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Abstract

A three-dimensional (3D) Haasen-Alexander-Sumino model (HAS model) has been developed to study the
dislocation density and residual strain in the crystal. We compared the difference between calculation results and
experimental results. The results show that the HAS model can evaluate the dislocation density and residual strain in
the crystal semiquantitatively. And the residual strain for a multicrystal is lower than that for a mono-like crystal,
while the dislocation density for the multicrystal is higher than that for the mono-like crystal. In the case of
mono-like crystal, the dislocation generation is small and the thermal stress cannot relax easily, then residual strain is
high. In the case of the multicrystal, the dislocation generation is large and there are so many grains, then the thermal

stress can relax easily and residual strain is low.
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1. Introduction

In recent years, photovoltaic energy is essential to
solve the energy issues and environmental problems
which we confront. For widespread utilization of the
photovoltaic application in the world, it is important to
fulfill the demand of cost reduction and improvement of
conversion efficiency. The directional solidification
method is important and most prevailing method for
growing multicrystalline silicon (mec-Si) ingots for
photovoltaic materials. Major advantages of this method
are low cost and high throughput for photovoltaic
production. However, seeded directional solidification
method (seed-cast)’™ has been a focus of constant
attention. Mono-like Si ingots are grown from seed
crystals, which are putted at the bottom of the crucible
using the directional solidification method. These days,
the conversion efficiency of mono-like Si is about the
same that of monocrystalline Si, which is grown by the
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Czochralski (CZ) method®. For mc-Si or mono-like Si,
which is grown by the directional solidification method,
it is widely known that high dislocation density is main
problem to decrease conversion efficiency™ ©, while
residual stress can cause the crystals to fracture”®. For
increasing both conversion efficiency and yield rate of
solar cells, the dislocation density and residual stress in
the crystal needs to be improved.

For experimental method, it is important to evaluate
the quality of crystals *'?, but this cannot be estimated
how to generate dislocation and residual stress during
the growth process. Numerical simulation is a powerful
tool to provide us a valuable perception by analyzing
calculation results of the crystal during the growth
process. Therefore, we can improve the furnace design
and optimize the growth condition, which are effective
to the quality of the crystal, by numerical simulation.

A 3D Haasen-Alexander-Sumino model (HAS
model) has been developed'>'” to study the behavior of
dislocation and residual strain during the growth process.
We assumed the silicon crystal was isotropic, crystal
anisotropy was neglected. In this study, we pay attention
to the HAS model can be used to calculate dislocation
density and residual strain for mono-like Si and mc-Si
even we assumed the silicon crystal was isotropic. And
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we analyzed the relationship between the dislocation
density and residual strain using this model.

2. Computation Method

The directional solidification furnace consisted of a
silicon melt, a crystal, crucibles, pedestals, heat shields,
and heaters. The crystal had a height of 75 mm and a
diameter of 105 mm.

A transient global model was developed for the
directional solidification process to investigate the
global heat transfer in the entire furnace as a function of
time. Global heat transfer in the entire furnace included
the convective heat transfer of the silicon melt, the
conductive heat transfer in all of the solid components,
and the radiative heat transfer in all of the diffusive
surfaces of the furnace. A dynamic interface tracking
method was also included to obtain the shape of the
solid-liquid interface. Details of the calculations have
already been reported elsewhere!S2?.

A 3D HAS model was also investigated using the
temperature distributions in the crystal which we
calculated. A brief explanation of the formulas as
follows. Details of the calculations can be found
elsewhere'*"'”).

A silicon crystal has twelve slip directions because
of its fee structure'” V. The resolved shear stress 7% in
the « slip direction can be obtained using the tensor

21)

transformation technique The creep strain rate is

obtained by Orowan’s relationship as follows??):
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where N, is the mobile dislocation density, b is
Burger’s vector, and v is the slip velocity of the
dislocation.
The rate of the mobile dislocation density in the
slip direction is given as follows:
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where 7, is the effective stress for dislocation

multiplication, K and K  are multiplication

constants'>17

, and r. is the effective dipole half
width!>17, The f,4 coefficients are given either as one or
Zero.
The slip velocity of the dislocation v is given by:
v = Ly exp—-L
7, k,T

) (3)

where v =5000m/s ., t,=1MPa , m=1 ,
U=22eV , k =8617x10°eVKk" *. The effective
stress is given by:

) = <T(“) -7 - TZS“)> 4)
where 7(*) is the resolved shear stress, z'i(“) is the

stress for overcoming short-range obstacles, and 71(>a)
is the internal long-range elastic stress which is caused

by mobile dislocations'>"'" 2%,

The short-range and long-range interactions are

given as follows>>:
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a

s the interaction
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coefficients

Because the dislocation densities and creep strains
for all of the slip directions are obtained, the total
dislocation density and total creep strain can be
expressed as:
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where n® is the normal unit vector of the slip
plane and m'® is the unit vector of the slip direction.

The following assumptions were made: (1) the
boundary condition at the solid—liquid interface was a no
traction boundary, and (2) the boundary conditions at the
crystal-crucible wall interfaces were also no traction
boundaries because a coating was used between the
silicon melt and the quartz crucible in order to reduce
the effect of the crucible.

3. Results and discussion

We used one of major crystal growth methods based
on the directional solidification process; the traveling
heater method. In the traveling heater method, the
heaters were moved upward in order to grow the crystal,
while the heater power was held constant until
completion of the solidification process, at which point
it was decreased.
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Two mono-like crystals (Crystal 1 and Crystal 2)
were grown by the traveling heater method using

(001)-oriented seed crystals'® 'V

. Figure 1 shows the
growth recipe of heater temperature and crucible
position for the experiment'’. We conformed to the
melting and solidification process for two crystals and
only changed the cooling rate during the cooling process
below 900 °C. The cooling rate for Crystal 1 was about
12 °C/min, whereas that for Crystal 2 was about
5 °C/min below 900 °C. Figures 2 (a) and 2(b) are the
optical images of Crystal 1 and Crystal 2. Two ingots
were cut 1.5 mm thickness at vertical direction with
(110) surface to measure the dislocation density and
residual strain in the ingot. Crystal 1 has a large area of
mono crystal which grew from the seed crystal; however
Crystal 2 has a large area of multicrystal which
originated from the side wall. The measurement of
residual strain was performed using a scanning infrared
polariscope (SIRP). Details of the SIRP measurement

2425 We also calculate

can be found in publications
temperature distribution in the crystal with following
parameters. The cooling rate for Crystal 1 was about
6.1 °C/min, whereas that for Crystal 2 was about
2.2 °C/min below 900 °C. The cooling rate between
experiment and calculation is different; however, we can

verify the effect of the cooling rate below 900 °C

qualitatively.
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Fig. 1 The growth recipe of heater temperature and
crucible position for the experiment.
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Fig. 2 Optical images of (a) Crystal 1 and (b)
Crystal 2.

Figure 3 shows the distribution of dislocation density
in the periphery of the crystals with respect to the ingot
height in the calculation results and experimental results.
The previous 2D calculation results are different from
the experimental results by one order of magnitude.
However, our new 3D calculation results are very close
to the experimental results. The calculation results for
Crystal 1 and Crystal 2 are almost the same because the
dislocations ~ were  mainly  generated at the
high-temperature region in the HAS model and because
our calculations did not take into account for the
dislocation propagation and movement. Therefore, the
distribution of dislocation density for Crystal 1 and
Crystal 2 is almost the same because the cooling rate
changed at 900 °C, which is not a high-temperature

region.
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Fig. 3 The distribution of dislocation density in the
periphery of the crystal with respect to the ingot
height in the calculations and the experiments.

Figures 4(a) and 4(b) show SIRP images of Crystal 1
and Crystal 2'% 'V Figures 5(a) and 5(b) show the
distribution of residual strain of Crystal 1 and Crystal 2
for calculation results. From Fig. 4(a) and Fig. 5(a), both
residual strain distributions are symmetric distribution
and quite similar. And the higher strain in the crystal is
periphery and lower strain is in the center. These results
suggest that the peripheries in the crystal are the areas of
high temperature gradients and therefore the high
thermal stresses are in those areas. From Fig. 2(b), 4(b)
and 5(b), even multicrystal area in the ingot is large, the
distribution of residual strain for calculation result is
close to that for experimental result.

Figures 6(a) and 6(b) show an optical image and
SIRP image of multicrystalline silicon ingot'®. The
solidification and cooling process is the same as Crystal
1. Even there are so many grains, the distribution of
residual strain as shown in Fig. 5(a) is close to the SIRP
image as shown in Fig. 6(b). Figures 7(a) and 7(b) show
the distribution of residual strain in the center and
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Fig. 5 The distribution of residual strain in (a)
Crystal 1 and (b) Crystal 2 in the calculations.

(2) (®)

Fig. 6 (a) Optical image and (b) SIRP image of the
multicrystalline silicon ingot.

periphery of the crystal with respect to the ingot height
for the calculation and experimental results. The
distribution of residual strain for Crystal 1 and Crystal 2
in calculation result is close to that for experimental
result. And the difference of residual strain between
Crystal 1 and Crystal 2 is small. The distribution of
residual strain for multicrystal ingot is also close to that
for calculation results. And residual strain for
multicrystal ingot is lower than that for mono-like ingot
Crystal 1 and Crystal 2. The average dislocation density
in whole of the crystal for Crystal 1, Crystal 2 and
multicrystal is 0.5x10%, 1.1x10°, and 1.5x10° cm?

29 The average dislocation density for

respectively
multicrystal is higher than that for mono-like Crystal 1
and 2. This phenomenon is owing to the relationship
between the dislocation density and the residual strain in
the crystal. For the mono-like crystal, because
dislocation generation is small, thermal stress cannot
casily relax and the residual strain is high. In contrast,
for the multicrystal, because dislocation generation is
large and there are many grains, the thermal stress can
easily relax, and therefore the residual strain is low. In
case of increasing the size of crystal, difference of
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Fig. 7 The distribution of residual strain in the (a)
center and (b) periphery of crystal with respect to
the ingot height in the calculations and experiments.

residual strain between mono-like crystal and
multicrystal could be increased. Therefore, we can
expect the difference of residual strain could be more
effective to dislocation density. Thus, even multicrystal
area in the ingot is large, HAS model is very useful to
expect the distribution of dislocation density and
residual strain semiquantitatively.

4. Conclusion

A 3D Haasen-Alexander-Sumino model has been
developed and compared with experimental results
performed in mono-like and multicrystal silicon ingots
to study the relationship between dislocation density and
residual strain in the crystal. The calculation results are
good agreement with the experimental results even
crystal has large multicrystal area. From these results,
the HAS model is very useful model to evaluate
dislocation density and residual strain in the crystal
semiquantitatively. And we verified the relationship
between dislocation density and residual strain in the

crystal using numerical analysis in comparison with
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experimental results.
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