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Microstructure Control of Columnar-Grained Silicon Substrate
Solidified from Silicon Melts Using Gas Pressure
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A silicon substrate with the dimensions of 100 × 140 × 0.3mmwas grown directly from liquid silicon with gas pressure.The silicon
melt in the sealed melting part was injected into the growth part at applied pressure of 780–850 Torr.The solidified silicon substrate
was then transferred by the pull of the cooled dummy bar. A desirable structure with a liquid-solid interface perpendicular to
the pulling direction was formed when the mold temperature in the solidification zone of the growth part was much higher than
that of the dummy bar, as this technique should be able to overcome thermal loss through the molds and the limited heat flux
derived from the very narrow contact area between the siliconmelt and the dummy bar. In addition, because themetallic impurities
and expansion of volume during solidification are preferably moved to a liquid phase, a high-quality silicon substrate, without
defects such as cracks and impurities in the substrate, could be manufactured in the interface structure. The present study reports
the experimental findings on a new and direct growth system for obtaining silicon substrates characterized by high quality and
productivity, as a candidate for alternate routes for the fabrication of silicon substrates.

1. Introduction

Silicon (Si) is one of the important fundamental materials
in the modern semiconductor industry, which could be
prepared by chemical and metallurgical route as well as
recycling of end-of-life photovoltaic module. It is also very
useful as an electronic substrate material [1, 2]. The most
conventional method of fabricating Si substrate consists in
slicing Si bricks. However, this method has some economic
disadvantages resulting from kerf-loss and the limited size
of the substrate thus produced [3]. The recent tendency
in Si substrate technology has been towards improving Si
utilization, such as minimizing kerf-loss, when the ingots are
cut off.Themost available substrates have beenmanufactured
by sawing Si bricks, which are grown by various techniques
including the Czochralski and Bridgman methods. Kerf-loss
of around 50% is generated during the slicing process of
a single crystalline ingot or polycrystalline block. In order
to resolve this problem, active studies are being carried out

on a technique for directly manufacturing a Si substrate
from molten Si without the ingot slicing step [4]. These
techniques are classified according to the transport direction
of the solidified substrate with respect to the movement
of the liquid-solid interface during crystallization. Vertical
growth methods such as edge-defied film-fed growth (EFG)
and string ribbon (SR) growth have a liquid-solid interface
moving in a line perpendicular to the substrate transport
direction [5–7]. Conversely, horizontal growth methods such
as ribbon growth on substrate (RGS) and crystallization on
dipped substrate (CDS) have a liquid-solid interface moving
almost parallel to the substrate transport direction [7, 8]. Even
though the growth rate of EFG and SR is very slow at just 1-
2 cm/min, products derived from the vertical growthmethod
have already been commercialized due to their excellent
electronics performance with large grain sizes. On the other
hand, products obtained by horizontal growth methods
such as RGS and CDS have restricted market entry despite
their very fast growth rate of around 600 cm/min, because
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Figure 1: Schematic diagram of the novel growth system for directly manufacturing Si substrate.

the possibility of improving their electronics performance
is extremely limited due to the very small grain size of
around 100𝜇m [9]. Due to this concern, a novel technique
for simultaneously achieving a fast growth rate and large
grains in the growth technology for Si substrate is necessary.
The present investigation reports a new direct growth system
for obtaining Si substrate characterized by high quality and
productivity from Si melts under gas pressure by controlling
the shape of the liquid-solid interface.

2. Experimental Procedure

A novel direct growth system for Si substrate was set up,
as shown in Figure 1. The system consisted of a sealed
part for the melting of Si feedstock, a growth part for Si
substrates of a desired dimension, and a substrate transfer
part for continuous growth by a dummy bar in a vacuum
chamber, in which all three parts were made with SiC-
coated graphite materials offering high thermal conductivity
and chemical resistance. In particular, the growth part was
designed specifically to compensate the expansion of Si
volume under phase transformation. The pressure of the
sealed melting part can be independently controlled by using
the pressure of the main chamber. After perfectly melting
the Si feedstock of extremely high purity (99.9999999%)
in the melting part using applied RF induction power at

a chamber pressure of 10−2 Torr, the pressure of the chamber
was attained at 760 Torr by adjusting the Ar gas. Then, Ar
gas was applied to increase the pressure in the sealed melting
part up to 850 Torr on the surface of the Si melt in order to
inject the melts into the growth part positioned on the side
of the melting part. The dimensions of the substrate were
determined by the space in the growth zones. The growth
part consisted of a solidification zone and a release zone, with
the solidification zone designed to verify the temperature at a
range of 1400–1600∘C, although the temperature of the release
zone was fixed at 1100∘C using SiC-coated graphite heaters.
The solidification of liquid Si was initiated via contact with
a cooled and porous dummy bar. Finally, the solidified Si
substrate was continuously transferred outside the growth
part by pulling, using the dummy bar at a pulling speed of
60 cm/min. The surface and cross section of the Si substrates
were etched using a 45% KOH solution, and microstructure
observations for the Si substrates were carried out using an
optical microscope (BX60MF, Olympus, Japan). The average
grain sizes were calculated according to ASTM standard
(E112-12) [10].

3. Results and Discussion

Figure 2 shows the Si substratemeasuring 100 × 140 × 0.3mm
that was successfully grown in the novel manufacturing
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Figure 2: (a) Photograph of as-grown Si substrate and (b) optical microstructure on the surface of the substrate. The arrow indicates the
pulling direction.
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Figure 3: Schematic diagram of the structural formations of the liquid-solid interface depending on the difference between the temperature
of the mold (T1) and the temperature of the dummy bar (T2) in the solidification zone of growth part: (a) T1 ≤ T2 and (b) T1≫ T2.The arrows
indicate the pulling directions. L and S represent liquids and solids, respectively.

equipment with its microstructure positioned on the surface
of the substrate. The surface morphology of the Si sub-
strate was relatively smooth due to growth in the extremely
restricted space in the growth part. The average size of the
grains of the Si substrate grown at a mold temperature of
1600∘C was calculated based on the ASTM standard [10], so
that it presented the large grain size of 1.5mm2 greater than
1mm [9] with a high aspect ratio. One of the most important
elements of this technique is the pressure control of Ar gas
on the melt surface in the sealed melting part. Even though
the substrate growth part was set at an atmospheric pressure
that was equal to the chamber pressure, a low pressure of
below 780 Torr in the sealed melting part could not inject
the Si melts into the substrate growth part due to the very
high surface tension (>700mN/m) of the liquid Si in the
crucible [11]. Pressure of at least 780 Torr was required in the
sealed crucible to continuously fabricate the Si substrate. On
the other hand, the melt flow could not be easily controlled
in the case of very high pressure superior to 850 Torr due
to the low viscosity (0.55mPa⋅s at 1700K) of molten Si [11].
The microstructure on the surface of the substrate inferred

that the grain growth of the Si progressed along the pulling
direction, whichmeant that the liquid-solid interface seemed
to move perpendicular to the pulling direction.

The key role of the dummy bar in this system is to remove
the latent heat of molten Si during solidification toward
the cooled dummy bar, thereby causing the liquid-solid
interface to become perpendicular to the pulling direction.
The interface structure, comprising the EFG and SR, is useful
in compensating the expansion of volume generated during
liquid-solid transformation and in purifying the substrate,
because the volume expansion and impurities preferentially
move to the liquid phase. Figure 3 shows a schematic diagram
of the structural formation of the liquid-solid interface
depending on the temperature difference between the mold
and the dummy bar in the solidification zone of the growth
part. T1 and T2 indicate the temperature of the SiC-coated
graphite mold and the temperature of the cooled dummy bar,
respectively. As shown in Figure 3(a), when the temperature
of T1 was either the same as T2 or lower, the liquid-
solid interface was formed relatively parallel to the pulling
direction, similar to RGS and CDS. Therefore, cracks were
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formed inside the Si substrate due to the expansion of
volume occasioned by the liquid-solid transformation, as
solidification was completed with the substrate inside.

Themetallic impurities can be induced by contamination
in the silicon melting from physical contact of the graphite
mold. The impurities in molten Si could be concentrated
and trapped at the substrate. However, the concentration of
impurities in the remaining liquid fraction becomes enriched
during solidification, with the result that the solidified por-
tion in the molten Si tends to be purified. This phenomenon
can be quantified by the introduction of a segregation
coefficient 𝑘

𝑖

for each impurity 𝑖 defined as [12]
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is the concentration of impurities in the solid Si and
𝐶
𝐿
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is the concentration of impurities in the liquid Si. By a
simple mass-balance analysis of the directional solidification
process, it can be shown that the impurity profile in the Si
substrate has the form after the solidification step [13]:

𝐶 = 𝐶
0

⋅ 𝑘 ⋅ (1 − 𝑔)
𝑘−1

, (2)

where 𝐶 is the concentration of impurities in the solidified
Si,𝐶
0

is the concentration of impurities in the charged Si, 𝑘 is
the segregation coefficient, and𝑔 is the fraction solidified.The
purification effect obtained by the preferential segregation of
impurities can be quite dramatic since many of the metallic
impurities in Si have segregation coefficients ranging from
10
−5 to 10−1 [12]. Consequently, the structure of the liquid-

solid interface, being parallel to the pulling direction, as
shown in Figure 3(a), should be avoided for purification of
the Si substrate, as the remaining liquid fraction withmetallic
segregates is finally solidified inside the substrate.

As regards the high extraction of latent heat through
the cooled dummy bar, however, the liquid-solid interface
was formed perpendicular to the pulling direction, similar
to EFG and SR in the vertical growth system, as shown in
Figure 3(b). This was due to the fact that the temperature of
T1 was much higher than that of T2. However, a very slow
growth rate and temperature control were needed, because
most of the crystallization heat should be transported by a
temperature gradient through the cooled dummy bar. This
means that the crystal growth rate is controlled by the
heat flux through the substrate by the dummy bar. In this
regard, the equation for the calculation of the pulling velocity,
𝜐
𝑝

, being frequently used in growth systems with a liquid-
solid interface perpendicular to the pulling direction, that
is, similar to the vertical growth system, could be useful, as
follows [14]:
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where 𝐿 is the latent heat of fusion, 𝜌
𝑚

is the density of the
crystal at melting temperature, 𝜎 is the Stefan-Boltzmann
constant, 𝜀 is the emissivity of the crystal, 𝑡 is the substrate
thickness, 𝐾

𝑚

is the thermal conductivity of the solid crystal

at the melting temperature, 𝑇
𝑚

, and 𝑊 is the substrate
width. For a 300 𝜇m thick substrate, (3) presents a maximum
growth rate of ∼8 cm/min. However, typical growth rates are
much lower due to the maximum tolerable thermal stress
limiting the maximum tolerable temperature gradient in
the substrate. The temperature gradient in the Si substrate
is around 1000K/cm near the liquid-solid interface [15].
Therefore, a fast growth rate cannot be expected using the
vertical growth system. However, the thermal stress was
low in our novel direct growth technique. The reason for
this occurrence was that once the Si substrate had been
fabricated by solidification with the cooled dummy bar in
the solidification zone, the remaining heat of the Si substrate
was effectively and rapidly removed via the conduction
mechanism through the molds of the release zone at the
growth part. Therefore, this technique could achieve both a
desirable microstructure and a higher growth rate.

In order to simultaneously derive a high growth rate and a
large grain size from the desirable liquid-solid interface struc-
ture, the latent heat of the Si should be quickly transported to
the dummy bar, thereby preventing themovement of the heat
through themolds in the solidification zone.Molten Si should
be solidified by conduction at the contact area between the
molten Si and the dummy bar, where the dummy bar plays
the role of a seed. The temperature of the dummy bar should
bemuch lower than that of the liquid Si, because a lot of latent
heat from the melts could not actually be transported toward
the dummy bar due to the very narrow contact area (30mm2)
of the melt and the dummy bar. In order to overcome this
limited geometrical factor, the heat flux rate of Si should be
considered, using the following relation [16]:

𝑞 = 𝜌𝐶
𝑝

𝑆

𝑑𝑇

𝑑𝑡

, (4)

where 𝑞 is the heat flux in Si, 𝜌 is the density,𝐶
𝑝

is the specific
heat, 𝑡 is the time, 𝑇 is the temperature, and 𝑆 is the thickness
of the dummy bar. According to (4), the heat flux increases as
the thickness of the dummy bar, 𝑆, and temperature gradient,
Δ𝑇, increases. In this system, the only valuable processing
parameter was the temperature gradient, as the thickness
of the dummy bar was fixed at 300 𝜇m. Therefore, the key
issue in this technique was how to lower the temperature
of the dummy bar. The blowing system of Ar gas on the
dummy bar was additionally introduced in order to reduce
the temperature of the dummy bar, as there was a limitation
with the cooling efficiency of a dummy bar with only a water
cooling jacket.

Figure 4 shows cross section images of Si substrates as
a function of mold temperature in the solidification zone
of the growth part. Defect lines were clearly observed at
the center of the substrate, as shown in Figures 4(a) and
4(b), which indicates that nucleation occurred at the surfaces
of the upper/lower molds and that growth then proceeded
toward the substrate inside. Cracks derived from volume
expansion during solidification were observed even at the
mold temperature of 1500∘C, which was higher than the
melting temperature of Si. This was due to the fact that the
temperature measured by the thermocouple at the local posi-
tion of the mold could differ somewhat from the temperature
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Figure 4: Cross section images of Si substrates as a function of mold temperature in the solidification zone of the growth part: at (a) 1400∘C,
(b) 1500∘C, and (c) 1600∘C.

of the whole mold, which means that there was thermal
loss through the molds. The temperatures of the molds were
much higher than those of the dummy bars in both samples.
Nevertheless, the latent heat of liquid Si was not effectively
removed through the dummy bar, because of the very narrow
contact area between the molten Si and the dummy bar. On
the other hand, columnar grains were aligned to be parallel
to the pulling direction in the case of a mold temperature
of 1600∘C, similar to EFG and SR, as shown in Figure 4(c).
This means that the liquid-solid interface moves almost
perpendicular to the pulling direction, which indicates that
the latent heat of Si was eliminated through the dummy
bar. Consequently, these experimental findings demonstrate
that the mold temperature should be much higher than the
melting temperature of Si to overcome thermal loss through
the mold and the limited heat flux derived from the very
narrow contact area with the dummy bar.

4. Conclusion

In order to fabricate a Si substrate without kerf-loss, a novel
direct system of growing Si substrate from Si melts using
gas pressure was developed in order to satisfy demands for
high quality and productivity. The system consisted of a
sealed part for melting Si feedstock, a growth part for Si
substrate of the desired dimensions, and a substrate transfer
part for securing continuous growth using the dummy bar in
a vacuum chamber. The gas pressure on the surface of the Si
melts in themelting part should be in a range of 780–850 Torr
when injecting the melt into the growth part, due to the very
high surface tension and low viscosity of the silicon melts.
In the case of a mold temperature of ≤1500∘C, defects such

as cracks and impurities were generated at the center of the
substrate by the formation of a liquid-solid interface structure
running parallel to the pulling direction, such as RGS and
CDS, which indicated that nucleation did not occur on the
surface of the dummy bar due to thermal loss through the
molds and the restricted heat flux toward the dummy bar.
On the other hand, a desirable liquid-solid interface structure
that was perpendicular to the pulling direction, such as EFG
and SR, was formed at the mold temperature of 1600∘C in
the solidification zone of the growth part, because thermal
loss and limited heat flux were overcome at that tempera-
ture. Consequently, the temperature of the mold should be
much higher than the melting temperature of Si to form a
liquid-solid interface structure perpendicular to the pulling
direction, with nucleation occurring at the surface of the
dummy bar, which was useful in compensating the volume
expansion generated during liquid-solid transformation and
in purifying the substrate, as the volume expansion and
impurities preferentially move into the liquid phase.
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