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A high-performance multicrystalline silicon (me-Si) ingot was produced by seed-assisted directional
solidification, and the minority carrier lifetime of the periphery edge region was evaluated. The defects
and impurities in the periphery edge region of the silicon wafers were systematically studied with
photoluminescence (PL) imaging, minority carrier lifetime mapping, and Fourier transform infrared
(FTIR) spectroscopy. Their relationships with the minority carrier lifetime were investigated. The
concentration of substitutional carbon, interstitial oxygen, and dislocation clusters is not directly
correlated with the low minority carrier lifetime of the edge zone of the mc-Si ingot. Inhomogeneous
grain size distribution and contamination with iron impurities were demonstrated to be the main factors
affecting the low minority carrier lifetime. By controlling the impurities and improving the grain size
distribution, a modified furnace was designed and a higher-quality mc-Si ingot was manufactured.
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1 Introduction

Multicrystalline silicon (mc-Si) is one of the most im-
portant materials of solar cells in the photovoltaic in-
dustry [1-5]. During directional solidification (DS) of a
common mc-Si ingot, many defects and impurities can
be generated, which are harmful to the solar cell per-
formance. Therefore, the conversion efficiency of a so-
lar cell (mc-Si) is usually lower than that of cells fab-
ricated with monocrystalline silicon. Currently, seed-
assisted crystalline silicon growth technology is being
developed. The mec-silicon seed is placed in the bot-
tom of the crucible to provide numerous fine nucleation
points for the controlled grain growth. Based on this
technology, a high-performance ingot with uniform grain
size and low amounts of dislocations is obtained [6-8]. A
higher average solar cell conversion efficiency of ~0.5%—

1% is achieved using high-performance mec-silicon com-
pared with that of common mec-silicon based on the same
cell fabrication process. The minority carrier lifetime is
a crucial parameter indicating the quality of a mc-Si in-
got. Localized low-lifetime regions (red zone) are fre-
quently found at the top, bottom, and periphery edges.
Many studies proved that Fe impurities of the crucible
are crucial factors affecting the low-lifetime edge of mc-Si
quality [9-13].

On the other hand, during the production of industrial
me-Si ingots with and without seeds, the furnace struc-
ture, temperature distribution, and solidification process
significantly differ. Therefore, it is very difficult to use
the same industrial furnace to manufacture and com-
pare two mc-Si ingots with and without seeds. Another
method was used to confirm the effect of the seed re-
gion on the low lifetime of the periphery edge of a high-
performance mc-Si ingot. The seed preservation of the
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side brick (S-brick) and central brick (C-brick) of the in-
got is completely different; only the S-brick is in contact
with the side and bottom crucible. Therefore, S-brick
and C-brick cut from the same ingot were chosen to in-
vestigate the effect of the side crucible and seed preserva-
tion on the low lifetime of the periphery edge. Possible
factors limiting the lifetime of high-performance mc-Si
include impurities and structural defects [14]. However,
few studies reported the effect of seed preservation on
the lifetime distribution, especially the lifetime of the
periphery edge region.

In this paper, defects, including dislocations and grain
boundaries, were studied by photoluminescence (PL)
imaging. Iron impurities were detected using the SEMI-
LAB WT-2000 instrument and a microwave photocon-
ductivity decay technique (u-PCD); the key of this tech-
nique is lifetime measurement before and after breaking
Fe-B pairs [15]. Impurities, including substitutional car-
bon and interstitial oxygen, were also investigated with
Fourier transform infrared (FTIR) spectroscopy. In ad-
dition, modifications were discussed and applied to im-
prove the ingot quality.

2 Experimental

The experiment was carried out using a seed-assisted
directional solidification process to cast the high-
performance mc-Si ingot in an optimized directional so-
lidification furnace (GT Advanced Technologies, GT-
DSS 450HP). Each ingot was cut into 25 bricks (Fig. 1,
left), A13 was chosen as C-brick and B11 was selected
as S-brick for minority carrier lifetime (SEMILAB WT-
2000) and infrared (SEMILAB IRB50) analyses (Fig. 1,

Fig. 1 Numbering of bricks of mc-Si ingot (left) and maps
of the minority carrier lifetime and IR spectra of the central
brick (A13) and side brick (B11, right).
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right). The height of the C- and S-brick was 330 mm.
The bottom and top ends of the two bricks were cut at
55 mm and 30 mm, respectively, to cut off lower life-
time regions. Square-shaped wafers were cut from the
top, middle, and bottom parts of the two bricks (after
cutting off the bottom and top ends). The wafer sam-
ples were cleaned in a standard RCA sequence and then
measured with the PL imaging instrument (BT imag-
ing, LIS-R1). From the bottom silicon wafers of the two
bricks with typical low-lifetime periphery edge, 20 mm x
20 mm square silicon chips were cut perpendicular to the
low-lifetime edge with a laser. The silicon chip samples
were used for impurity analysis; the detailed process was
reported in our preliminary work [15].

3 Results and discussion

3.1 Minority carrier lifetime distribution and seed
preservation

The result of the lifetime and infrared measurements are
presented in Fig. 1. In addition to low minority carrier
lifetimes at the top and bottom edges of the two bricks,
localized low lifetime of the periphery edge was only de-
tected in the S-brick. The periphery edge indicates that
the low-lifetime region of the S-brick is larger than that of
the C-brick. The lifetime measurement results in Fig. 2
also confirm that the average lifetime of the S-brick is
lower than that of the C-brick. The lifetime distribution
of the C-brick is homogeneous in the range from 100 mm
to 250 mm and the average lifetime of the C-brick is
~ 5.69 us based on the u-PCD measurement, which is
larger than that of the S-brick (5.37 us). With respect
to the infrared measurement results in Fig. 1, the black
area below the red lines corresponds to the preserved seed
crystal region. Notably, the surface of the seed region of
the C-brick is flatter than that of the S-brick. Based on
the comparison of the red arrows, the columnar crystals
of the C-brick grew vertically, different from that of the
S-brick.

3.2 Defects

Figure 3 shows the PL maps of the silicon wafers ob-
tained at different positions of the S-brick and C-brick.
The purple region in the PL map corresponds to the area
with dislocation clusters, while the green line and brown
regions represent the grain boundaries and low-lifetime
regions, respectively. The purple regions of the wafers
of the C-brick are relatively smaller than those of the
S-brick wafers. This indicates that the dislocation clus-
ter ratio of the C-brick wafers is notably lower than that
of the S-brick wafers. Based on Fig. 3, the dislocation

Zhong Li, et al., Front. Phys. 12(5), 128103 (2017)



RESEARCH ARTICLE

@10

e Lifetime of central brick
Fit line

Minority carrier lifetime (ps)

0 L L

® 10 x —

= Lifetime of corner brick
Fit line

Minority carrier lifetime (ps)

0 S0 100 150 200 250 300
Distance from the bottom to the top of the brick (mm)

0 T T T T T T T T T T T T
0 50 100 150 200 250 300
Distance from the bottom to the top of the brick (mm)

Fig. 2 The distribution of the minority carrier lifetime in the (a) central brick and (b) side brick.
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Fig. 3 PL maps of the wafers at different heights for the central and side bricks.

cluster distribution is random and its ratio is higher at
the top of both bricks than in the middle and bottom.
The brown region decreases from the bottom to the top,
which agrees well with the distribution of the red region
of the ingot shown in Fig. 1.

Dislocations can cause electronic states in the forbid-
den band of Si and act as heavy recombination cen-
ters. The average values of dislocation clusters and grain
boundaries are displayed in Figs. 4(a) and (b). The aver-
age dislocation cluster ratio decreases from the top to the

Zhong Li, et al., Front. Phys. 12(5), 128103 (2017)

bottom, while the low-lifetime region increases. There-
fore, dislocations do not cause the lifetime distribution
of the periphery edge. In addition, the average grain
boundary ratio of the wafers in the middle position is
lower than that in other positions. The placement of the
seed crystals in the initial period of grain growth leads
to disordered grain orientation. As effect of seeds in
the medium period, small grains become larger and one
or more twin structures (3 3 boundaries) are produced
[16-18]. Although the dislocations begin to propagate
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Fig. 4 The distribution of (a) average dislocation and (b)
boundary ratios of the wafers at different heights for the cen-
tral and side bricks and (c) edge boundary ratio and brown
edge area of the side brick.

and multiply as mec-Si is growing, the dislocation move-
ment to boundaries becomes easier, which might lower
the possibility of dislocation clusters. Therefore, the av-
erage dislocation cluster ratio increases slightly and the
average gain boundary ratio decreases in the medium
period. The segregation of directional solidification in
the later period leads to many impurities assembling in
the top part of the mc-Si ingot. This induces disloca-
tion propagation and plays a role for nucleation centers,
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which lead to of the increase of dislocation clusters and
grain boundaries. The average grain boundary ratio of
0.84% corresponds to the low-lifetime region (7.94%) in
the bottom of the S-brick. The average grain boundary
ratio of 1.56% corresponds to other regions (92.06%).
Therefore, the grain boundary per unit area of the low-
lifetime edge is more than 5.5 times that of the high-
lifetime region. The inhomogeneous boundary distribu-
tion results in small grain areas at the edge and conse-
quently in a periphery edge exhibiting a lower minority
carrier lifetime.

3.3 Impurities

Square silicon chips from the bottom position were used
for impurity concentration measurements, as shown in
Table 1 and Fig. 5. Iron impurities were considered to
be the cause of the red periphery zone in multicrystalline
ingots because of their high solubility and diffusivity [19].
Compared with the Fe concentration maps of the C-
brick, the Fe concentration maps of the S-brick displays
an inhomogeneous distribution [Figs. 5(a) and (b)]. The
average iron concentration of the low-lifetime edge of the
S-brick is 1.58 x 10'2 em ™3, which is larger than that of
the high-lifetime region (1.39 x 102 cm~2), correspond-
ing to an increase of 0.19 x 10'2 ecm~3. Therefore, iron
impurities are relevant for the low-lifetime region of the
S-brick.

The FTIR absorption spectrum was processed using
Gaussian curve fitting. The concentration of carbon and
oxygen impurities in 16 samples was calculated after the
fitted baseline was subtracted. The concentration of car-
bon impurities was estimated [Figs. 5(c) and (d)]. A sam-
ple with a carbon concentration higher than 1.20 x 108
was found. The oxygen concentration of S-brick edge
samples is on average higher than that of high-lifetime
regions, as shown in Fig. 5(e). This phenomenon has
been discussed in our preliminary work [15]. Based on
Fig. 5(f), the oxygen distribution of most samples is ho-
mogeneous, ranging between 8.50 x 1017 and 9.00 x 107,
The concentrations of substitutional carbon and inter-

Table 1 The average impurity concentration of the edge
and high-lifetime regions of the central and side bricks.

Sample Fe (cm™3) C (cm™3) O (cm™3)

C-brick Edge (0 mm) 1.46x 1012 6.58x 1017 8.23x10%7

High lifetime region 1.42x10'2 6.59x10'7 7.76 x 107
(120 mm)

S-brick Edge (0 mm) 1.58x 1012 7.78x 1017 7.23x10%7

High lifetime region 1.39x10'2 6.19x10'7 8.90x 107
(120 mm)

Zhong Li, et al., Front. Phys. 12(5), 128103 (2017)
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Fig. 5
on FTIR spectroscopy.

stitial oxygen are mainly at a reasonable level; the con-
centrations at the edge did not notably differ from that
of the center. Therefore, C and O impurities are not the
cause of the low periphery edge lifetime.

3.4 Improvement of crystalline growth

Based on the experiment and discussion of the effect of
defects and impurities on the periphery edge lifetime, it
can be concluded that the Fe impurities and small grain
region of the S-brick lower the ingot quality. It is dif-
ficult to completely remove Fe impurities using quartz
crucibles for industrial mc-Si ingot production. How-
ever, controlling the impurities, including C and O, is

Zhong Li, et al., Front. Phys. 12(5), 128103 (2017)
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Iron, carbon, and oxygen concentration of the edge and high-lifetime regions of the central and side bricks based

still a suitable way to improve the me-Si quality [20, 21].
The grain growth affected by seed crystals competes with
the crystals nucleated in the side crucible of the S-brick,
which results in higher boundary density at the local-
ized edge compared with other regions, leading to lower
minority carrier diffusion. There is no doubt that seed
preservation plays an important role in the generation
of low-lifetime periphery edges; thus, the surface of the
seed region should be as flat as possible during crystal
growth.

There are two ways to further improve the quality of
the mc-Si ingot: Firstly, lowering the possibility of fur-
ther contamination with impurities (carbon and oxygen)
by optimizing the argon flow; and secondly, flattening
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the surface of seed crystals by adjusting the temperature
distribution. Based on our casting experiment [8], the
surface of the seed region is flatter than before. In addi-
tion, our experiment also confirms that the ingot quality
improved (0.13 ps) and on average 2.14% minority car-
rier lifetime and effective minority carrier lifetime were
gained.

4 Conclusion

The effect of possible impurities and defects on the
generation of low-lifetime periphery edges in a high-
performance industrial mc-Si ingot was analyzed. The
average iron concentration of the low-lifetime edge of the
S-brick is ~ 0.19x 102 em ™3 larger than that of the high-
lifetime region. At the bottom of the high-performance
me-Si ingot, the boundary per unit area of the low-
lifetime edge is more than 5.5 times that of the high-
lifetime region. It has been demonstrated that the iron
impurity contamination from crucibles and high bound-
ary density at the localized edge cause the low minority
carrier lifetime of the periphery edge. Seed preserva-
tion has been proven to be relevant for the low-lifetime
region of the side brick and a flatter seed region is ben-
eficial for growing a high-quality silicon ingot. Based on
controlling the impurity contamination and improving
the grain size distribution, improvements were achieved;
these measures can be applied to manufacture industrial
multicrystalline ingots for solar cells.
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