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Effect of thermal annealing on defects of upgraded metallurgical grade silicon
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Abstract: Effect of thermal annealing on the upgraded metallurgical grade(UMG)-Si was investigated under different conditions.
The dislocation, grain boundaries and preferred growth orientation of Si ingot were characterized by optical microscopy, electron
back scattering diffraction (EBSD) and X-ray diffractometry (XRD), respectively. The arrange order of dislocation density of Si ingot
is from the lowest in the middle to the lower in the bottom and low in the top before and after annealing. And it decreases gradually
with increase of the annealing temperature. The number of small angle grain boundaries declines gradually until disappears whereas
the proportion of coincidence site lattice (CSL) grain boundaries increases firstly and then decreases. The twin boundary X5 reaches
the highest proportion of 28% after annealing at 1 200 “C for 3 h. Furthermore, the crystal grains in different positions gain the best
preferred growth orientation, which can promote the following machining of Si ingot and the conversion efficiency of solar cells.
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1 Introduction

It is difficult to ensure the level of solid-liquid
interface when multi-crystalline silicon (mc-Si) is cast in
the directional solidification crystal growth stage because
of the effect of earth’s gravity. Therefore, a large number
of fine grains will be formed, which results in many
grain boundaries in the silicon crystal. In addition, a lot
of dislocations will be led due to the factors of uneven
cooling and the difference of thermal expansion
coefficient between silicon ingot and quartz crucible [1].
Similarly, it will also be a lot of dislocations and grain
boundaries in the silicon crystal when industrial silicon is
refined directly to upgrade metallurgical grade silicon
(UMG-Si) by metallurgical methods in the directional
solidification crystal growth stage. It will seriously affect
the conversion efficiency of UMG-Si solar cells.

The number of dislocations and grain boundaries in
the UMG-Si not only can be decreased, but also the
texture with preferred orientation will be also
strengthened after annealing properly. Then it will
greatly enhance the conversion efficiency of solar cells

[2]. Thus, annealing can improve the quality of ingot
after casting by directional solidification.

Currently, there are more studies about the effect of
annealing on the oxygen, carbon defects in the casting
mc-Si  [3—11]. However, for mc-Si produced by
metallurgical method with the advantages of little
pollution, low cost and great potential, there are few
studies about effect of annealing on its structure defects
and properties [12—14]. Particularly, the researches about
influence of annealing on the dislocations and grain
boundaries have not been reported. In this work, the
effect on the dislocation density and preferred growth
orientation of UMG-Si, and the grain boundaries of its
middle position were investigated under different
annealing conditions, in order to find the relevant law.

2 Experimental

2.1 Verification experiment on producing same
samples
As shown in Fig. 1, with the homogeneous thermal
field and the same temperature gradient, two
UMG-Si ingots (A and B) were prepared. The transverse
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and longitudinal surface topography of ingots A and B,
and the dislocation densities were
comparatively.

As can be seen from Fig. 2 and Fig. 3, the structures
and defects of sample A are in accordance with those of
sample B, indicating a reproducibility of sample
preparation.

investigated

2.2 Sample preparation and experimental conditions
Firstly, five UMG-Si ingots with similar structures
and defects were prepared by vacuum metallurgical
method. Secondly, the head and tail were removed
uniformly in proportion, which were labeled as a;, a,, as,

MG-Si

| Acid leaching (Ca, Al, Fe removal) |

\

| Vacuum oxidization (B, C removal) |

|

|Vacuum evaporation (P, O, Ca, Al removal)|

|

| Vacuum degassing (P, O, Ca, Al removal) |

| Vacuum directional solidification (Ti, Fe, Al removal) |

Conclusions

Fig. 1 Production process of UMG-Si by vacuum metallurgical
method

a4 and as, respectively. Thirdly, a; was directly used to
study before annealing, then a,, a;, a; and a; were
annealed at 1 000 °C for 3 h, 1 100 °C for 3 h, 1 200 °C
for 3 h, 1 300 °C for 3 h, respectively. The samples were
heated with the heating rate of 10 °C/min from room
temperature to target temperature, and then cooled down
with the same rate, with the protection of high-purity
argon. Finally, each of the ingots would be taken out
three wafers by cutting into bottom position, middle
position and top position according to the same
percentage of length.
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Fig. 2 Dislocation density of ingots A and B

2.3 Experimental procedures and characterization
Figure 4 shows the experimental procedures.
Optical microscopy was used to investigate the

Fig. 3 Transverse section (a), (b) and longitudinal section (b), (b") topographies of ingots A and B: (a), (a’) Ingot A; (b), (b") Ingot B
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Ingot a, Ingots a,, a3, a, and a5
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Fig. 4 Experimental procedures chart

dislocations of UMG-Si. Electron-back-scattering-
diffraction (EBSD) was used to observe the grain
boundaries. XRD pattern from 5° to 100° was used to
confirm the preferred growth orientation.

3 Results and discussion

3.1 Effect of annealing on dislocation density

Figure 5 shows a few of UMG-Si dislocation etch
pit pictures before and after annealing. It can be seen that
there is not only edges dislocation, but also the screw
dislocation. The shapes of dislocation etch pits are in
different forms. The formations of dislocation arrays are
due to a number of dislocations under the action of
obstacle in the sliding process. These dislocation etch
pits are in different shapes. It may be ascribed to the
oxidant concentration, preferential character of etching
liquid, etching time and temperature, and so on.

In addition, there are great quantities of dislocation
defects in UMG-Si before annealing because of large
thermal stress. However, the formation of thermal stress
is due to some factors. On the one hand, it is owing to the
uneven heat dissipation in the crystallization cooling
process; on the other hand, the coefficients of thermal

expansion are different between UMG-Si and crucible.
The dislocation density in UMG-Si decreases apparently
after annealing. Because the recovery process of
annealing makes dislocations slip in the slip plane, cross
slip or climb, making dislocations with opposite signs
meet and be destroyed. What is more, it will also make a
lot of dislocations from slip plane to subgrain boundary.
the dislocation density in UMG-Si is
decreased eventually.

Figure 6 exhibits the average dislocation density in
different positions of UMG-Si under different annealing
conditions. The arrange order of dislocation density of
UMG-Si ingot is from the lowest in the middle to the
lower in the bottom and low in the top, which is similar
to the distribution law of cast mc-Si reported in Ref. [1]

For the bottom of crystal, temperature gradient is
not uniform because of the interaction of silicon liquid
with the crucible. Therefore, it will result in small size
grains with a lot of grain boundaries. However, atomic

Therefore,

arrangement nearby the grain boundaries is usually
extremely disordered. In addition, crystal growth rate
will be adjusted to ensure the minimum defect density
and high productivity in the initial growth stage, which
will bring a larger temperature gradient. These two
factors would make the bottom have large dislocation
density. For the middle of crystal, the temperature
gradient is homogeneous. Crystals continue to grow
according to the adjusted rate on the condition of trying
to ensure the level of solid-liquid surface and a small
temperature gradient. Small grain will be swallowed
gradually as crystal grows, and the grain size of the
crystals will grow up gradually. Furthermore, the metal
impurity concentration in the middle position is
relatively low because of the effect of directional
solidification segregation. So the dislocation density in
the middle position is the minimum. For the top of
crystal, firstly, the thermal field is constantly adjusted all
times to ensure grain growth direction perpendicular to
the horizontal plane. Secondly, the cooling rate is usually
rapid in the later stages of crystal growth, and there will
be the effect of surface tension. In addition, the metal
impurities are concentrated on the top because of
dephlegmation after finishing the crystal growth. All
these factors lead to the largest dislocation density at the
top position of UMG-Si.

Furthermore, as shown in Fig. 6, under the
annealing conditions, the dislocation density in UMG-Si
decreases slightly. Because the thermal stress in the
UMG-Si is being released continuously in the annealing
process, the dislocations are slipping and climbing, then
meeting and destroying each other. Therefore, the
dislocation density in UMG-Si is becoming small
gradually.
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Fig. 5 Dislocation etch pit pictures of UMG-Si before(a, b, ¢) and after(a’, b’, ¢') annealing: (a), (a") Top position; (b), (b") Middle

position; (c), (c') Bottom position
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Fig. 6 Dislocation density of UMG-Si before and after
annealing

3.2 Effect of annealing on grain boundaries

Grain boundary can be divided into two major
categories such as small-angle and large-angle grain
boundaries according to the difference of its structure.
Ulteriorly, large angle grain boundaries can be divided
into special boundaries (coincidence site lattice (CSL),
express it with X) and general grain boundaries (angle>
15°, express it with R) [15]. According to Ref. [1], the
compound properties of different types of grain
boundaries are different. The other grain boundaries are
recombination center of minority carrier except the twin
boundary %;.

Figure 7 exhibits the information of grain
boundaries at middle position of UMG-Si ingots before
and after annealing, the statistics about grain
boundary type and amount for each silicon wafer are
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Fig. 7 Information of boundaries at middle position of UMG-Si before and after annealing: (a)—(c) Before annealing; (d)—(f) After
annealing at 1 000 °C for 3 h; (g)—(i) After annealing at 1 100 °C for 3 h; (j)—(1) After annealing at 1 200 °C for 3 h; (m)—(o) After
annealing at 1 300 °C for 3 h
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average results, which are from observed eight grain
boundaries in total.

From Fig. 7 it can be seen that, the proportion of
small-angle grain boundaries, CSL and Z; are 2%, 30%
and 16%, respectively, before annealing.

From Figs. 7 (d), (g), (j), (m), under the given
annealing conditions, small angle grain boundaries
reduce and disappear little by little with increasing the
annealing temperature. Because the UMG-Si occurred in
the process of recrystallization and crystal grain growth
at high temperatures, the sub-grains and small crystal
grains are phagocytosed by sub-grain merger or eaten
mechanism, then crystal grains grow.

As shown in Figs. 7 (e), (h), (k), (n), for large angle
grain boundaries, the proportion of CSL boundary firstly
increases and then decreases with increasing the
annealing temperatures. This is because different
recrystallization temperatures will reach different
recrystallization levels. During the first stage, the R grain
boundary with smaller angle is formed mainly; the CSL
grain boundary with larger angle is formed mainly after a
period. During the course of annealing at 1 300 °C for 3
h, firstly, the R grain boundary is formed mainly, and the
CSL grain boundary does not change apparently.
Secondly, the CSL grain boundary is formed mainly; the
proportion of R begins to reduce. Finally, the CSL and R
vie with each other. Therefore, the temperatures above
1 300 °C are not conducive to form the CSL grain
boundary.

From Figs. 7 (f), (i), (1), (0), the X5 grain boundary
firstly increases and then decreases with increase of
annealing temperature, but it is higher than that before
annealing as a whole, it reaches a maximum of 28% after
annealing at 1 200 °C for 3 h. Because the driving force
of grain growth comes from the total interface energy, it
grows up before and after annealing. For the X5, firstly,
the atoms row on the twin plane and corresponding twin
grain boundary X; is not wrong, which will result in the
interface energy very low, so the proportion of inherent
Y5 grain boundary in UMG-Si will not be changed by
recrystallization. Secondly, before 1 300 °C, it is
conducive to form X; boundary with increase of
temperature in the recrystallization process. Finally, it
shows that for small crystal grains, after annealing for 3
h, too high temperature is not conducive to form X;
boundary in the recrystallization process.

3.3 Effect of annealing on preferred growth
orientation changes
The growth orientation of crystal grains has a major
effect on the conversion efficiency of UMG-Si solar cells
[16]. The consistency of growth orientation will
accelerate the conversion efficiency of solar cells [17].

Figure 8 exhibits the preferred growth orientation of
UMG-Si before and after annealing by two repeated
experiments.

As can be seen from Fig. 8, the crystal grains of
UMG-Si grow mainly towards the crystal planes of (111),
(220), (331) and (533) before annealing. Under the given
experimental conditions, the (533) and (111) texture
peaks intensities are increasing gradually with the
increase of temperature, while the others decrease to

(a)
(331)
(422)
1300 °C for 3 h

(533)

1200 °Cfor3 h

(440)
1100 °C for3 h

1000 °C for 3 h
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| 1
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Fig. 8 Preferred growth orientation of UMG-Si before and after
annealing: (a) Top; (b) Middle; (c) Bottom
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disappear before 1 200 °C. After annealing at 1 200 °C
for 3 h, for the crystal grains in bottom, middle and top
of UMG-Si ingot, they gain the best preferred growth
orientation. It shows that the storage energies of (533)
and (111) matrix are more than the others matrixes. In
the whole annealing process, the grain boundary
migration and nucleation growth rate of (533) and (111)
substrates are faster than those of the other substrates.
Thus, the (533) and (111) textures peaks intensities are
increasing step by step; however, the recrystallized
grains of other matrixes are merged gradually.

During the course of annealing at 1 300 °C for 3 h,
the new textures (422) and (620) appear and grow
competing with the main textures (331) and (220). For
(422) and (620) matrixes, the grain boundary
characteristics of recrystallized grains are changing
gradually under the annealing condition. Thus, the angles
among them and neighboring grain boundaries are
increasing inch by inch, and the grain boundary
migration rates are increasing constantly, which will not
lead to complete nucleation until the wide-angle grain
boundary emerges. Then, the (422) and (620) textures
peaks intensities are increasing step by step, and they
start to grow and compete with (331) and (220).
Therefore, the growth of textures corresponding main
peaks are inhibited.

4 Conclusions

1) The arrange order of dislocation density of
UMG-Si ingot is from the lowest in the middle to the
lower in the bottom and low in the top before and after
annealing.

2) Under given annealing conditions, the dislocation
densities in UMG-Si decrease gradually with increase of
annealing temperature. The number of small angle grain
boundaries decline gradually to disappear whereas the
proportion of CSL grain boundaries increases firstly and
then decreases.

3) After annealing at 1 200 °C for 3 h, the
dislocation densities in bottom, middle and top of
UMG-Si ingot are about 4.72x10° cm 2, 4.48x10° cm >
and 4.91x10° cm, respectively. Meanwhile, the twin
boundary X; reaches the highest proportion of 28%.
Furthermore, for the crystal grains in bottom position,
middle position and top position of UMG-Si ingot, they
all gain the best preferred growth orientations, which are
(533), (111) and (533), respectively. The best preferred
growth orientation will make the strength, plasticity and
ductility of UMG-Si have a better match, which will

improve greatly its comprehensive mechanical properties.

All these results will bring a positive effect on the
following machining of silicon materials and the
conversion efficiency of UMG-Si solar cells.
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