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Abstract: A vacuum directional solidification with high temperature gradient was performed to prepare low cost solar-grade
multicrystalline silicon (mc-Si) directly from metallurgical-grade mc-Si. The microstructure characteristic, grain size, boundary,
solid—liquid growth interface, and dislocation structure under different growth conditions were studied. The results show that
directionally solidified multicrystalline silicon rods with high density and orientation can be obtained when the solidification rate is
below 60 pm/s. The grain size gradually decreases with increasing the solidification rate. The control of obtaining planar solid—liquid
interface at high temperature gradient is effective to produce well-aligned columnar grains along the solidification direction. The
growth step and twin boundaries are preferred to form in the microstructure due to the faceted growth characteristic of mc-Si. The
dislocation distribution is inhomogeneous within crystals and the dislocation density increases with the increase of solidification rate.
Furthermore, the crystal growth behavior and dislocation formation mechanism of mc-Si were discussed.
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1 Introduction

With the rapid development of modern industry, the
energy demand of global world is greatly increased
annually; however, conventional energies such as coal,
petroleum and natural gas are non-renewable and
severely pollute the environment [1]. Silicon solar cell
has become the dominant energy material used in the
photovoltaic (PV) industry field for solving energy and
environmental problems worldwide [2,3].

At present, over 95% of commercial solar cells are
made by using crystalline silicon [4]. The current share
ratio of multicrystalline silicon (mc-Si) wafer is over
50% in the silicon solar cell market and the annual
production is more than 10 GW [5]. The conversion
efficiency of mc-Si reaches 20.3%, which is almost near
to that of single crystalline silicon (sc-Si) [3,6].
However, as compared with conventional energy
materials, the major limitation to wide practice
application of silicon solar cell is its high cost, in which
silicon wafer occupies 40%—60%. The present raw

materials of mec-Si solar cell mainly come from the
head-end materials or scraps of sc-Si used in the
micro-electronic industry, the cost of which is high in
comparison with metallurgical-grade mc-Si and a large
shortage of which is gradually faced with increasing
expectations for the solar cell market. Moreover, the
dominant preparation technique of mc-Si is still the
improved Siemens method, which severely pollutes
environment.

Recently, the mc-Si grown based on the directional
solidification has attracted great attention due to its low
production cost, low energy consumption, low pollution
and high throughput [7-10]. Furthermore, by exactly
controlling thermal flow along the growth direction, well
aligned columnar crystals with good orientations can be
obtained. However, most previous studies about
solar-grade Si were mainly focused on the purification
effect of mc-Si by directional solidification, and the
preparation was mainly conducted at a low growth rate
and metallurgical-grade mc-Si with a low purity was less
used as raw materials [11—15]. In this work, the solar-
grade mc-Si was directly prepared from metallurgical-
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grade mc-Si. The microstructure evolution, solid—liquid
interface and dislocation structure under different growth
conditions were investigated, and the growth mechanism
of mc-Si crystal at a high temperature gradient was
discussed.

2 Experimental

The starting feedstock materials were commercial
metallurgical-grade mc-Si ingots with purity of higher
than 99.5%. Cylindrical mc-Si precursor rods with a
diameter of 6 mm and a length of 80 mm were cut from
the original ingot using diamond-cutting machine and
cleaned using acetone and alcohol. Then, the obtained
rod samples were inserted in a matched high purity
quartz crucible to start directional solidification. When
the vacuum of the furnace chamber was pumped up to
5x10* Pa, the samples were inductively remelted and
solidified in a high thermal gradient Bridgman
directional solidification furnace under high purity argon
atmosphere. After being heated to stabilization at 1450
°C for 30 min, the sample was pulled downward through
the furnace at a constant velocity (5—60 um/s). At the
end of the experiment, the samples were quenched by
pulling them rapidly into the Ga—In—Sn liquid metal bath
to obtain the solid—liquid interface. A type-B
thermocouple (Pt—6%Rh/Pt-30%Rh) was wused to
measure the melt temperature at different rates. The
temperature gradient was about 200 K/cm.

The directionally solidified samples were cut along
longitudinal and transverse cross-sections, and then
ground and polished with standard metallographic
techniques. To reveal the microstructure and dislocation,
the specimens were etched with an etching solution of
V(HF):(HNO;)=1:1 for 5 s and then characterized by an
optical microscope (Leica, DM4000M). The chemical
composition of the solidified sample was analyzed by
inductively  coupled
spectrometry (ICP—AES).

plasma  atomic  emission

3 Results and discussion

3.1 Solid-liquid interface morphology and micro-

structure characteristics

The morphology control of the solid—liquid interface
during unidirectional growth processes is the key to
obtain high quality crystals [16], which is generally
determined by the temperature gradient and growth
velocity. Figure 1 shows the typical solid—liquid
interface morphology of directionally solidified mc-Si
grown at the rate of 5 um/s. At the middle part of the rod
sample (Fig. 1(a)), the solid—liquid interface presents a
flat growth morphology. In the solidified zone, the

dendrite Si crystals directionally grow along the growth
directions at the initial growth stage, as shown by the
dark arrows. The dendrite Si crystals generally grow
much faster than the equiaxed grains, so the dendrite
grains could be much larger [5]. The grains near the
interface are fine, and the sizes gradually increase with
the increase of the distance away from the interface,
namely, the grain sizes increase with the height in the
solidified crystal. Similar results are also found by
FUJIWARA et al [17], in which the dendrite growth
along the crucible bottom wall is obtained by controlling
the cooling rate at the initial stage of directional
solidification. Moreover, the solidified zone is dense and
no obvious casting defects are found, which is different
from the conventional directional solidification ingot
[18]. However, in the quenched liquid zone, there are
many defects formed such as pores shown by the white
arrows, and the crystals grow with the random
orientation. The planar growth front morphology
obtained is mainly ascribed to the high temperature
gradient that can enhance the stability of the melt growth
interface. At the edge part of the rod sample (Fig. 1(b)),
the solid—liquid interface slightly convexes towards the
liquid, as shown by the dashed line, which may primarily
be caused by the side thermal radiation in the radial
direction. As a result, the grains grow outward from the
inner shown by the dark arrow, and the grain size in
average is smaller in the side wall than that of the inner
of the sample.

Figure 2 shows the microstructures of longitudinal
cross-sections of the directionally solidified mc-Si rods
at different parts grown at the rate of 5 pm/s. As shown,
at the stable growth stage of the middle part (Fig. 2(a)),
well-aligned columnar silicon crystals are produced with
orientation approximately parallel to the growth
direction. The parallel grain boundaries can be clearly
observed as shown by the dark arrows, and there are
almost no transverse grain boundaries. Moreover, it is
noted that the grain size distribution is not uniform
within individual grains such as grains A and D. At the
top part (Fig. 2(b)), the grains grow completely in the
perpendicular direction, which is superior to that of the
middle part possibly caused by the axial radiation at the
top. Only a few lateral grain boundaries can be seen, as
shown by the white arrows in Fig. 2(b). Generally, the
silicon crystals prefer to grow with a faceted
solidification interface and crystallization feature, which
results in the fact that the growth directions of the silicon
columnar crystals are not as straight as that of metals
[15]. The columnar grains and straight grain boundaries
growing parallel to the heat flux direction mean that the
solidification occurs directionally and the planar growth
front interface is produced, which agrees with the
solid—liquid interface result in Fig. 1. Although the raw
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Fig. 2 Microstructures of longitudinal cross-sections of different growth regions for directionally solidified mc-Si rods grown at rate

of 5 umy/s: (a) Middle part; (b) Top part; (c) Edge part

materials are metallurgical-grade mc-Si  with high
impurities, no precipitate is observed at the grain
boundaries in the whole sample grown at a low rate,
which indicates that the directional solidification with
high temperature gradient can improve the solidification
microstructures in comparison with conventional
directionally solidified silicon, and will be beneficial to
improving the properties of mec-Si. However, the
directional growth is weakened in the outermost region
of the sample, where the grains tend to slightly incline in
the radial direction, as shown in Fig. 2(c). Many lateral
grain boundaries (dark arrows) are found and some
stacking faults form (white arrows). This indicates that
preventing the radial thermal radiation during the

directional solidification process is important to improve
the solidification microstructure of me-Si.

Figure 3 shows the microstructure evolution of
directionally solidified mc-Si grown at different
solidification rates. Obviously, the size of Si grain is fine
in comparison with the conventional directional
solidification of Si [19] due to the high temperature
gradient that leads to rapid cooling rate. Neither dendritic
nor cellular structure is found in the samples. In this
directional solidification system, the temperature
gradient is about 200 K/cm, which is far higher than that
of the conventional directional solidification equipment.
According to the nucleation theory, the crystal nucleation
is derived by a certain undercooling. A higher cooling
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Fig. 3 Microstructure evolution of directionally solidified mc-Si grown at different rates: (a) 10 pm/s; (b) 20 um/s; (c) 40 pmy/s;

(d) 60 pm/s

rate prefers to produce a higher undercooling and
nucleation rate. Thus, when the temperature gradient is
kept constant, increasing the solidification rate will lead
to the increase of nucleation rate of columnar grains and,
consequently forming finer crystals, as shown in Fig. 3.
As the solidification rate increases from 5 to 60 pm/s, the
average size of the columnar grain decreases from 200 to
20 pum, and the columnar grain keeps the directional
growth orientation parallel to the thermal flow direction
even at high growth rate, which indicates that the high
temperature gradient can enhance the growth stability of
Si crystal and obtain well aligned columnar grains.
Furthermore, some small precipitates are also observed
in the partial zone of the solidified sample at rate of 60
um/s, as shown in Fig. 4. Similar results are also found
by MARTORANO et al [9]. Because silicon grows with
a faceted characteristic and strong anisotropy, the growth
interface is unstable. At high rate, the low impurities in
raw materials tend to enrich at the growth interface front,

Fig. 4 Precipitates in directionally solidified me-Si

which will result in the constitutional undercooling and
destroy the planar and
consequently, producing precipitates.

solid—liquid interface,
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3.2 Dislocation characteristic

Dislocations are considered to be important defects
commonly formed in the mec-Si, and extremely affect the
properties of materials. For example, the high dislocation
densities in local regions are known to be detrimental to
minority carrier lifetime [12]. Therefore, understanding
the dislocation and twin boundary characteristics is
necessary to control the formation of defects. Figure 5(a)
shows the typical dislocation structure in the sample
grown at rate of 5 pm/s. The distribution of dislocations
is highly inhomogeneous among the grains, and the
average dislocation density is about 1x10° cm™. The
dislocations are arrayed in the form of dislocation
cluster, showing a typical slip dislocation characteristic,
which is similar to the result of CHEN et al [S8].
Moreover, the twin boundary with step growth originated
from a grain boundary is clearly observed as the arrows
shown in  Fig. 5(b). It is suggested that the twin
boundaries are generally generated from a normal grain
boundary during the directional growth process, which
are mainly caused by faceted growth habit of Si melt at
the solid—liquid interface front [20].

Fig. 5 Dislocation (a) and twin boundary (b) in directionally
solidified me-Si grown at rate of 5 pm/s

Figure 6 shows the dislocation distribution in the
mc-Si sample grown at the rate of 20 pm/s. The
dislocations primarily consist of slip dislocations, and the
dislocation distribution is also very inhomogeneous, but
the density increases obviously in comparison with
Fig. 5.

The slip dislocation is considered to be the
formation reason of the inhomogeneous dislocation

distribution [5]. In Fig. 6(a), it can be seen that the
dislocation is produced from a triple-grain junction (A, B
and C), as shown by the arrows, which further indicates
that the generation of crystal defects, such as dislocations
or twin boundaries, is highly related to the grain
boundary. The increase of the dislocation distribution is
mainly caused by the increased cool rate under rapid
solidification conditions, which produces larger stress.
The stress given to the grain boundary will lead to
increasing defect generation.

Fig. 6 Dislocation distribution in directionally solidified me-Si
grown at rate of 20 pm/s: (a) Dislocation produced from grain
junction; (b) Dislocation produced from grain boundary

4 Conclusions

1) The directional solidification with high
temperature gradient is applied to preparing solar-grade
mc-Si directly from metallurgical-grade mc-Si. By
obtaining the planar solidification interface, well-aligned
columnar grains with high orientation parallel to the
growth direction are obtained at the rate of 5—60 pm/s.

2) The grain size decreases with increasing the
solidification rate, and only a few precipitates are
observed at high solidification rate due to the interface
instability caused by the constitutional undercooling.

3) High density slip dislocations with
inhomogeneous distribution form in the directionally
solidified mc-Si. The dislocations and twin boundaries
tend to produce from the boundary, and the density
decreases with the increase of the solidification rate.
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characterization of multicrystalline silicon ingots by directional
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