approach to tackle thisllehge is to observe
dynamically the directional solidification of sibo, by a combination of X-ray
diffraction imaging techniques: X-ray radiographydaBragg diffraction imaging
(Topography). By X-ray radiography it is possibte follow the morphology of the
solid/liquid interface which gives information atidhe growth kinetics, whereas Bragg
diffraction imaging allows followingin situ the evolution of the extended defect
formation. The formation of a RAGB and its interant with extended defects are
studied in particular since RAGBs have been idettias one of the main features

leading to the improved PV performance of the HPShimgots.

2 Experimental

The directional solidification experiment is cadieut in a dedicated installation
named GaTSBI (Growth at high Temperature obserye&4pay Synchrotron Beam
Imaging), which is installed at the European Syatlon Radiation Facility (ESRF).
GaTSBI is composed of a Bridgman-type high tempeeaturnace equipped with two
resistive heating elements (top and bottom) anmbigpled within situ X-ray imaging

techniques. X — ray radiography is performed usirsgecific CCD camera developed at



the ESRF named FReLoN (Fast Readout Low- Noise) 2@48x2048 image pixel
size. An optic giving 5.&im pixel size and 11.9 x 11.9 rArield of view is used.
Alternately during the same solidification experitheX-ray Bragg diffracted images
(of Von Laue patters), corresponding to differenkl} diffracting planes, are regularly
recorded on X — ray sensitive fims (AGFA StructuD3-SC, 17.6x12.5 cfi
positioned at a distance of 300 mm from the sampite Bragg diffraction imaging
technique is sensitive to long range distortiotdBeand / or strain fields associated with
crystal deformation. Indeed, the distortion fietdfect the diffracted intensity, so that a
contrast (non — homogeneous intensity distributisngreated in the recorded images.
As a consequence, defect-induced strain in gemm@lin particular, dislocations are
visible due to the deformation they cause to thestailine network in their vicinity.
Due to the small beam divergence and to its laizgs the whole width of the sample is
illuminated and the recorded diffraction spots eaminformation concerning the level
of crystal perfection and/or deformation includidiglocationslt is worth mentioning
that in the diffracted images, contrast variati@asm also be due to different Bragg
angles (superimposition or separation) of two ddfed zones with a different
orientation. This case is neither observed norudised in the present work. A more
detailed description of the experimental conditjottee imaging techniques, image

processing and the previously obtained resultdbediound elsewhere [13-15].



In the present work, the initial monocrystallines@mple is appropriately cut (38
mm x 5.8 mm x 0.3 mm) from a double side mechambemically polished intrinsic
(resistivity beyond 500Q2cm) FZ wafer 50.8 mm, {110} in surface orientation
provided by SIL'TRONIX Silicon Technologies. Afténe cutting process, the sample
is chemically polished in order to smoothen the aged areas due to the cutting step:
first an HF bath followed by a CP4 polishing, witmewly fabricated solution at room
temperature during 3 min. Solidification experingerire performed under dynamic
vacuum (~18 mbar) while the sample is housed in between towlgiic BN plates, in

a cavity with dimensions: length 40.0 mm, width 1t and depth 0.3 mm.

The sample is heated by applying the same temperatuthe bottom and top
heating resistances of the furnace up to 1373 kenTla temperature gradient of 30
K/cm is imposed between the two heating resistanodi$ partial directional melting
from top to bottom is achieved. After the stabiliaa of the solid/liquid interface, a
cooling rate of -1 K/min is applied on both heatersstart a directional solidification

from bottom to top, while recording X-ray imagesboth types.

After solidification, the sample is analyzed biectron backscatter diffraction
(EBSD) on a SEM JSM840 using it step size and on a FEG-SEM, Zeiss Ultra, 55
Limited Edition using 3um step size for selected regions. In order to d¢peobtained

crystallographic orientations of the grains in saple, inverse pole figures (IPF) maps



are generated with respect to the three main drectrelatively to the sample:

perpendicular to the sample surface (x), transv@rsand along the growth direction

(z). Coincidence site lattice maps (CSL) show CSlurdaries as defined by the

Brandon criteria [16].

3 Experimental results

As already mentioned in the introduction, the psmof the present work is the
investigation of the growth kinetics and of theesmxded defect generation related to the
formation and evolution of a random angle grain ritary (RAGB) during the

solidification process.

Figure la presents the inverse pole figure map )(IBEng the direction
perpendicular to the sample surface obtained byEBfSpart of the solidified crystal.
The CSL EBSD map, recorded at higher resolutiopni3step size) in the area limited
by the dotted rectangle (Figure 1b), reveals thaildeof the grain structure and of the

grain boundary characters.
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Figure 1. EBSD measurements (Gi are the names dffatent grains, 1<Gi<6); a)
Inverse pole figure map along the direction perpecalar to the sample surface,
using 15um lateral step size and b) coincidence site lattrnap (CSL) in the area
limited by the dotted rectangle in Figure l1a,3n lateral step size. The dotted circle

corresponds to the change of the RAGB direction,eahG1l meets G4, as growth

proceeds.

In the following, the experimental results and dssion focus on the area where a
RAGB is formed as the result of the grain compatitbetween Grain 2/Grain 3 and
Grain 2/Grain 4 (the respective grains are marle®2, G3 and G4 in Figure 1). The
complete EBSD information allows to conclude thatigs G3 and G4 have exactly the
same crystallographic orientation (they appear urple color in Figure la) and are

separated between them by the diagonal twin cr@&ahat can be hardly distinguished



in Figure 1a, because of the lower resolutionMthith is clearly revealed in Figure 1b.
During growth, the grains G3 and G4 enter in comtipaet with the grain G2 forming
RAGBs that propagate along different growth dir@ts. On the one hand, in the case
of G2/G3, the RAGB formed is almost vertical antidies the growth direction. On the
other hand, shortly after the intersection with dieegonal double twin G5, when G2/G4
meet each other, the RAGB growth direction changesarkably (dashed circle in
Figure 1b). Indeed, it turn towards the right wigference to the growth direction,
looking along the x direction. In order to investig this behavior, the facet growth
kinetics as well as the competition mechanism betw&2, G3 and G4 are further
analyzed. For that purpose, the stereographic grofes of the {111} poles
corresponding to the plane view normal to the sangpirface direction (axis x) are

presented in Figure 2.
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Figure 2: Stereographic projections of the {111} Ips of grains G2, G3, G4 and G5,
the pole axis (x) being along the direction perpecwar to the sample surface. The

{111} poles marked with the green and purple diandosymbols correspond to the
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facets that preferentially drive the G2 and G3/G4owgth during the solidification

process respectively.

The morphology of the solid/liquid interface at tlegel of the RAGB formation
between G2/G3 and G2/G4 is revealed in live by Xrediography and representative
images are given in Figure 3a and b. The radiogmgfigure 3a corresponds to the
instant t = § + 75s (§ corresponding to the beginning of the solidificatiprocess),
before the position indicated by the dotted ciiald-igure 1b while the radiograph in

Figure 3b corresponds to the instant t,= t194s, after the position indicated by the

doted circle in Figure 1b.
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Figure 3: X-ray radiography zoomed image at the é¢wf the facetted/facetted grain
boundary groove formed at the solid/liquid interfac as the result of the grain
competition between a) G2/G3 (t 5 75 s) and b) G2/G4 (t 3+ 194 s) respectively.
Graphical add — ins are superimposed on the imadey and (iii) for a better

understanding of the discussion that follows, dorresponds tahe beginning of the

solidification process.

The images are the result of a pixel by pixel donisof two successive raw
images. The image treatment is required to incraase contrast and reveal the
solidification front and allows the study of thendynical interface and facet evolution
[13]. The solid appears in white (less dense) dedlijuid in grey (denser) and since
the image is a division of successive images, thigevcontrast means that a liquid layer

in the previous image has solidified in the follagrimage.

Both radiographs show that the encounter of gr&&53 and G2/G4 creates a
facetted/facetted groove at the solid/liquid irded but of different shape. The traces of
the {111} corresponding to the facets seen in @ty at the solid/liquid interface are
indicated in Figure 3a (ii), (iii), b (ii), (ii)The inclinations of the {111} facets are in
agreement with the respective poles on the steapbgr projections for both grains
(Figure 2). The growth of G2 is driven by i€411) facet in both grain boundary
grooves (G2/G3 and G2/G4). Tif@11) facet is perpendicular to the sample surface

12



direction (edge zone) and 36° inclined by the ghoditection. Even if G3 and G4 have
exactly the same crystallographic orientation, rtigeowth is driven by different {111}
facets at the level of the grain boundary groovihvd2. On the one hand, G3 grows
along the(111) facet which is 66° inclined by the sample surfdiection and 45°
inclined by the growth direction (Figure 2). On th#her hand, G4 grows along the
(111) facet that is almost perpendicular to the growtbation and 56° inclined by the
sample surface direction (34° by the edge zoneg. tfdce of the bisector of the angle
between the two facets is also shown with a dasj@kbw arrow in the same
radiographs. It must be noted that the actual tseaf the groove facets is slightly
different from the apparent bisector of the traicethe figure due to the inclination of
the G3(111) and G4 (111) facets relatively to the plane of the figure. Taetual
bisector and its trace is found by the use of aff\pibt on the two pole figures. In
Figure 3, the black arrow shows the actual mesasatipection of the formed RAGB

and the blue dotted line is an estimation of tie¢hisrm shape.

The RAGB formed as the result of the grain comjmetibbetween G2 and G3
(Figure 3a) follows the bisector of the angle bewéhe two facets({11) and(111))
as proposed by the model of Duffar et al. [17], wHmoth {111} facets of the
facetted/facetted groove grow at the same rateth®wcontrary, when G2 and G4 enter

in competition, the formed RAGB does not follow thisector of the angle between the
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two facets (Figure 3b) denoting that tfiel1) and (111) facets of the groove grow

with different rates.

To confirm this statement, the growth velocitiesmal to the facet planes in the
case of G2/G3 and G2/G4 grain competition are nredsnom the radiography images
recorded during the solidification. Figure 4 shdiws displacement of the normal to the
facets as a function of time as growth proceed Hred slope of the trend line
corresponds to the average facet growth velocifssillustrated in Figure 4a, in the
case of G2/G3 grain competition the average famawuth velocities of GZ111) and

G3 (111) are comparableVfz, = (2.29 £ 0.09) x 10™°m/s and V4 = (2.21

0.05) X 107%m/s).
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Figure 4: Displacement of the normal to the a) G23@&nd b) G2/G4 {111} facets as a
function of time, during the solidification proces@as measured using the time-
resolved X-ray radiography images. The slopes & thend lines corresponds to the
velocity normal to the facet. The error of the memsment is within the size of the

symbols.

The respective curves for G211) and G4(111) are presented in Figure 4b.
For both grains, the measured points can be gromp®eb zones, zone | and zone I, in
which G2 as well as G4 accelerate. However, in lzotes | and Il, G2 grows faster
than G4 implying that the growth kinetics of theotwrains are not identical. The
average measured growth velocity of the solid/tiginterface in this experiment is
V; = (2.10 £ 0.05) x 10~5m/s (measured from the dynamic radiography images) and
is always higher than the {111} facet growth raseeapected due to the slower kinetics
of {111} facets. The local temperature gradigatis calculated with the equation

G = R/V, whereR = 1.66 x 1072 K/s is the cooling rate applied to both resistive

heaters to start solidification during the expenmé& = (7.9 + 0.4) x 10?2 K/m [18].

White beam X-ray Bragg diffraction images are rdeokin situ during the same
solidification experiment and representative imagfethe G2, G3 and G4 grain growth
evolution are shown in Figure 5a and b. Figureifaa(d b (ii) show the diffraction

images of the grains when G2 grows in competitiah vts neighbor G3, while Figure
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5a (iii) and b (iii) correspond to an instant judter G2 enters in contact with G4,
instead of G3 (position of the dotted circle in Uiigg 1b). G3 and G4 diffract together in
the same diffraction spot (Figure 5b) because thaye the same crystallographic
orientation [19]. Equal-thickness fringes, relatiedPendellésung fringes are clearly
observed in the crystal. This contrast is attridute the dynamical diffraction effect

inside the crystal matrix and indicates a highdefecrystalline quality (less than 10

cm? dislocation density [20]). Thus, as long as thieges are observed, G2 and G4

grow as high quality crystals.
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Figure 5: White beam X-ray Bragg diffraction imagesken during the solidification
process a) G2; b) G3 and G4 grain growth, dorresponds to the beginning of

solidification.

However, the intensity distribution is not homogeume and some areas are
significantly darker than others. As explained lre texperimental section, in Bragg
diffraction images, dark areas correspond to highdyormed/strained areas and the
dislocation density is estimated to bel(® cmi®. At the instant when G2 and G4 enter
into contact, the formation of the inclined RAGBascompanied with the generation
and emission of dislocations in both adjacent graimat become more and more
strained as growth proceeds (Figure 5 (iii) to)(vin general, there is a strong
correlation between the highly strained areas aedgtain boundary types (Figure 1b)

formed due to the competition between G1 - G6 disbeidiscussed in further details in

the following section.
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4 Discussion

4.1 Facet growth kinetics and grain competition mechanism

Solidification started from the nucleation on numes randomly oriented grains
that can be seen in Figure 1. G1 — G6 grains egs@ifom the competition between the
initially growing grains. Depending on the grainemtation and on the direction of the
resulting grain boundary relatively to the growihedtion, some of the grains expand
during the solidification process while others Idee competition with the adjacent
grains and disappear [21]. In the experiment desdrihere, G3 and G5 lose the
competition and as a consequence G2 and G4 entecamtact as growth proceeds

(dotted circle in Figure 1b).

Under the present experimental conditions, indepetigl from the macroscopic
growth directions of G2, G3 and G4, the growth aaifided by the slowest growing
planes and a clear {111} facet appearance at tha/Isquid interface can be seen for all

grains in the radiography (Figure 3a, b) and Brdiffgaction images (Figure 5a, b).

The radiograph reveals that when G2 and G3 mefigeaited/facetted groove is
formed at the solid/ liquid interface at the lewdl their common RAGB. Such a
configuration has been theoretically modelled byff@u and Nadri [22] and

experimentally shown previously using the GaTSBlicke [23] In the model case of a
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facetted/ facetted groove, the undercooling abthtéom of the groove is maximum and
identical for both {111} facets. Therefore, botlcéss have the same growth velocity
and as a consequence, the direction of the graindary formed follows the bisector of
the angle between both facets [28% showed experimentally in ref. [15], this isdru
when the two adjacent grains have no specific Q$ktallographic relation. If they do
have, the grain boundary preferentially follows tdoenmon plane in order to minimize
the energy of the formed grain boundary. Such aeptaould be for example the {111}
or {112} if the adjacent grains havex8 CSL relation, the {122} or {114} if they have
aX9 CSL relation. In the present experiment, thihes case of the twb3 {111} grain
boundaries that are formed between both G3/G5 ai@G%when they compete (Figure

1b).

At first, G3 is in competition with both G2 andetldouble twin grain G5 in
between G3 and G4. According to the radio imagegu(E 3a) and trace of the random
angle grain boundary (Figure 1b), G3 slowly expaatighe detriment of G2 but
ultimately loses competition with G5. For a veryoghtime, a RAGB is established
between G2 and G5. Finally, G5 loses competiticairesy G2 and a new RAGB is
formed at the encounter of G2 and G4. Even if G8 &4 have the same
crystallographic orientation, G4 is a grain thatleated independently from G4 and its

growth is driven by a different {111} facet as claa seen in both radiography (Figure
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3a, b) and Bragg diffraction images in Figure 5bwihere G3 grows with the diagonal
(111) and in Figure 5b (ii) where G4 grows with the horital(111) facet at the level
of the grain boundary groove. Thus, the groove igon&tion changes from the G3 to
G4 interaction with G2 as illustrated in Figure@a Figure 3b. Such a growth {111}
facet change probability for grains with the samgstallographic orientation has been
previously theoretically proposed by Nasirial. [21]. This event could be the result of
the isotherm shape change with time according wrirdaheory. As presented in Figure
3a (iii), b (iii), the isotherm shape is almost ilzontal during the G2/G3 competition
resulting in a flatter solid-liquid interface butet isotherm (derived from the average
solid-liquid interface shape) is concave when G&@ @4 compete with each other. This
isotherm change could be due to the sudden charageofing) of the sample lateral
size as can be seen on the radiography image imeé=8pb. Thus G4 which has the same
orientation as G3 cannot grow with the same dialg6hhl) facet since it hardly faces
the solid-liquid interface. Grain growth driven Igcets, resulting the creation of a
grain boundary that follows as close as possibie direction of the temperature
gradient, is always favored. In the present cdse,facet is the G4111) which is the
horizontal facet that guides the growth of G4 fréime beginning of its nucleation
(Figure 5b). As a consequence, the random angie goandary direction between G2

and G3 is different from the one between G2 andAGgimplified 2D model that could

20



explain the {111} growth facet change, during tleédsfication of two grains that are in

competition, due to the change of the isotherm sl&presented in Figure 6.

Moreover, it is also possible that the presencthefdouble diagonal twin grain
G5 contributes to the selection of the {111} grovititet of G4 at the RAGB groove

since G4 and G5 are in competition prior to theoenter of G4 and G2.

1 "
S Growth
‘.\ - -
AUy direction

Grain A Grain B

Grain boundary

Figure 6: A simplified 2D model that illustrates ahexplains the growth facet {111}
change mechanism during the solidification procesdue to the change of the
isotherm shape. i) The isotherm and thus the ovémsdlid/liquid interface shape is

horizontal, a V-shape groove is formed, the graiaumdary follows the bisector of the
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groove angle and grows parallel to the normal toethsotherm (direction of the
temperature gradient) ii) The isotherm becomes cawe and thus the diagonal facet
of Grain B (respectivg(111) facet of G3) faces much less the solid/liquid irfeee.
In addition the direction of the grain boundary foned deviates from the direction of
the temperature gradient. Such a configuration iinfavorable. iii) The isotherm
shape is concave and another facet that faces tbkddiquid interface is selected to
guide the growth. In the present case this is therizontal (111) facet of G4. As a
consequence the growth direction of the grain bowamg is also different and parallel

to the temperature gradient.

During the concomitant growth of G2 and G4, theGBAdoes not follow the
bisector of the groove, which is illustrated witietyellow dotted line in Figure 3b.
Indeed, the actual direction of the RAGB is indschivith a black arrow in the same
figure and it is inclined by~(17 + 3°) to the bisector of the groove angle. It is
important to note that this is not in contradictaith the model of Duffar and Nadri
[22] in which the starting hypothesis is that bédbets grow at the same rate. In this
particular case, both grain boundary groove {11dgdetts do not share the same growth
rate, as can be seen in Figure 4. Two possiblearapbns for the fact that G4 grows

faster that G3 are discussed in the following.

22



1. A radial temperature gradient causing an asymmdétieecmal field in the grain
boundary groove.
The temperature distribution in the sample hasrangtimpact on the crystal
growth velocity, the interface shape and the glmaondary formation during the
crystal growth process. Similarly to what has bpeysented by Liaet. al [24], in
our experimental installation the shape of the tatymelt interface at the level of
G2/G4 grain competition is curved maybe due todample shape change. This
leads to the creation of a radial temperature gradhat causes a curvature of the
isotherm. Since the two facets meet at the triptection of the two grains they
should have the same undercooling temperature lansl grow with the same
velocity. However, the inclination of the two {111dcets is not identical relatively
to the isotherm shape as illustrated in FigureiBbThus, it is most likely that the
formed groove is not symmetric relative to the mha&lr gradient and as a
consequence the thermal field in the groove camadyenmetric as well implying
that locally the thermal undercooling is differéot the two facets. As a result, the
silicon grain G2 which is closer to the edge of shenple grows faster than the G4
which is closer to the center where the isotherffatter.

2. Dislocation density.
As mentioned earlier and it will be further discedsn section 4.2, the formation of

the RAGB between G2 and G4 is associated with #regtion and emission of

23



dislocations in both grains (Figure 5 (iv, v, vil). one of our previous works, we

showed that the {111} facet kinetics can be sudodéigslocally described by the

theoretical law proposed by Voronkov for {111} f&&econtaining dislocations

[18]. Yet, the Voronkov law is related to a faceb\yth mechanism eased by the

presence of dislocations. As illustrated in Figbee b (iv), when G2 and G4 enter

in competition, dislocation emission occurs in bgthins. The dislocation density

guantitative value cannot be given by the presgpemmental results. However,

from the Bragg diffraction images, it is obviouatle2 is significantly darker than

G4 denoting that the diffracting planes bear someding, likely due to the strain

field of numbered dislocations. For a facet hauligjocation(s) the nucleation may

not occur at the triple junction of the groove, brather at the ledge-related

dislocation emergencé&o, dislocation density could also have an impacthe

facet growth kinetics and could explain the diffese in the growth velocities

between these two grains. In addition, a closek koothe Figure 5b (iii) and (iv),

shows that the dislocation expansion does not cecactly after the intersection of

G2 and G4 but it is slightly delayed. The G2 and @sdin growth acceleration

observed in Figure 4b (zones | and Il in Figurecdlld then be related to the

higher density of dislocations they contain as dhoproceeds.

3. RAGB orientation relatively to the groove facets.
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Lin and Lan [25] investigated macroscopically theewotation of the RAGBs
relatively to the facet bisector. They found ttre grain boundary would follow it
when solidifying at high growth rates (6 mm/minhase of the existence of large
facets growing at the same speed. However, it doeseem to be the case at lower
growth rates (2 mm/min). They suggest that at loswgh rates, the undercooling in
the groove is small, and thus it is likely thataugh-rough junction might exist
locally at the groove TJ (solid-solid-liquid) due turvature effects. In these less
frequent cases, they observed that the grain boyrdizes not follow the facet
bisector. In the present experiment, the measuvedage growth velocity of the
solid/liquid interface is 1.26 mm/min, which is cithered as low growth rate when
referring to [25]. Moreover, in the completion of2[&4, a shallow groove is
formed, so that the TJ could be rough accordingth® discussion in [25].
Unfortunately, we cannot confirm such a hypothesiwce we do not have the
required resolution to observe the possible extgtaf a curvature at the TJ. What
is seen experimentally in the present work is thattwo facets have a different
growth rate which directly induces that the granuibdary does not follow the facet

bisector.

The grain-boundary development from a facet-facetvg during the solidification of
silicon has been recently reported by éual [26]. They also showed that the direction
of the RAGB is mainly determined by the velocitafsthe {111} facets forming the
grain boundary groove at the crystal/melt interfdtas very interesting that similar
observation are obtained from independent groupfonpeing different experiments.

However, a quantitative comparison with the presemtk cannot be performed since
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the crystallographic orientation of the investightgrains is not the same and the
experimental conditions (such as the applied teaipez gradient, cooling rate etc.) are
not known. In addition, the measured facet growdloeities in that work are at least 3

times higher than in the present experimental tesul

4.2 Defect generation and expansion during growth

At the initial stage of solidification, grains G2hd G4 (Figure 5) grow as high
quality crystals, free from dislocations. This isnfirmed by the presence of equal-
thickness fringes, related to Pendellésung fringdsthe crystal edges and at the
solid/liquid interface. As described above and la®sas in Figure 5a (i), the growth of
G2 is driven by its(111) facet which is almost perpendicular to the sampkn
surface and 36° inclined by the growth directioh 34 grows with a(111) facet
almost horizontal relatively to the solid/liquidtenface and inclined by 56° from the
surface direction (x). A simple calculation assugnihat the facet extends towards the
whole thickness of the sample (30) with its 56° inclination gives the height of the
facet: 445um. This height corresponds well to the height ef &inea with the fringes in
Figure 5b (ii) which is a projected image of theda Indeed, the Bragg diffraction
images are recorded after transmission througlsdahgple and thus the whole thickness
of the sample is projected on the image. Consetyyehe fact that th€111) facet is

inclined by the surface direction is the reason wghgh equal-thickness fringes are
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visible. The same explanation holds for the vertigages in Figure 5a. In that case the

(111) plane is 3° inclined by the growth direction and B the surface direction.

When G2 and G4 meet each other (dotted circle gurei 1b), dislocations are
generated and emitted inside both grains. The g&aerof dislocations is an efficient
way to release the stresses (mainly thermal s8gsaduced in silicon during the
solidification and cooling down process [27-29].the case of G4, the dislocation
expansion likely occurs along tt{@11) slip planes. The strain field is evidenced by
dark areas in the diffraction images, given in Fggba (iv) and b (iv), as well as by
some asterism. The dislocation emission is reldtedhe presence of the RAGB
between those two grains. Emission of dislocatiseredso observed at the lower part of
G2 likely due to the formation of another RAGB betmn G2 and G6. The same
reasoning holds for G3 that appears to be strgidad in Figure 5(vi)), since multiple
RAGBs are formed at its left side. However, evehigh density of dislocations are
accumulated in G3, they mainly do not expand in§ide It is believed that this is due
to the presence of tH¥3 diagonal double twin grain boundary formed betw&8/G5
and G4/G5 where dislocations can direct slip albreg{111} common plane or cross

slip and move out of the sample.

From the presented experimental results, it is shoat RAGBs formation
induces a local stress able to nucleate and propaislocations. At the same time it is
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well known that HP mc-Si contains a higher promortand density of RAGBs than
what was common before, and this is linked to theeoved lower dislocation density in
this material through mechanisms of cluster anaiitih [9] and relaxation of thermal
stress at RAGBs [8]. Furthermore, RAGBs are vefgaa involved in the generation
of vertical columnar dislocation clusters domingtmulti-crystalline silicon produced
on an industrial scale [30]. There is however rmant@adiction between these
observations. When the thermal stress is largegmaouhich is likely to be the case in
this setup, RAGBs can induce plastic deformatiothencrystal and thus dislocations. It
Is also interesting to note that the sample costaihthis stage of growth, no other CSL
boundaries except the low energ$ twins, i.e. none of the more potent dislocation
sources, such as tl¥27 boundaries often observed in connection withodagion
generation [15,30-32]. This could contribute tolding up of higher stress at this level
and to the activation of a less potent grain bondaurce such as a RAGBs. Note that
the presence of 227 boundary further up in the crystal is also obsérto correlate
with a highly strained and dislocated area (upp#irdide of G2 Figure 1b) and Figure
5a (iii-v)), although it is not possible to establiclearly from which source the
dislocations in this strained region originate.stimmary, this experiment demonstrates
how a RAGB may, under special circumstances gematmiocations, but it is not
possible to infer any conclusions about the besldfiawbacks of these boundaries in

the growth of HP mc-Si under industrial conditiofraportantly, the generated strain
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and dislocations remain localized close to the RA&® cannot contribute to long-

range dislocation propagation due to the abseno®mpatible glide planes nor cross-

slip possibilities.

5 Conclusions

A better understanding of the facet growth kinetmsd defect dynamics,

associated with the propagation of a RAGB in siliavystals, is provided from tha

situ observation of the directional solidification preseby X-ray diffraction and

radiography imaging techniques. The main obsemati@f this work can be

summarized in the following points:

The RAGB is at the origin of a facetted/facettedigboundary groove at the melt
front. Its orientation is determined by the {11l1ack&t growth velocities of the
adjacent grains that form the grain boundary greatehe crystal/melt interface.
The selection of the growth of the {111} facet imetgrain boundary groove is
determined by two main parameters; the directiothefnormal to the facet with
regards to the growth direction (normal to the hsoti) and by the competition
with adjacent grains.

The RAGB observed in this experiment is clearlyoarse of local dislocations
which could be due to the fact that, at this stafjgrowth, no other potent grain
boundary dislocation source was present, so thderuthermal stress of a less
potent grain boundary source such as RAGBs coulitbeated.

On the one hand, tI%8 {111} GB formation does not emit dislocations lfavors

their propagation through either direct or crospssl On the other hand, the
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dislocations emitted by the RAGB remain localized @annot contribute to long
range dislocation propagation.

 Thanks to thein situ experiments, evidence are provided to show that th
dislocation generation and propagation is mainhgrawth phenomenon that

evolves during the solidification process and gmmpetition.
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