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An unanticipated rapid increase in the initial growth rate has been reported in solid-solution semiconductor
crystal growth experiments aboard the International Space Station (ISS). This study reports the growth rate of a
SisoGeyg solid-solution crystal grown on the ISS using the Traveling Liquidus Zone (TLZ) method, with a diameter
of 20 mm and a growth length of 18.8 mm at the center axis. The average growth rate was 0.125 mm/h over a
150 h growth period. The growth interface during growth was identified by artificial striations induced by the
temperature-step method. In the initial transient region, with a growth length of 1.5 mm, the solid/liquid
interface transitioned from a planar to a facet array, and after the facets disappeared, the interface reverted to
planar. These planar growth rates were faster than the average growth rate of 0.125 mm/h. Further, the facet
growth rate was calculated. Tiller’s criteria indicated that constitutional supercooling had occurred in the initial
transient growth region. The unanticipated rapid increase in growth rate in our experiment was attributed to
constitutional supercooling induced by the convectionless condition rather than to the Soret effect.

1. Introduction

Solid-solution silicon-germanium (SiGe) alloys are promising mate-
rials for high-performance transistors [1,2], thermoelectric devices
[3-5], and infrared lenses [6] because their physical properties, such as
the lattice constant and refractive index, can be controlled by the con-
centration ratio. Thus, controlling the concentration distribution in a
bulk SiGe crystal is a crucial technology for any application.

Since a SiGe alloy is a solid-solution system, it has been difficult to
grow bulk crystals with concentration control in the melt using con-
ventional growth methods, such as the Czochralski (Cz), Floating Zone,
Bridgeman, and traveling-solution methods under terrestrial conditions
[7-11]. The Traveling Liquidus Zone (TLZ) method has the advantage of
producing homogeneous concentration solid solutions: the crystal
growth rate and the concentration of solute in the melt can be deter-
mined simultaneously by controlling the positive temperature gradient
in the melt produced by a heater [12,13]. The crystal grows toward the
high temperature region and the feed on the melt dissolves continu-
ously. In addition, the whole melt keeps saturated in steady state.
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Further, no transient concentration change has been observed at the
initial stage of growth. The planar growth rate of SiGe alloys using the
TLZ method, which avoids constitutional supercooling, is usually lower
than 0.3 mm/h (near the SisoGesg concentration), two or three orders of
magnitude slower than that of pure silicon. Therefore, attempts to in-
crease the growth rate while maintaining concentration homogeneity
and crystal qualities are valuable for applications.

The relationship between the growth rate and growth-interface in-
stabilities, including facet formation in SiGe crystals, has been studied
through in-situ observations [14-16]. In addition, Phase-Field Model
(PFM) calculations [17-19] have been performed for high growth rates
and with forced Si flows in the melt. Studies on Si facet and faceted
groove coarsening are being conducted through in-situ observation ex-
periments [20,21]. Changes in the microstructure due to increased
growth rate caused by supercooling are a principal issue. These efforts
have been dedicated to elucidating the facet-formation mechanism of Si
and SiGe grown by the Cz method, based on crystal-microstructure
analysis [22,23].

Microgravity promises to prevent convection in a melt, thereby
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expanding the synthetic concentration range [24] and avoiding contact
with a container [25,26] and reducing crystal defects. Since the Apollo
era, crystal growth experiments have been conducted continuously in
space using diffusion-limited growth [27,28], but growth rate control,
which is essential for practical applications, has not been achieved.
Experiments have also been conducted under microgravity and terres-
trial conditions to clarify the effect of convection in the melt on the
microstructure formed by dendritic solidification of metals [29-33].

In experiments on alloy semiconductor crystal growth using the
Gradient Heating Furnace (GHF) on the ISS [34], a non-axisymmetric
crystal growth interface and the concentration [35,36] have been
observed, as has isolated nucleation in the melt at the front of the crystal
growth interface due to constitutional supercooling at the initial stage
[37]. Further, new phenomena were reported, including an unexpected
rapid increase in growth rate due to a high concentration gradient in
front of the solidification interface, for undetermined reasons [38].
Although an increase in the diffusion constants relative to ground ex-
periments during growth have been proposed to clarify the growth rate
increase [39], the Soret effect has not been analyzed.

In this report, we present the details of the growth rate of the planar
S/L interface and facet growth rate by precisely analyzing the micro-
structures and concentration distribution of a SiGe crystal grown by the
TLZ method aboard the ISS. We also evaluate the growth-interface in-
stabilities in the initial transition region using Tiller’s criterion.

2. Experimental procedure

A metal cartridge containing raw Si and Ge crystals was launched to
the ISS on NG-15 (Feb. 2021) and returned to Earth on Crew-3 (May
2022). The procedure for the SiGe crystal growth experiment using the
TLZ method with GHF onboard the ISS, and the sample preparation
method (e.g., vacuum-sealing the crystals), were described in a previous
report [34].

The raw materials were as follows: the single crystal seed Si (p-2.5
kQcm) <100> was 20.2 mm long and 20 mm in diameter; the Ge (non-
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doped) was 20 mm long and 20 mm in diameter, sandwiched by the seed
and the feed Si; the feed Si was 20.5 mm long and 20 mm in diameter.
The carbon spring pressed the feed Si to maintain contact with the
melted Ge. The carbon cell and spring were made of 610HU carbon,
manufactured by Toyo Carbon. The outer surface of the metal cartridge
was blackened to suppress any emissivity change during crystal growth.

The position and the temperature changes of the GHF central heater
are shown in Fig. 1a and b. When the heater returned to the crystal
growth position from the preheating position shown in Fig. 1a (at the
end of sequence B), the elapsed time was reset to zero. The raw Ge
material did not melt during preheating in the heater position (A). The
preheated heater was returned to the crystal growth position at 600
mm/h (B in Fig. 1a). The heater remained in place for 50 h, then moved
toward the crystal growth direction at 0.10 mm/h for 100 h. The
duration of crystal growth was 150 h.

An overshoot of the heater temperature was observed around the end
of the sequence B in Fig. 1a and the temperature gradually decreased
until step 2 (1.0 °C) was applied at the elapsed time of 1.5 h, as shown
in Fig. 1lc. Since the SiGe crystal was contained in the carbon cell, the
quartz tube, and the metal cartridge, the temperature changing of the
crystal by the steps should not be steep.

In order to detect the crystal growth interface, twelve temperature
steps of +0.5°C or +1.0°C were applied during the growth at intervals of
0.5 to 50 h (Fig. 1b). The insert of Fig. 1c shows the first three tem-
perature steps applied at elapsed times of 0 to 5 h. The 1.0°C tempera-
ture rise corresponds to a Si concentration change of about 0.2 at. %
around the concentration of SisoGesg from the SiGe phase diagram [40],
which produces an artifact striation in the Secondary Electron Micro-
scopy Composition mapping (SEM-COMPO) image. By combining the
temperature steps of 0.5°C and 1.0°C and varying the step time intervals,
each artifact striation was identified without difficulty. The average
growth rate between adjacent striations was calculated from the growth
length and the elapsed time.

At the end of crystal growth, the heater power was set to zero, and
the heater was moved away from the growing crystal to maintain a sharp
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Fig. 1. a) GHF heater moving sequences. A is for preheating, and B is for the preheated heater soaking to form the SiGe melt and initiate SiGe crystal growth. C and D
indicate that the heater remains in position. The elapsed time is zero at the end of sequence B. b) Twelve applied heater temperature steps, 0.5 or 1.0, over 150 h. The
elapsed time for steps 1 to 3 is shown in the insert. ¢) Heater temperatures of the primary temperature control and measurement thermocouples through 2.5 h. A
rapid heater motion (sequence B) caused a temperature overshoot near zero elapsed time.
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growth interface.

3. Results and discussion

3.1. Concentration distribution in the grown SiGe crystal

This section describes the concentration distribution in the grown
crystal. The grown crystal was cut parallel to the growth axis. The cut
surface was polished with diamond slurry and colloidal silica. A JEOL-
8230 electron probe microanalyzer (EPMA) was set to an acceleration
voltage of 20 kV and a probe diameter of 2x 2 pm? to take an SEM image
of the cut surface (Fig. 2a). The growth length at the crystal central axis
was 18.8 mm during 150 h, a growth rate of 0.125 mm/h. The disso-
lution distance of the seed Si near the central axis was approximately 0.6
mm, which was shorter than the 2 mm in the ground experiment. The
seed/SiGe and SiGe/Zone (remained melt at the end of growth) in-
terfaces are curved parabolically, and their curvatures changed gradu-
ally during growth. Since the crystal grows in the direction normal to the
S/L interface, the interface must be traced through the growth to
accurately calculate the growth rate. Therefore, the growth rate at the
central axis (nearly flat interface area) is a good benchmark.

Fig. 2b shows the Si concentration distribution of the crystal’s central
axis, measured at a 500 pum pitch using EPMA. The average concentra-
tion of the grown SiGe crystal of the center axis was SisyGess. The
detailed Si distributions in the initial transient region are described in
Section 3.4.

The average temperature gradient dT/dz (K/cm) was calculated
using Eq. 1 of TLZ growth model with growth rate V, diffusion constant
D (9.5x107°> cm?/s) [41], S/L concentration difference C;-Cg (= -33.9
at. %) [40] of Si and 1/m (=1.49x 107! Si at. %/K at SisoGegg) [34], the
inverse of the slope of the liquidus line [12]:

D dT
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The diffusion coefficient D has been applied to SiGe crystal growth
experiments in space and on the ground. The calculated dT/dz was 8.3
K/cm.

As shown in Fig. 2b, the Si concentration increased approximately
0.25 at. %/mm from 19.6 mm (Sis; 4Geyg6) to 26.1 mm (Sis3 0Ges7.0),
because the growth interface temperature increased with the positive
temperature gradient formed by the fixed-position heater. The Si con-
centration decreased after the growth position of 26 mm in Fig. 2b when
the heater was moved from D to E, as shown in Fig. 1. This indicates that
the heater’s motion was faster than the SiGe crystal growth rate. The
speed difference increased the temperature gradient and decreased the
temperature on the growth interface [12].

The Si concentration distributions of radial direction at growth
lengths of the center-axis of 0.2, 1.0, 3.0, 10, and 18.5 mm, and along the
Si-Seed/SiGe interface are displayed in Fig. 2c. To minimize as possible
the disturbance of the interface and the inhomogeneity of the Si con-
centration due to that disturbance, the Si concentration distribution
along the Si-Seed/SiGe interface was measured at a distance of about 20
um from the interface. The Si radial distribution at the interface was
convex but became concave as the growth length increased. A uniform
concentration distribution was obtained at 3.0 mm. At the growth dis-
tances of 10 and 18.5 mm, Si distributions were disturbed in the r>0
region. The Si distribution along the seed/SiGe interface, at the right
periphery, was about 2 % lower than in the crystal center area and
rapidly increased toward the center axis.

There is a large void in the zone shown in Fig. 2a of the grown SiGe,
which was formed during the quenching process at the end of the crystal
growth sequence. That is attributed to expansion of volume during so-
lidification at quenching because the feed Si was sufficiently dissolved to
grow the SiGe crystal. Therefore, Marangoni convection [42] due to the
free melt surface was suppressed during the crystal growth experiment.

Fig. 2d and e are extended SEM photos near the interface between
the Si seed, the grown SiGe crystal, and the carbon cell. The Si-seed
diameter and the inner diameter of the carbon cell differ by 0.2 mm,
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Fig. 2. a) SEM image of the SiGe crystal cross-section grown in the ISS. b) Ge concentration distribution at 500 um pitch along the center axis of the SiGe crystal
shown in Fig. 2a. c¢) Ge distributions in the radial direction along the seed/SiGe interface, 0.20, 1.0, 3.0, 10, and 18.5 mm growth lengths. d) and e) SEM images

around the right and left periphery of the seed/SiGe interface.
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and the gap width on the right side (Fig. 2d) is slightly wider than on the
left (Fig. 2e). The dissolution depth of the Si seed beside the carbon cell
was proportional to the gap width. The seed Si melted more in the pe-
ripheral areas than around the center axis area and the Si concentration
in the area was lower than the center axis area as shown in Fig. 2c. This
indicates that the melted Si at the periphery was supplied to the center
during the initial growth stage.

Since the temperature gradient in the peripheral area adjacent to the
carbon cell wall was higher than that at the center axis, and solidifica-
tion proceeded perpendicular to the interface, the gap closed as crystal
growth progressed. Please refer to the supplemental information for a
discussion of Marangoni convection in the gap. Although these gaps and
excessive Si-seed melt-back in the periphery have been observed in
previous SiGe space experiments [34,35,37], the correlation with melt
supersaturation was not discussed.

3.2. Estimation of the Soret effect in the melt

In long-duration crystal-growth experiments conducted in micro-
gravity, the Soret effect often significantly affects solute transport in the
alloy melt [43], so evaluating it is crucial for determining the diffusion
constant under a temperature gradient. We have calculated the Soret
effect for Si and Ge in a SiGe melt using the model developed by Koyama
et al. [44]. This model provides the equilibrium concentration distri-
bution at a given temperature gradient and average concentration by the
following equation.

o0GM(c;, T;)  0GH(q;, Ty) . .
aCi - aCj 7("7]71727"'71\’)
N
Cifi = Caye (2)
i=1

where G4 denotes concentration and the temperature-dependent Gibbs
energy function of the liquid phase; c; T; and f; represent the concen-
tration, temperature, and volume fraction of the i-th region divided into
N regions; and c,ye is the average concentration of the calculation area.
The Gibbs energy data assessed by Bergman et al. [45] were employed.
The melt concentration of Si;;Gegs was in equilibrium with the crys-
talline Si5oGeso from the Si-Ge phase diagram [40]. In our experiment,
the SiGe melt was formed by dissolving pure Ge liquid with a seed and a
feed Si [34]. Therefore, we evaluated the Soret effect as the Si concen-
tration gradually increased from zero to SizoGego. The melt temperature
in the experiment reached the crystal growth temperature within several
tens of minutes due to the fast heater motion at 600 mm/h described in
Section 2 (Fig. la). Since the pure Ge melt remained near the S/L
interface for only a brief period, the behavior near SiyoGeg is important
for assessing the influence of the Soret effect.

Fig. 3 shows the calculated concentration distribution from 927°C to
1127°C (100°C above the SisgGeso melting point) of the melt with
average Ge concentrations of 80, 85, 90, 95, and 99 at. %. Fig. 3 shows
that the concentration gradient induced by the Soret effect in the SiGe
melt is very small in the given temperature and concentration range. The
average concentration change of Si against temperature change
(AcSisoret JAT) is calculated to be -6.0x1073, -6.0x107% 3.2x1073,
4.5x1073, and 2.2x1072 Ge at. %/K for the average Ge concentrations
of 80, 85, 90, 95, and 99 at. %, respectively. The equilibrium Si distri-
butions in the saturated melt (AcS"5°"t/AT) were estimated from the
phase diagram [40]: -1.44x107},-1.37x107},-1.13x1072,-8.70x1072,
and -6.90x 1072 Ge at. %/K, for average Ge concentrations of 80, 85, 90,
95, and 99 at. %, respectively. The -1.44x 107! at. %/K was 24 times the
calculated value of -6.0x107> at. %/K at SigGeso. Therefore, under
current conditions, the influence of the Soret effect on solute transport is
negligible.
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Fig. 3. The calculated equilibrium Si concentration gradient induced by the
Soret effect in the SiGe melt with average concentration of SizoGegy, Si1sGegs,
Si1oGegp, SisGego, and Si;Gegg (solid lines). The dotted line represents the
average concentration of the melt. The variation in Si in SiGe melts due to the
Soret effect was small at all calculated concentrations and temperatures.

3.3. Identification of growth interface

3.3.1. Overviews of growth interfaces

The SEM-COMPO image in Fig. 4a is a part of the grown SiGe crystal
shown in Fig. 2a, extending from the seed/SiGe interface to a growth
length of 12.8 mm. Since the SEM-COMPO contrast is proportional to the
backscattered intensity of the irradiated electrons into the crystals, the
Si-rich area should appear dark. In fact, the temperature steps by the
heater shown in Fig. 1b caused the dark line in the SEM-COMPO image.
This method for identifying each striation by the temperature step was
the same as that described in the previous report [35]: combining
SEM-COMPO images with EPMA concentration measurements.

The dotted yellow lines in Fig. 4a indicate artificial striations 3 to 10
caused by the temperature steps shown in Fig. 1b. Striation 3, except for
the center-axis area, had a growth length of about 1 mm and was convex
to the melt. Striations 3 around the center axis could not be detected due
to crystals remelting from the TGZM effect [46]. This phenomenon oc-
curs when the interface is severely disturbed, leading to the melt being
pocketed within the crystal [35]. Combined with the Si concentration
distributions in Fig. 2b, ¢ and the convex interface shape, the Si con-
centration at around striations 3 and 4 (until 3mm of the growth length)
tended to decrease from the center axis to the periphery: increase the Si
concentration at the center axis with growth and decrease radial con-
centration distribution toward periphery. Thus, the isothermal contour
was flatter than for the growth interface.

Striation 5 at temperature step 5 at 20 h elapsed time in Fig. 1, at
about 3 mm growth length, was a flat interface rather than striations 3
and 4, and the radial concentration distribution described in Fig. 2¢ was
homogeneous. This indicated that the striation 5 interface had a ho-
mogeneous temperature distribution, and the isothermal contour grad-
ually coincided with the S/L interface. These behaviors differ from those
in previous SiGe crystal growth experiments onboard the ISS, which
used a 10 mm crystal diameter: the isothermal contour always coincided
with the S/L interface [47].

Striations 11 and 12 could not be identified due to the highly
disturbed interface caused by polycrystallization. Interestingly, the sig-
nificant disturbance of the growth interface due to polycrystallization
has not been observed in terrestrial SiGe crystal growth. No unexpected
nucleation in the melt by constitutional supercooling [37] is observed in
Fig. 4a and b.

Fig. 4b shows striations 1 to 3 traced by the dotted yellow lines on the
left side of the center axis near the seed/SiGe interface. Striation 1 is
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Fig. 4. a) SEM-COMPO image of the SiGe crystal shown in Fig. 2a from the seed/SiGe interface to a growth length of 12.8 mm. The dotted yellow lines trace the
artifact striations induced by the temperature steps shown in Fig. 1b. b) Enlarged view around the left of the interface of Fig. 4a. The dotted yellow line indicates
striations 1, 2, and 3. ¢) EBSD image around the seed/SiGe interface. The Si-seed/SiGe interface area in Figs. 4a and b are images of the (100) plane.

parallel to the seed/SiGe interface in this area. Striation 2 is on the facet
array, and striation 3 is on the planar interface. To calculate the planar
interface growth rates for striations 1 to 2 and 2 to 3, we analyze facet
growth in Section 3.3.3. No facets were observed on the right or left
periphery near the gap in Fig. 2d and e, but a smooth interface did
appear. It was difficult to connect the striations appearing in the pe-
ripheral area neighboring the gap to striations 1 to 3 in the center axis
area shown in Fig. 4b due to the interface disturbance caused by the
TGZM effect [46] described above.

Fig. 4c is the electron backscatter diffraction (EBSD) pattern taken
with a 5x5 um? pitch from the seed/SiGe interface to 3.3 mm growth
length, and including the part of the seed-Si. The grown SiGe crystal up
to striation 4 was a single crystal region.

Although the SiGe melt began to form at time zero, it took about 6 h
for the dissolved Si from the Si feed to reach the seed/SiGe interface, as
calculated by L2=2Dt (L: SiGe melt length of 20 mm, D = 9.5x 10~°m?/s
[411). Thus, the appearance of striation 1 at 0.5 h suggests that the initial
SiGe crystal growth occurred by the Si incorporation from the Si dis-
solved melt from the seed. This growth process differs from the ordinary
TLZ growth process, Si dissolved from the feed supplied continuously to
the SiGe, but is similar to the unidirectional solidification process.
Striation 3 located around the growth length of 1 mm induced by the
temperature step 3 (5 h elapsed time) would be grown by nearly satu-
rated melt because it takes 5.3 h for the dissolved Si to reach that
interface position.

3.3.2. Faceting near the seed/SiGe interface

Since the initial growth regions contain both faceted and planar
growth (Fig. 4a), these must be analyzed to calculate the growth rates in
Section 3.4.

In the initial growth region, the overshoot and peak in the heater
temperature as shown in Fig. 1c significantly affected crystal growth.
Temperature step 1, shown in Fig. 1c, is not a step but a broadening
sawtooth pulse. Fig. 5a shows the center-axis area in Fig. 4a; striation 1
is a faint dark band about 20 pm wide, indicated by the yellow dotted

line just above the seed/SiGe interface. The detailed concentration dis-
tribution across striation 1 is presented in Fig. 8d for the growth rate
calculation.

Fine facet array patterns were observed after striation 1, around 200
um from the seed/SiGe interface, as shown in Fig. 5a. Ninety-three facets
were distributed over a 15 mm width on the interface, except for the left
and right crystal peripheral regions in Fig. 4a. The average spacing of the
facet array was 98 um, with a standard deviation of 24 um. Additionally,
no inclusions were observed in the facet regions in Figs. 4 and 5;
therefore, the growth interface instabilities were not caused by impurity
condensation in the melt [22,23].

Fig. 5b is an enlarged view of a facet in Fig. 5a. Si concentration
distributions over the facet were measured horizontally at a 13 um pitch
over a 60 um width at six heights, from the lowest position (A) to the
highest position (F) shown in Fig. 5c. The Si concentration distributions
gradually segregated with growth: the measured Si concentration at 26
and 52 um were relatively lower than that of the center position (40 um).
These Si segregations remain unchanged after height E. Thus, we
defined the facet as having formed at height E from the Fig. 5b and c.

Fig. 5d shows an enlargement of the center of Fig. 5a, where two
adjacent facets (from -120 to 0 ym and from 0 to 120 pm) with similar
widths of about 100 pym at height G. The solid white arrows trace the
center of facets. When the left facet disappeared, the arrow’s tilt angle
was about 45°. This drift behavior is discussed in Section 3.3.3.

Fig. 5e shows the Si distributions measured with a horizontal 10 pm
pitch, corresponding to G to J, as shown by the white dotted lines in
Fig. 5d. The measurements were fitted with a smooth curve. Two black
arrows around -50 and 75 pm denote the centers of the facets shown by
the solid circles on the curves. A constant Si concentration distribution
on the right facet (from 0 to 120 ym) during growth from G to J was
observed. These indicate that the melt temperature in front of the
growing facet were almost constant during growth.

The Si concentrations at the center (solid circles) were about 0.05 at.
% higher than those at the adjacent points as shown in curve I. The
concentration difference between the inter-facet (radial distance, r=0)
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Fig. 5. a) Enlarged view around the center of the seed/SiGe interface in Fig. 4a. b) and c¢) The SEM-COMPO images around the center of Fig. 5a and the Si con-
centration distributions of the facet formation region: labels A-F are common to both Figs. 5b and c. d) and e) Enlarged views around the center of Fig. 5a and the Si

concentration distributions; labels G-J are common to both Figs. 5b and c.

and the center axis at around 75 pm away is 0.6 at. % for the right facet,
while it differed 0.4 at. % between r=0 and the center at -50 um for the
left one.

The left facet (from -120 to 0 um), having a high Si distribution,
might have grown more slowly than the right one with a low Si con-
centration distribution because the degree of supersaturation is
inversely proportional to the Si concentration of the facet. Although the
Si concentration distributions in Fig. 5e were not measured along the

facet interface, the Si distributions of the left facet seems asymmetric, as
indicated by curve J.

Generally, faceted crystals will eventually be bounded by the slowest
growing facets: (111) for a SiGe crystal. When there is a difference in the
degree of supersaturation between adjacent (111) facets, the lower-
supersaturation (lower growth rate) facet occupies more crystal sur-
face area than the higher-supersaturation one. Several models have been
proposed for the coarsening of a facet array. Wang et al. reported [48]
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that facet splitting of the transparent organic solution originates at the
high supercooling area, even at the middle of the facet, not necessarily at
its peaks or valleys. Tokairin et al. [20] reported facet coarsening caused
by a difference in the degree of supercooling between adjacent valleys.
The facet selection process shown in Fig. 5d may differ from previous
models that increase facet spacing due to the disappearance of small

a) <001> b)
(111) /(100) A

Intersection “\ ‘4
line ‘dl ;
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facets [49] and the filling of the valleys between them [50]. Namely, the
concentration fluctuations between the adjacent facets might cause drift
and dissipate through collisions with neighbor ones.

Although Ge condensation at the groove in the valley of SiGe cellular
facets during facet growth has been reported [15], we did not detect
segregation in our experiments.
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Fig. 6. a) Schematic of a facet. Top row: <100>_110~ facet image, Bottom row: (100) cross-sectional image showing the facet drifting to the right during growth. b)
Enlarged view of the drift facet in Fig. 4c. The facet boundary (intersection line) observed as a contrast pattern. The 18 and 8 angles are between the <100> growth
direction and the facet center-axis trajectory. The red and blue lines are parallel to the terminated lines of the facet. ¢) Si concentration distributions of the red and
blue lines in Fig. 6b. d) Left is magnified SEM-COMPO map of the largest drift angle 39 facet. The right is the reduced figure of the left figure. The facet is located
around the right side of the center axis in Fig. 4a. e) the Si concentration distributions on the red and blue lines in Fig. 6d. f) Drift angle dependence of the Si
concentration differences & (Si at. %) between the Si-rich and the Ge-rich facet intersections.
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3.3.3. Facet drifting and supersaturations

There are several large facets with a 90° tip angle below striation 3 in
Fig. 4b. As shown in Fig. 6a, the geometrical features of the observed
facet coincide with the obelisk-like <100>.119>~ facet in Fig. 7 of
Ref. [51]: a 90° tip angle in the (100) and <100> growth directions. In
addition, the facet area is the single-crystal region shown in Fig. 4c. The
red area enclosed by the dash-dotted line of Fig. 6a; top row is the
cross-section image on the (100), and the dash-dotted line is intersection
line. The bottom figure shows a schematic of the facet drifting to the
right with growing. V, and Vy, are the growth rates of the (111) plane in
the <100> direction on the (100) cross section.

Fig. 6b shows the drift of facet growth direction of the second facet
from the right in Fig. 4c. That is located around the growth length of
0.60 mm, below striation 3. This facet shape is the cross-section of the
facet on (100) as shown at the bottom of Fig. 6a. Thus, if it drifts
significantly to the front or behind the crystal cross-section shown in
Fig. 4, it is not visible. The leaf-like shape might be due to remelting of
the peripheral area caused by increased temperature during the steps.

The 18° and 8° are angles relative to the <100> direction. The angles
were deduced by tracing the trajectory of the center axis. The Si con-
centration distributions were measured from the center axis to the pe-
riphery along the intersection lines of the 18° and 8° drifted parts, as
shown in Fig. 6¢. The blue and red lines are parallel to the top of the facet
intersection lines. The angle between lines blue and red is 90 °. The steep
decrease in Si concentration near the center (r=0) was on the left blue
line in the drift direction. The Si concentrations of the opposite side (red
lines) are about 50.25 at. % from the center to the periphery for both
angles.

Fig. 6d shows the facet having the largest drift angle, 39°, observed
in the center axis area in Fig. 4a. The left figure is enlarged view of the
drift facet. The right figure is the reduced map of the left figure. The
measured point is located around the growth length of 1.44 mm, below
striation 4. Striation 2 was observed the growth length of 0.38 mm
below the largest drift facet marked by dotted yellow line. We assumed
that the striation 2 position is similar with the length of the largest drift
angle facet. Regarding the Si concentration distribution of the 39° drift
facet, the large Si concentration difference 8 between the red and blue
lines (~ 0.8 at. %) was measured and shown in Fig. 6e.

Fig. 6f summarizes the § values. These values were proportional to
the drift angles. Since the Si distributions along both intersection lines
(red and blue) were nearly constant, the facet planes would be
isothermal from the center to the periphery, except along the center axis.
Lower Si concentrations were commonly observed on the drift-side
intersection lines compared with those on the opposite side.

Fig. 7a is the schematic diagram of the overlapping of the facet image
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of Fig. 6b. The distances from line A(B) to line A'(B") corresponds to the
(111) facet growth length projected onto the (100) plane as shown in
Fig. 6a.

We set three assumptions to calculate the supersaturation in front of
the facet shown in Fig. 6b and d, during growth. First, the selected facet
was grown parallel to (100). Then, for the simplest model, the melt
concentration in front of the facets was homogeneous on both the drifted
and non-drifted sides. Since the 1960s, several models have been pro-
posed to discuss the facet growth of metals and Si crystals grown from a
melt [52,53]. Third, the simple spiral-growth model (Eq. 2 in Ref. 52)
has a growth rate V proportional to (AT)2. In our case, AT converted to
the supersaturation AC using Si-Ge phase diagram [40]:

V= k (AC)? 3)

where k is the kinetic constant of the facet surface, and AC = Cy-Cr (Cr

= equilibrium melt Si concentration with measured facet Si concentra-
tion, Cyy = melt Si concentration) is defined as supersaturation. The
growth-rate ratio VA/VB, calculated from the distances between A(B)
and A'(B) in Fig. 7a, can be correlated with angles a and p (45°) in
Fig. 7a. The supersaturation of the i surface ACi = Cy-Cg; (i = A and B)

can be calculated by:

tan(f—a) = % = (ig:) 4)
Cu = {Cra — Crs[tan(p — )]'*} /{1 — [tan(8 — )]'/*} )

Fig. 7b shows the calculation results. The drift side facets (the Ge-rich
side) had higher ACi values at each drift angle. And the facet grows
faster in the normal direction than on the facet on the opposite, Si-rich
side. When both dotted lines for ACi were extended to zero, ACi was
asymptotically close to 0.75 at. %. The melt Si concentrations (Cy) were
about 17.3 % (8°), 17.2 % (18°), and 17.4 % (39°): 17.3 at. %
(Siy7.3Gegy.7) melt is equilibrium with Sisg 9Geasg 1 solid. Although the
drifted facets shown in Fig. 6b (8° and 18°) and 6d (39°) are 7 mm apart
horizontally and 0.8 mm vertically as shown in Fig. 4a, the melt con-
centrations ahead of these facets were similar. Under our assumptions,
the melt Si concentration may have been uniform from 0.60 to 1.44 mm
growth length in the center axis region where many facets appeared.

PFM simulation of SiGe facet growth under the forced Si flow in a
SiGe melt exhibited asymmetric facet formation and a weak drift toward
the Si-rich luff side under the low temperature gradient (20 K/cm)
shown in Fig. 3 of Ref. [17]. In addition, the grown facets seem to have
similar concentration distributions on both the luff and lee sides. A drift

1.3 \)(&6(;6.
1.1 e
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e VAR .—’/,—”
0.7 =3 s,
0.5 O Surface
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0.3
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Fig. 7. a) Schematic image of facet surface growth superimposed on Fig. 6b. b) Calculated supersaturation AC ( %) on the facet surface (intersection lines) of g N 180,
and 39 drift facet shown in Figs. 6b and d. Dotted lines are visual guide. Si (Ge)-rich surfaces are the facet intersection lines of red (blue) arrows in Fig. 6b and blue

(red) arrow in Fig. 6d left figure.
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toward lower Si concentrations was observed in our experiments. The
simulation and the present experimental results would indicate facet
drift toward the high-supercooling side.

The left facet in Fig. 5d gradually tilted to the right to 45° with
growth, and an inclined plane appeared on the left side. In addition, as
shown in Fig. 5e, the Si concentration on the left side gradually
increased from H to J, whereas that on the right side remained nearly
constant.

Since these observations are similar to the feature discussed for Fig. 6
(expansion of the Si-rich facet plane and drift to the opposite side), the
facets shown in Fig. 5d were considered to be <100>_11¢- facets similar
to those in Fig. 6b and d.

3.4. Growth rate calculations

The crystal growth rate was calculated using the distances between
the striations and the time intervals [35], shown in Fig. 1 and 4a. The
crystal growth rates from striations 4 to 8 were calculated by averaging
the rates along the central axis and along lines 5 mm from the left and
right peripheries, where smooth, flat striations were observed. This
method was required to exclude the carbon cell-wall effect and to

a)

Facet <
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mitigate the non-axisymmetric feature of striation. Striations 4 to 8
correspond to the temperature step 4 (10 h) to 8 (50 h of elapsed time),
as shown in Fig. 1a. The right sides of striations 9 and 10 were unclear;
the growth rates were averaged from the rates of the central axis and the
left sides. Those calculation methods differ from the rate of striations 4
to 8, but they serve as reference values.

Striation 3 was induced 5 h after the formation of the SiGe melt, by
temperature step 3. On striation 3, several bumps are due to facet
growth in the initial transition region, as shown in Figs. 4a and b. Stri-
ation 3 could not be identified along the center axis due to interface
disturbances caused by the TGZM effect [46]. We selected the two flat
striation 3 regions to measure the distance between striations 3 and 4
just above Fig. 8a and b. Fig. 8a and b are located 4.6 mm from the right
periphery (Fig. 8a) and 3.9 mm from the left (Fig. 8b) per Fig. 4a. The
growth lengths of those regions measured at the center axis are lower
than 1 mm. Fig. 8b region is closer to the carbon cell wall than the 8a
region; the temperature gradient could have increased due to the wall
effect, while the striation 3 shape in Fig. 4a and the Si concentrations in
Fig. 2b were not significantly different. Thus, the two regions were
considered to have similar growth environments. The growth rates from
striation 3 to 4 (interval is 5 h in Fig. 1b), just above the regions in Fig. 8a
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&/ interface 200pm
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Fig. 8. a) and b) Enlarged views of Fig. 4a, left and right sides. Dotted yellow lines trace striations. Blue chevron-shaped dotted lines indicate the facet formation
positions shown in Fig. 5b. The facet-disappearing area is identified where the contrast of the facet image drastically changes. The top of the facet intersection line is
defined as the disappearing point. ¢) Si concentration distribution across striation 2 was measured along the red arrows in Fig. 8a. d) Si concentration distributions
across striation 1. Measured lines are directly beneath the top of the facet formation (blue chevron).
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and b, were both 0.15 mm/h.

We calculated the facet and planar growth rates individually from
striations 2 to 3, shown in Fig. 8a and b, under two assumptions. First,
the <100>_.110> facet across striation 2 has a similar growth rate from
appearance to disappearance. Second, the planar interface growth re-
gion occurs before a facet form (Fig. 5a) and after the facet cross-section
lines disappear. Additionally, we selected the facet grew vertically
without drifting to simplify the growth rate calculation as shown in
Fig. 8a and b.

Si distributions of striation 2 shown in Fig. 8c were measured along
the red arrows that cross the yellow dotted line in Fig. 8a and b. Striation
2 caused by temperature step 2 (+1.0°C) ideally increase the Si con-
centration by 0.2 at. % Si for SisoGesg, but the Si concentration rate of
increase just after the striation was affected by the concentration fluc-
tuations of the surrounding region. In addition, the two Si distributions
in Fig. 8c were similar, suggesting that the two regions in Fig. 8a and b
had a similar thermal history.

The Si concentration of solid circle increased from 50.15 at. % (16
um) at the onset point of striation 2 to 50.57 at. % (56 um) shown in
Fig. 8c. That concentration difference 0.42 at. % indicate the S/L
interface temperature increased about 2°C from the Si-Ge phase diagram
[40] within the growth length of 40 um. The excess temperature of 1°C
other than the temperature step 2 (+1.0°C) is thought to be due to
temperature fluctuations.

Fig. 8d shows the Si distributions across striation 1 in Fig. 8a and b
from the seed/SiGe interface. These were measured just below the facet
formation points illustrated by the blue dotted lines. The broad
sawtooth-shaped temperature step 1 (4+0.5 °C) pulse in Fig. 1c was re-
flected in the increase in 0.1 Si at. % and the gradual increase in the
concentration. Striation 1 points in Fig. 8d were identified at 40 um from
the seed/SiGe interface.

Using the growth distances shown in Fig. 8a and b (planar distances
400 and 490 um and facet distances 390 and 100 um), the growth rates
of the facet and the planar regions between striations 2 and 3 (interval is
3.5 hin Fig. 1) were calculated using simultaneous equations, yielding
values of 0.48 mm/h for the facet and 0.15 mm/h for the planar inter-
face. Therefore, the 39 drifted facet in Fig. 6d (around the center axis
and about 1.44 mm away from the Seed/SiGe interface) formed 3.7 h
elapsed time at the fastest because the striation 2 (1.5 h elapsed) position
below the facet is the growth length of 0.38 mm. It is consistent of the
difficulty in identifying striation 3 (5 h elapsed time) in the right figure
of Fig. 6d. From the calculated melt Si concentration in front of the facet
in Section 3.3.3 was 17.4 Si at. %. In Fig. 2c, the average Si concentra-
tion of the crystal grown near the growth length of 1.5 mm is SisyGeysg
which is in equilibrium with the melt of 18.1 Si at. %. Although con-
centration fluctuations in the melt must be considered, the melt ahead of
the tilted facet was probably close to saturation under our assumptions.

The calculated growth rate of 0.48 mm/h was in the <100> direc-
tion for the (111) facet surface. Since the angular difference between
<100> and <111> was 35.3°, the normal direction growth rate of the
(111) facet was calculated to be 0.51sin (35.3) = 0.28 mm/h.

Combining the calculated growth rate of 0.28 mm/h of (111) facet
with the 0.75 at. % supersaturation at the zero angle in Fig. 7b, the ki-
netic coefficient in Eq. 3 can be calculated to be k = 1.4x10°% m/s (at.
%).

Finally, the growth rate between striations 1 and 2, containing the
facet and non-facet regions, in Fig. 8a and b were calculated. The planar
growth lengths were 150 and 195 um in Fig. 8a and b. The facet growth
lengths were 90 and 85 pm. The interval between striations 1 and 2is 1 h
in Fig. 1. Here, we used a facet growth rate of 0.48 mm/h, based on the
assumptions described above.

Four other areas with features similar to those in Fig. 8a and b, a
combination of the facet formation point and striations 1 and 2, could be
identified near the 8b region and the center axis region. Therefore, the
planar growth rate and standard deviation were derived from six re-
gions. The calculated average planar growth rate and standard deviation
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were 0.20 mm/h and +0.026, respectively.

Fig. 9 summarizes the calculated growth rates. The growth rates are
expressed as elapsed time, not growth length because of non-
axisymmetric striations. Although the averaging procedure for growth
rate was changed before and after striation 4 (10 h elapsed time), the
tendency for the growth rate in the initial transition region to gradually
decrease with elapsed time was confirmed.

3.5. Constitutional supercooling

Using Tiller's criterion [54] of Eq. 6, we assess whether constitutional
supercooling occurred in front of the crystal growth interface in the
initial transition regions with the high growth rate of 0.20 mm/h as
calculated in Section 3.4.
dr
% m(C, — C
& _ m(C-C)

\% D

To utilize the Eq. 6, measurable values of V, Cg (Cp) and the actual
temperature gradient of the melt dT/dz are required. While it is
impossible to measure the dT/dz in front of the S/L interface, we can
estimate the required temperature gradient during the TLZ growth by
using the measured growth rate V and Eq. 1. Eq. 1 is transformed to Eq.
7.

(6)

dT = m(C, —Gs) v
dz D

The dissolved Si from the Si-feed reached near striation 3 (about 1
mm growth length and induced at 5 h elapsed time) after 5.3 h elapsed
time as described in Section 3.3.1. After striation 3, the SiGe crystal was
grown by the TLZ growth mode as expressed by Eq. 1.

Then, the actual temperature gradient at the start of growth would be
estimated by extrapolating the calculated values using the right side of
Eq. 7 to the seed/SiGe interface position. To discuss the constitutional
supercooling in the initial transition region of Fig. 8a and b, the calcu-
lation of the temperature gradient was restricted to the vertical direction
of the facets marked by the blue chevron-shaped dotted lines. The cal-
culations were preformed up to striation 6.

Supplemental information Table 1 lists the calculation parameters:
C1-Cs and 1/m calculated by the measured Si concentration, measured
growth rate (V) between the adjacent striations, and intermediate
growth length (X). This X means the distance from the middle point of
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Fig. 9. Elapsed time dependence of the average growth rate of SisyGesg grown
on the ISS. The insert is an enlarged view at the initial elapsed time. Dotted line
is a visual guide. Solid circles show the average rate of the planar interface with
TLZ growth from striations 3 to 10. The open circle (before faceting) and tri-
angle (disappeared facet) are the rates of plane interfaces. Diamond symbols
show the growth rate of the <100>_770- facet. The solid diamond symbol
represents the growth rate in the <111> direction of the (111) tip plane,
calculated from the <100> growth rate (open diamond) using the geometric
arrangement. The average growth rate between adjacent striations is plotted at
the longer elapsed time. For example, the growth rate between striations 3 and
4 is plotted as a function of the elapsed time to striation 4 (10 h).
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adjacent striations to the seed/SiGe interface measured using Fig. 4a.
X=0 mm is the Seed/SiGe interface. The X value between striation 1 and
2 is the intermediated position of the planar regions before appearing
the facet as shown in Fig. 8a and b. The growth rates from striation 4 to 5
(0.14 mm/h and 0.10 mm/h in the region of Fig. 8a and b) and from 5 to
6 (0.12 mm/h in both regions) in Table 1 differ by +0.02 mm/h and
+0.01 mm/h from those in Fig. 9.

Fig. 10 summarizes the calculated temperature gradients. The open
and solid circles are the temperature gradient of Fig. 8a and b regions.
The temperature gradients from 0.7 to 3.8 mm were linearly fitted. The
actual temperature gradient at 0 mm, which was about 11 K/cm, was
estimated by extrapolating the dotted line to X=0 mm. For this tem-
perature gradient, the required growth rate for the TLZ growth between
striation 1 and 2 is calculated at about 0.16 mm/h using Table 1 and Eq.
1. However, the measured growth rate was 0.20 mm/h, which is higher
than the required growth rate. When the measured high growth rate is
substituted into Eq. 6, it is clear that Tiller’s criterion is satisfied between
striation 1 and 2.

The planar growth region between striation 2 and 3 around X=0.7
mm after the facets disappeared in Fig. 8a and b, the calculated tem-
perature gradient, 10.0 K/cm, did not deviate significantly from the
gradient values thereafter in Fig. 10.

It is speculated that the steep concentration gradient that induced
high growth rate was formed as follows. No facet was observed near the
gap regions (Fig. 2d and e) as shown in Fig. 4a. But the Si seed was
excessively dissolved compared with the central axis region. It suggested
that the occurrence of Marangoni convection on the free melt-surface in
the gap regions accelerated the transportation of dissolved Si into the
melt. But there is no natural convection in the melt. Then, the heater
overshoot decreased the equilibrium Si concentration on at the S/L
interface. These processes might increase the Si concentration gradient
ahead of the S/L interface. While the heater overshoot by several Kelvin
might not change the temperature gradient.

On the ground, the high growth rate at the start of the growth is not
observed because the dissolved Si in the melt is disturbed by convection
and high Si concentration gradient is not formed.

4. Conclusion and summary

We have investigated the growth rate and morphological changes at
the growth interface of a bulk SisyGeyg crystal, 20 mm in diameter and
18.8 mm long, grown on the ISS.

Observation of artificial striations due to the temperature step
revealed that the SiGe crystal growth rate and the interface shape,
including the initial transient region, were affected. The convex S/L
interface to the melt at the seed/SiGe interface gradually became
concave. The single-crystal length was about 2 mm from the seed-SiGe
interface at the center of the crystal.

In the initial transition region, about 1 h after growth started, the
crystal growth interface changed from a planar to an obelisk-shaped
<100>_.110> facet, then returned to planar. During facet growth, the
growth direction drifted due to fluctuations in facet concentration:
facets on the side with lower Si concentration (higher saturation) grew
faster than those on the side with higher Si concentration. The drift
angles correlated with the supersaturation on the facet.

The planar growth rate gradually decreased with growth, from 0.20
+0.026 mm/h nearby the seed/SiGe interface (initial transition region)
to 0.11 mm/h after 30 h (about 5 mm growth).

Tiller’s criterion was applied to evaluate the constitutional super-
cooling that resulted in interface instabilities. The observed growth rate
of 0.20 mm/h is higher than the expected growth rate of 0.16 mm/h
from a saturated melt in front of the S/L interface. Thus, the initial
transition region was a constitutional supercooling state. Emergence of
the constitutional supercooling is considered to be the result of a com-
bination of non-convection in the melt body, Marangoni convection
occurring temporarily at a small free melt-surface in the gap between the
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Fig. 10. Calculated intermediate growth length (X) dependences of the average
temperature gradient on the vertical direction of Figs. 8a (open circles) and b
(solid circles) regions. Dotted linear fitted line is a visual guide.

seed and the carbon cell wall, and heater overshoot. On the ground,
natural convection in the melt probably inhibits the constitutional
supercooling under the same heater condition. Further, the calculated
Soret effect affecting Si and Ge diffusion in the SiGe melt was very small.
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