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Abstract

The shape of the silicon crystal, whether spiral or cylindrical, grown using the

infrared convergent heating floating zone method, and the stability of the molten zone

depend on the position of the mirror-lamp (M-L) system with respect to the grown

crystal and molten zone. Through experiment, we studied the changes to the molten

zone shape: the melt/feed, melt/gas, and melt/crystal interface shapes of the silicon

molten zone under different positions of the M-L system. Although conventional

parameters such as convexities (/4/r) of the interface toward the melt were found to be

independent of the position of the M-L system, the asymmetry of the zone length, Z,

was found to be inversely proportional to the distance of the M-L system from the center

of the molten zone. A spiral crystal would be grown in this case. We introduce some

parameters such as growth interface angle (d), triple point angle (TPA), meniscus angle

(MA), and altitude of the interface curvature (ac) to characterize the axis symmetry of

the melt/gas and melt/crystal interfaces. The variations in TPA, MA, and ac were

significantly reduced when the M-L system was shifted to a distant position from the

center of the molten zone. On the other hand, the variations in 6 were independent of the

position of the M-L system. Thus, a symmetric molten zone was observed when the

M-L system was at a distant rather than a close position. These behaviors were validated

Page 2 of 31



Page 3 of 31 CrystEngComm

through observations of the molten zone stability and the crystal shape.
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Introduction

The floating-zone (FZ) method is a zone melting method that was developed
by W. G. Pfann in the 1940s." It is an effective method for growing single crystals from
a melt, similar to the pulling and Bridgman methods.” There are several types of heat
sources that can be used to form the molten zone: resistance heaters, induction coil
heaters, and infrared convergent heaters are some. The infrared convergent-heating FZ
(IR-FZ) technique uses a combination of an infrared lamp and an ellipsoidal mirror as
an infrared convergent heater. This technique is used to grow dislocation-free silicon
single crystals.3 Further, the grown silicon crystal is free from the contamination from
crucible materials and heaters because this is also a crucible-free zone melting method.’
Therefore, the grown crystal can be expected to have low oxygen and carbon content, as
well as a long minority carrier lifetime.

However, the IR-FZ method is not suitable for industrial scale growth because
the diameter of crystals grown is limited. It is about 15 mm at most, which is much
smaller than that of the crystals grown by the Czochralski (CZ) and radio frequency
heating FZ (rf-FZ) methods. In this study, a double ellipsoidal mirror type furnace was
used for crystal growth. We confirmed that the behavior of the grown crystals remained

the same when using a four ellipsoidal mirror type furnace.* The diameter of the
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cylindrically shaped crystal was ~20 mm, at most. In the trial to grow a crystal greater
than ~20 mm in diameter, the shape of the grown crystal was spiral. The molten zone
instability, which influences the contact between the feed and grown crystal, the drop of
the melt, and the separation of the melt zone, prevents cylindrical growth in the
conventional IR-FZ method. Crystals with diameters greater than ~20 mm exhibited a
higher instance of molten zone instability even when carefully controlling the feed and
grown crystal setting before growth and the lamp power operation were employed
during growth.

Several studies on spiral growth in oxide materials with high melting points
(typically above 1800 °C) in the CZ method have been conducted.”” It is also reported
that, in the rf-FZ method, a lower melting point and lower radiative heat loss reduce
melt stability, causing the growth of screw-like germanium crystals.® However, no such
studies have been reported on the spiral growth of silicon crystal in the IR-FZ method.

In IR-FZ growth, the stability of the molten zone is closely related to the heat
flow, the interface shapes, and the grown crystal morphology.**"'" It has been reported
that the growth diameter of the rutile crystal has been increased by tilting the convergent
heating mirror. Further, this was closely related to the change in the shape of the

melt/crystal interface.” Rutile melt stability was enhanced in this manner.'® The shape of



CrystEngComm

the interface between the rutile crystal and melt zone is also affected by the rotation rate,
as reported by Higuchi and Kodaira.'> Some authors have noted that the interface shape
can also be controlled using a heat reservoir.'*"

The interface shape of the molten zone for the cylindrical silicon crystals of 20
mmd by the IR-FZ method has already been studied.'® It was noted that the position of
the M-L system was systematically changed in the study; however, the conventional
parameters characterizing the interface of the melt such as the zone length (L) and the
convexity (4/r) of the interface between the grown crystal and the molten zone were
found to be independent of the system position.

As we previously reported, the shape of the grown crystals, spiral or cylindrical,
was significantly affected by the M-L system position and the size of the crystal grown.*
All 20 mm¢ silicon crystals were cylindrical and independent of the M-L system
position. On the other hand, the shapes of the crystals larger than ~20 mm in diameter
were significantly affected by the M-L system position. When the M-L system was
close, the crystals were spiral-shaped but when the M-L system was distant, the crystals
were cylindrical-shaped. It follows then that the behavior of the 30 mm¢ crystal

interface shapes during IR-FZ growth would be different from that of the 20 mmd

crystal.
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An axially symmetric molten zone is usually observed during the growth
process when a grown crystal is cylindrical-shaped. However, the axis symmetric
molten zone is absent when a spiral crystal is grown. The axis symmetry of the molten
zone shape'” can also be coupled with the molten zone stability. Therefore, it must be
important to study the axis symmetry of the interface shape during crystal growth.

In this study, the interface shape of the molten zone was carefully characterized.
The conventional parameters of 4/r for both the feed side and the crystal side, which are
often used to discuss the shape of the interface, will not suffice to discuss the axis
symmetry of the melt/gas interface shape. Thus, we introduce some parameters
characterizing the axis symmetry of the molten zone: growth interface angle (), triple
point angle (TPA), meniscus angle (MA), and altitude of interface curvature (ac). These
parameters are defined later in a figure. The dependence of these parameters and the

size of the grown crystal on the position of the M-L system will be discussed.

Experimental section

A four-ellipsoidal-mirror-type image furnace (model FZ-T-10000-H-TY-1,
Crystal Systems Corporation) was modified for this study. The ellipsoidal M-L systems
could be moved towards or away horizontally along the radial direction from the center

of the molten zone, where the rotation axes of the feed and grown crystal pass. The

7



CrystEngComm

position of each M-L system was shifted carefully using a screw gauge from -2 to +4
mm. After shifting, the M-L system was at equal distance from the rotation axis
corresponding to the crystal center. By shifting the systems, the heat distribution at the
surfaces of the feed, molten zone, and the grown crystal could be changed. A detailed
explanation about M-L system position can be found in our earlier work. 1 Tetragonal
feed rods of 20 x 20 mm? cross-sections were used in the experiments. Four 2.5 kW
halogen lamps were used. The following growth parameters commonly used in both
experiments are shown in Table 1.

The feeding rate was gradually increased from 5 to 10 mm/h. After reaching the
feeding rate of 10 mm/h, the growth experiment was continued for more than 1 h to
achieve a constant growth diameter. During the experiment, the rotations and the
positions of the feed and the seed crystal were set co-axially to provide axial thermal
symmetry in the molten zone.

Polycrystalline cylindrical silicon was also used as seed crystal because the
melt stability and interface shape of the bulk silicon crystal (~30 mm¢) were mainly
studied in these experiments. A small amount of iron powder (~0.15 g) was put on top
of the seed crystal to form an iron-doped silicon molten zone. To examine the silicon

molten zone shape, alternative experimental growth conditions and sample preparation
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for characterization were required. These preparations were very similar to those
previously reported.16 The characteristic parameters of the molten zone shape were
determined using the iron distributions of the quenched molten zone and the
photographs of the molten zone during the growth. The iron distributions of the
quenched molten zone were examined using an electron probe micro-analyzer (EPMA;
model JXA-8200, JEOL Ltd.). To comprehensively discuss the interface shapes, 6, TPA,
MA, and ac were determined from the EPMA mapping images in addition to the gap
between the feed and the crystal (hitherto referred to as the gap) and 4/r. MA and L were

also determined from the photographs of the molten zone during the growth.

Results and discussion

Fig. 1 shows the photographs of the silicon crystal of 30 mm¢, the molten zone
and the feed rod quenched during the growth at (a) -2, (b) +1, (c) +4, and (d) +6 mm
position of the M-L system. Fig.1 (a, b) shows spiral crystals, while Fig. 1 (¢, d) shows
cylindrical crystals. The more stabilized molten zone could be gradually realized when
the position of the M-L system was moved from -2 to +6 mm position. These
observations are consistent with our previous report.*

The photographs of the molten zone during crystal growth at the (a) -2, (b) +1,



CrystEngComm

(c) +4, and (d) +6 mm positions are shown in Fig. 2. The dash-dotted vertical and
dashed horizontal lines indicate the rotation axis and the eye guide showing the line of
the realization of an axis symmetric molten zone, respectively. The asymmetric melt/gas
and melt/crystal interface shapes of the ~30 mm¢ crystal are clearly observed in Fig.
2(a). More symmetric interface shapes gradually formed, which can be recognized in
the photographs of the molten zone formed at the distant position of M-L system, as
shown in Fig. 2(b-d). For quantitative analysis, the difference of the interface position is
defined in Fig. 2 (a). The behavior of the difference of the interface position is shown in
Fig. 3 as a function of the M-L position. The difference of interface position is almost
zero when the M-L system is at +4 and +6 mm position.

Fig. 4 shows the EPMA mapping images of the quenched molten zone
cross-section for the ~30 mmg¢ silicon crystal formed at differing M-L system position.
Fig. 4 (a, b) exhibits spiral crystals, while Fig. 4 (c, d) shows cylindrical crystals. To
characterize the molten zone shape as a function of the M-L position, the conventional
parameters such as convexity (4/r), zone length (L), and gap are shown in Fig. 5. The
definitions of these parameters are summarized in Fig. 5 (a). As we have already
reported,'® the effects of lamp power on the interface shape should be excluded to

discuss the effect of the M-L system position on the interface shape. The minimal steady
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gap condition between the feed and grown crystal was a good way to avoid the lamp
power effects on the interface shape. Therefore, minimal lamp power was applied
during all growth experiments to avoid contact between the feed and grown crystal. The
observed gap remained nearly constant at 3 mm, as shown in Fig. 5 (b). This meant that
the effect of the lamp power on the interface shape could be ignored, allowing the
observed results to be discussed based solely on the effects of the M-L system position.
As shown in Fig. 5 (b), the characteristic behavior of L for ~30 mm¢ crystals,
which are defined as the lengths of both left and right sides of the molten zone in the
photograph (Fig. 2), was significantly different from that of the ~20 mm¢ crystals.16 At
-2 mm position of the system, the variations in L were clearly recognizable because of
the difference in the melt/crystal interface position. At +4 and +6 mm position, the
variations were significantly reduced. As shown in Fig. 5 (¢), the //r for both melt/feed
and melt/crystal are independent of the M-L system position although the shapes of the
grown crystals are significantly different. These behaviors for ~30 mm¢ crystals are
similar to those for ~20 mm¢ crystals. '® But, the absolute values of the gap and A/r for
~30 mm¢ crystal growth are different from those for ~20 mm¢ crystal.16 The different
values of these parameters can be attributed to the size. However, these results indicate

the A4/r may not be a good parameter to characterize the effects of M-L position on the
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axis symmetry of the silicon molten zone.

As we mentioned above, the differences in the interface position and L are
dependent on the position of M-L system, as shown in Fig. 3 and 5 (b). This implies that
the axis symmetry of the molten zone shape is affected by the M-L position. Greater
axis asymmetric molten zone shape can be clearly recognized at -2 mm position of the
M-L system, as shown in Fig. 2. To investigate the change of axis symmetry of the
molten zone, some characterizing parameters such as the growth interface angle (),
triple point angle (TPA), meniscus angle (MA), and altitude of interface curvature (ac)
were introduced.'® These parameters are defined in Fig. 6. Recently, some of these
parameters were found to be useful to discuss the stability of the molten zone.

Fig. 7 shows the behaviors of 8, TPA, MA, and ac at the crystal-liquid-gas
point as a function of the M-L system position. All the data, plotted as closed circles in
Fig 7 (a-d), were obtained from the EPMA images shown in Fig. 4. The open circle data
in Fig. 7 (c) were obtained using three photographs of the molten zone. Fig. 2 is an
example of such photographs. Each image provides us two data points for each
parameter, from the left and right sides of the crystal-liquid-gas point. The variations of
0 for crystal growth in ~30 mm¢ crystals were very small and these were almost

independent of the of M-L system position, as shown in Fig. 7(a).

12
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On the other hand, the differences in TPA, MA, and ac were significantly
decreased with the increase in the distance of the M-L system position, as shown in Fig.
7 (b-d). This indicates that the shape of the molten zone is more symmetric when the
M-L system is more distant. The shape of the grown crystal was changed from spiral to
cylindrical as the distance of the M-L system increased. The boundary position of the
M-L system was around + 1 mm position. This suggests that there is a criterion of TPA
or MA that determines whether the shape of the grown crystal is cylindrical or spiral.

20 mm¢ crystals were grown as cylindrical at any position of the M-L system
as we have previously reported.'® The differences of these parameters (5, TPA, MA and
ac) for the 20 mm¢ crystals are very small, and they are independent of the M-L
position, although the figures are not shown. The differences in MA and TPA for the
growth of 20 mm¢ cylindrical crystals at any position of the M-L system are ~2 and ~6°,
respectively, which are still smaller than ~12 and ~9°, respectively, at the + 1 mm
boundary position for the growth of 30 mm¢ spiral crystal. This scenario could be
closely related with the shape of the grown crystal, whether spiral or cylindrical.

A possible reason for the asymmetric molten zone shape at the closer position
of the M-L system could be the temperature gradient at the surface of the molten zone,

which corresponds to the focusing of the convergent light. Generally, the focus position

13
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of the M-L system is on the rotation axes of the molten zone in the conventional IR-FZ
method, including when at the zero position of the M-L system in our experiment. The
convergent infrared light is mainly absorbed at the surface of the molten zone. Thus, it
follows that at closer position of the M-L system, the focusing of the convergent light
cannot be sharp at the surface of the molten zone when the molten zone is thick. For a
thick molten zone, optimum focusing at this surface can be achieved only at the more
distant position of the M-L system. Our results indicate that a cylindrical crystal is
grown at a sharper focusing condition, and that a spiral crystal is grown at a shallower
focusing condition. A steeper temperature gradient at the surface of the molten zone
along the axial direction is realized at a sharper focusing condition. Simulation works
on the temperature fields in the molten zone along the radial direction caused by
changing the positions of the lamps have already been studied by C. W. Lan et. al. "
Some effects of the positon of M-L system in our present experiments are expected to
be similar with those studies. They reported that the temperature fields are more
uniform when the lamps are moved outwards from the foci and vice versa.
Unfortunately, the temperature field along the axial direction was not mentioned.

The effects of the temperature gradient on the heat flow and on the stability of

the convection have already been studied. The solid-melt interface in a floating zone

14
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silicon melt was fluctuated by the temperature fluctuation induced by Marangoni
convection.”” This convection can lead to unstable heat flow and reduce the stability of

2122 although in the silicon melt, conduction heat transfer is the

the molten zone
dominant flow rather than convection due to the low Prandtl number of the silicon
melt.>*? The heat flow along the azimuthal direction is relatively effective when the
temperature gradient along the axial direction is decreased.”® The asymmetric heat flow
along the azimuthal direction is realized there. The asymmetric bulge observed in the
growth for closer position of the M-L system might be on account of the asymmetric
heat flow. However, some authors have also studied the growth angle and meniscus
angle of silicon crystals grown during the rf-FZ and CZ methods.'”*” However, the
mechanism of the position effects on the shape of the grown crystal is not fully clear yet.
For further discussion about this, the position of M-L system dependence simulation
works on the melt convection and the temperature distribution in the molten zone is

important. Unfortunately, no clear theoretical data for the growth of IR-FZ method is

available to compare with our results.

Conclusions

The shape of the silicon molten zone during infrared convergent heating

15
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floating zone growth was characterized. The convexity (/4/r), one of the conventional

parameters characterizing the molten zone shape, was found to be insufficient to discuss

the change of melt/gas and melt/crystal interface shapes of the molten zone as a function

of the M-L system position. Therefore, some characteristic parameters, the growth

interface, triple point, and meniscus angles (8, TPA, and MA, respectively) and altitude

of the interface curvature, ac, were introduced. The variation in & was independent of

M-L position. On the other hand, the variations in TPA, MA, and ac were found to

depend on the M-L system position. These variations decreased at the more distant

positions of the M-L system and vice versa. At distance position of the M-L system,

cylindrical crystals were grown. These observations imply that the axis symmetry of the

melt/gas and melt/crystal interface shapes, which can be controlled by position of the

M-L system, can determine the shape of the grown crystal. Both experimental and

simulation works on the convection flow are required before further discussions to

explain the dependence of the formed molten zone shape on the position of the M-L

system in a mirror-shifting type IR-FZ furnace.
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Table

Table I. Growth conditions

Feed dimensions ( mm®)

Feeding rate (mm/h)

Growth rate (mm/h)

Shaft rotation (Upper/lower) (rpm)
Crystal diameter (mm)

Vacuum level (Pa)

Growth atmosphere

20%20
10
5
6/15
30
3x107
Ar flow 1 L/min
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Figure captions

Fig. 1. Photographs of quenched silicon crystal of 30 mm¢ prepared at (a) -2, (b) + 1,
(c) +4, and (d) +6 mm position of mirror-lamp (M-L) system. Note here that (a, b)
shows a spiral crystal while (c, d) shows a cylindrical crystal.

Fig. 2. Photographs of the molten zone indicating the melt/gas and melt/crystal axis
asymmetry and symmetry for different mirror-lamp (M-L) system positions: (a) —2 and
(b) +1 mm, which both indicate asymmetry, and (c) +4 and (d) +6 mm, which both
indicate symmetry. The dash-dotted vertical lines indicate the rotation axes, and the
dashed horizontal lines are the eye guide showing the visualization line of the
axisymmetric melt/gas and melt/crystal interface shapes.

Fig. 3. The difference in the crystal-melt interface position as a function of the position
of mirror-lamp (M-L) system. The dash-dotted lines indicate the focus positions of the
M-L systems on the rotation axes of the feed and grown crystals.

Fig. 4. Iron-distributed mapping images of the cross-section of the quenched molten

zone prepared at the different M-L system positions: (a) =2, (b) +1, (c) +4, and (d) +6

Fig. 5. Behaviors of the characteristic parameters of the molten zone interface shape.

Specifically, the (a) schematic diagram of the molten zone showing the definition of

22
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convexity (h/r), gap, and zone length, L (b) gap and the zone length (L), (c) convexity

(h/r) as a function of the M-L system position. Note that the values of L are obtained

from both edge lengths of the molten zone using photographs shown in Fig. 2, and that

the values of the gap and //r are obtained from the EPMA images shown in Fig. 4. The

dash-dotted lines indicate the focus positions of the M-L systems on the rotation axes of

the feed and the grown crystal.

Fig. 6. Schematic illustration of the molten zone showing the definition of some

characteristic parameters such as growth interface angle (), triple point angle (TPA),

meniscus angle (MA), and altitude of interface curvature (ac).

Fig. 7. Variations in the parameters characterizing the axis symmetry of the melt/gas

and melt/crystal interface shapes. Here (a) growth interface angle (3), (b) triple point

angle (TPA), (c) meniscus angle (MA), and (d) altitude of interface curvature (ac) as

functions of M-L system position are shown for ~30 mm¢ crystals at the

crystal-liquid-gas point. The closed circle data were determined from the EPMA images

shown in Fig. 4. The open circle data in (c) were obtained from the three photographs of

the molten zone during growth. The dash-dotted lines indicate the focus positions of the

M-L systems on the rotation axes of the feed and grown crystals.
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