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Abstract
Size upgrading is the main method to increase production capacity and reduce production costs during
the directional solidification of silicon ingots. The performance of solar cells depends directly on the
quality of the wafer and impurities distributions in silicon ingots. The distributions of oxygen and carbon
impurities in G6 and G7 directional solidification furnaces are studied. The transient global simulation
method is used to calculate the coupled thermal and flow fields in the furnaces, considering the
convection of gas and melt, chemical reactions, and segregations of the impurities at the crystal-melt
interface. The simulation results show that the distributions of oxygen and carbon impurities change
significantly in the silicon ingot at different growth stages, especially the position of the highest
concentration of carbon impurities has shifted. Compared with the G6 furnace, the average
concentrations of oxygen and carbon in silicon crystal in the G7 furnace are reduced by 6.7%, and 7.3%
respectively. With the growth of silicon crystal, the average concentration of oxygen gradually decreases,
while the average concentration of carbon gradually increases.

1. Introduction
The directional solidification (DS) method is an essential technique for growing crystalline silicon
material for photovoltaic (PV) applications due to its convenient operation and low-quality requirement in
feedstock[1, 2]. However, the oxygen(O) and carbon(C) impurities are the main harmful impurities in the
DS process[3]. The O and C impurities significantly influence the electrical properties and mechanical
strength of silicon wafers[4–6]. When the content of the C impurity exceeds its solubility limit in silicon, it
will precipitate to form silicon carbide (SiC) particles and cause significant deterioration of the conversion
efficiency of solar cells[7]. Therefore, accurately describing the distributions of O and C impurities during
the DS process plays a crucial role in effectively controlling impurities transportation and preparing high-
quality silicon ingots.

As the transport medium of impurities, the flow of silicon melt and argon gas is a critical factor affecting
the distributions of O and C impurities. Many scholars have done much research on the transport of
impurities in the DS process of crystalline silicon growth, such as optimization of furnace structure
design and process parameters. The optimization method through structural design mainly focuses on
changing the structure and material of existing components in the furnace, such as cover[8, 9], argon
tube[10], insulation partition[11], bottom grille[12], heater[13] and so on. The optimization of process
parameters mainly focuses on the investigations of argon flow rate[14], furnace pressure[15], thermal
stress[16], heater power[17], growth rate[18], and so on. In recent years, the DS furnace has been
developing towards the preparation of large size and high-quality silicon ingots, and the size upgrade and
hot zone optimization are still widely concerned by researchers. Kumar et al.[19] analyzed the variation in
thermal stress induced dislocations in 7 kg, 40 kg, and 330 kg silicon ingots grown using DS furnaces. It
is observed that concerning the increase in the size of the ingot, the convexity of the crystal-melt interface
decreases, and the uniformity in radial and axial distributions of temperature and thermal stress also
increases. Wu et al.[20] compared the thermal field of G5 and G6 DS furnaces; the results showed that the
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crystal growth efficiency in the G6 furnace increased by 53.8%, and the average yield rate of the silicon
ingots increased by 9%. Su et al.[21] showed that the melt flow is relatively stronger as the furnace
upgrades, and the temperature and gradient thermal stress in silicon ingot all increase. Nguyen et al.[22]
investigated the evolution of the thermal field and flow field during the crystal growth of GT-DSS G6 and
G8 furnaces, and found differences in the structure of the melt flow. In addition, there is a reduction in the
concavity of the crystal-melt interface near the crucible wall and an increase in the convexity of the
interface at higher solidification fractions in the G8 furnace.

Although there have been some studies on the temperature field, flow field, and dislocation in the DS
furnace with different sizes, little attention has been drawn to the systematic study of the influence of
size increase and thermal field change on the distributions of impurities in DS furnaces. In this paper, two-
dimensional global models including heat transfer and impurities transport were established for the G6
and G7 DS furnaces, and the reliability of the models was verified. The argon flow, melt convection, and
segregations of O and C impurities at the crystal-melt interface are considered. The influences of size
upgrading on the distributions of O and C impurities in silicon ingot and the distributions of O and C
impurities at different crystalline fractions in the G7 furnace were emphatically studied.

2. Modeling Description

2.1. Geometry and heat transfer model
Figure 1 shows the schematic diagram of the structures and grids of the G6 and G7 DS furnaces. The
main difference between G6 and G7 is that the ingot size was enlarged from 1124 × 1124 × 343 mm3 to
1320 × 1320 × 385 mm3. The upgraded DS system mainly consists of graphite resistance heaters, heat
exchange block, quartz crucible, insulations, susceptor, and thermal gate. In this paper, the two-
dimensional transient global models of G6 and G7 DS furnaces considering thermal convection, thermal
radiation, melt and argon flow, phase transition, and impurities coupled transport were established. The
differences between the G6 and G7 DS furnaces and the verifications of the models can refer to in our
published papers[10, 12, 21, 23, 24]. As shown in Fig. 1(b), the structured/unstructured hybrid grids are
used to divide the computing region. The numbers of the grids are 34,248 (G6) and 42,994 (G7),
respectively. The boundary conditions and transport equations for the transport of O and C impurities as
well as material parameters refer to our published articles[10, 12, 21, 23, 24].

2.2. Coupled model of oxygen and carbon transport
The O and C impurities are the major impurities in the growth of crystalline silicon. The O impurity comes
from silicon feedstock and quartz crucible, and the C impurity comes from the chemical reaction on the
graphite fixtures surfaces. The diffusivities for O and C in the melt and crystal are taken to be 5.0×10− 8

m2·s− 1[25], and the diffusivities in the crystal are 5.0×10− 11 m2·s− 1[26]. The segregation coefficients of O
and C in silicon are 1.25[27] and 0.07[28], respectively. The O and C transport in a DS furnace is shown in
Table 1, which is mainly divided into five parts: (1) At high temperature, the O dissolves from the quartz
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crucible wall and comes into the silicon melt; (2) The dissolved O atoms are transported to the free
surface by the melt flow, react with silicon atoms to form silicon monoxide (SiO) gas and evaporate from
the free surface; (3) The SiO carried away by the argon to the graphite parts and reacts with them to form
C monoxide (CO) gas; (4) CO is transferred back to the free surface of melt by argon flow in the furnace,
and then dissolves into the silicon melt in the form of O and C atoms; (5) The O and C atoms in the melt
are segregated into the crystal.

Table 1
Chemical reactions in the transport of O and C impurities

Location Chemical reactions

(1) Quartz crucible-silicon melt interface SiO2(s)↔Si(m) + 2O(m)

(2) The free surface of the silicon melt Si(m) + O(m)↔SiO(g)

(3) The surface of hot graphite parts SiO(g) + 2C(s)↔CO(g) + SiC(s)

(4) The free surface of the silicon melt CO(g)↔C(m) + O(m)

(5) the crystal-melt interface O(m)↔O(c)

C(m)↔C(c)

In this table, the symbol (s) refers to solid; (m) to melt; (g) to gas; (c) to crystal.

3. Results And Discussion

3.1. Global distributions of impurities in DS furnaces at 50%
crystalline fraction
The O and C impurities in the DS furnace mainly include SiO and CO impurities in argon and O and C
impurities in silicon melt and silicon crystal. The distributions of impurities in the furnaces at 50%
crystalline fraction are shown in Fig. 2, in which Fig. 2(a) shows the distributions of SiO impurity in the
argon and O impurity in the silicon, and Fig. 2(b) shows the distributions of CO impurity in the argon and
C impurity in the silicon. From Fig. 2(a), it can be seen that the maximum value of SiO concentration
appears at the corner of the free surface and the side wall of the crucible, where the concentration of O
impurity is the highest and the flow velocity of argon gas is the lowest. Compared with G6, the maximum
value of the SiO concentration in the argon gas in the G7 furnace increases, and the O impurity
distribution in the silicon is less uniform. It can be seen from Fig. 2(b) that the C impurity has an evident
segregation phenomenon at the crystal-melt interface. This is because the segregation coefficient of C in
silicon is low (0.07), and most of the C atoms are discharged into the silicon melt during the solidification
process. Compared with before the upgrade, there is a smaller concentration gradient of C impurity in the
furnace after the upgrade. Generally speaking, the concentration of SiO and CO in argon ranges from 10− 
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9 mol·cm− 3 to 10− 8 mol·cm− 3, and the concentration of O and C in silicon ranges from 1016 atom·cm− 3

to 1018 atom·cm− 3.

3.2. Distributions of O and C in silicon at 100% crystalline
fraction
Figure 3 shows the comparison of concentration distributions of O and C impurities in silicon ingot before
and after size upgrade. As shown in Fig. 3(a), the distributions of O and C impurities in silicon before the
size upgrade are relatively uniform, and the O and C impurities in the horizontal direction are basically at
the same concentration level. However, as shown in Fig. 3(b), the O impurity concentration in the
horizontal direction is less uniform after the size upgrade, especially at the middle horizontal position of
the silicon ingot, it spans several orders of magnitude. This is because after the upgrade, the temperature
difference in the silicon area only slightly increases, the radial temperature difference increases by about
1 ~ 2 K, and the flow intensity in the center of silicon melt does not significantly increase. Moreover, with
the increase of crucible siz, the diffusion of impurities in the center of melt is relatively weakened. It is
more difficult for impurities to reach the central area from the wall and the impurities distributions are
more uneven in the horizontal direction. The numerical results show that the average concentrations of O
and C impurities in the silicon crystal in the G7 furnace are reduced compared with the G6 furnace, in
which the average O concentration decreases by 6.7% and the average C concentration decreases by
7.3%.

3.3. Argon flow structure above the free surface of the
silicon melt
As a protective gas in the crystalline silicon ingot furnace, Argon is not only used for cooling but also has
the function of removing impurities. Therefore, the argon flow tends to affect the distributions of SiO and
CO impurities. Figure 4 shows the flow structure of argon near the upper side of the free surface in G6
(left) and G7 (right) furnaces. As seen from the figure, argon gas first enters the furnace vertically from
the argon tube, scours the center of the free surface, then turns and flows along the free surface to the
side wall of the crucible, and flows upward along the side wall of the crucible. Finally, a part of argon
flows out from the gap between the graphite cover and the quartz crucible, and the other part of argon
flows back to the free surface along the surface of the cover, where a vortex is formed. Compared with the
G6 furnace, the distance between the graphite cover and the free surface of melt in the G7 furnace is
closer. The argon gas flows out more easily from the side outlet and takes away a lot of the SiO gas. At
the same time, the smaller space in the vertical direction makes the argon gas better maintain the vertical
flow, which significantly reduces the accumulation of SiO in the corners and the CO flowing back from the
outlet. The above is exactly the expected result of the furnace upgrade, which takes away more SiO and
reduces the dissolution of CO.

3.4. Evaporation rate of SiO and dissolution rate of CO at
different crystalline fractions
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Figure 5 shows the concentration of SiO and CO at the free surface at different crystalline fractions. As
shown in Fig. 5(a), the concentration of SiO in the radial direction of the free surface appears to be low at
the center and high at the edges. At different crystallization fractions, the SiO concentration at the free
surface of the G7 furnace is slightly higher than that of the G6 furnace, and the CO concentration is lower
than that of the G6 furnace. This is because the distance between the G7 furnace and graphite cover
plate on the free surface of silicon melt is smaller, and the flow structure of argon has changed, which
may have an impact on the argon flow rate and SiO evaporation rate at the free surface, and make more
SiO evaporate from the free surface. In Fig. 5(b), contrary to the law of SiO concentration, the CO
concentration at the free surface appears to be high at the center and low at both ends. This is because
CO first reaches the center with the backflow of argon, where the concentration of CO is the highest. The
CO is produced by the chemical reaction on the surfaces of high-temperature graphite such as heaters
and cover, and flows over the surface of the silicon melt with the backflow of argon. The CO
concentration at the free surface of the G7 furnace is lower than that of the G6 furnace under different
solidification fractions. The lower CO concentration indicates a narrowing of the space above the free
surface, making it more difficult to store the CO brought along with the argon reflux here, and indirectly
reducing the dissolution of C atoms into the silicon melt.

3.5. Impurities distributions of O and C in silicon at different
crystalline fractions
The distributions of O and C in the silicon region at different growth stages in the G7 furnace after size
upgrade were investigated. Figure 6 shows the distributions of O and C impurities in silicon at 20% and
80% crystalline fractions. It can be seen from Fig. 6(a) that the highest concentration of C impurity occurs
in the center of the silicon melt at 20% crystalline fractions, which is due to the effect of the argon vortex
above the free surface of the melt, as we described earlier, the maximum CO dissolution rate is located at
the center of the free surface, which means that more CO dissolves in the center. However, at the
crystalline fraction is 80% in Fig. 6(b), the content of C impurity at the crystal-melt interface is the highest,
and the position of the highest concentration of C impurity is transferred. This is because, with the growth
of the crystal, the contact area between silicon melt and crucible decreases, and the surface area of the O
source decreases, so that the number of O atoms entering the silicon melt also decreases, resulting in the
decrease of SiO evaporation and CO dissolution on the free surface, the high concentration region of C at
the free surface disappears. In addition, the C impurity has an obvious delamination phenomenon near
the crystal-melt interface, which is due to the low segregation coefficient of C, so that most of the C
atoms are discharged into the silicon melt, and only a small amount of C atoms enter the silicon crystal.
With the progress of crystal growth, the C atoms near the crystal-melt interface continue to accumulate,
and the position of the highest concentration of C impurity shifts from the center of the free surface to
the vicinity of the crystal-melt interface from the initial stage. At different crystalline fractions, the
distribution law of O has no apparent change.

3.6. Distributions of O and C on the central axis of silicon at
different crystalline fractions
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Figure 7 shows the concentrations distributions of O and C impurities on the central axis of silicon in the
G7 furnace at different crystalline fractions. It can be seen from Fig. 7(a) that the distribution law of O
impurity along the central axis of the silicon region is as follows: the concentration of O impurity at the
bottom is higher, mainly concentrated at the bottom of the silicon ingot. As the height on the axis
increases, the O impurity concentration gradually decreases and stabilizes at about 2.0×1017 atom·cm− 3.
It can be seen from Fig. 7(b) that the C impurity concentration increases gradually from the bottom to the
top on the central axis of the silicon region. In addition, with the increase of crystalline fraction, the
concentration of C impurity at the same position also increased significantly.

3.7. Average distributions of O and C impurities in silicon at
different crystalline fractions
Figure 8 shows the changes in the average concentrations of O and C impurities in silicon melt and
silicon crystal at different crystalline fractions. As shown in Fig. 8(a), with the increase of crystalline
fraction, the average concentration of C impurity in the silicon melt increases continuously, while the
concentration of O impurity in the silicon melt does not change significantly. The increase of C impurity
concentration is caused by the dissolution of CO at the free surface of the melt and the diffusion of C
impurities into the silicon melt at the crystal-melt interface. Figure 8(b) shows the change in the average
concentrations of O and C impurities in the silicon crystal. With the increase of crystalline fraction, the
average concentration of C impurity in silicon melt increases, while the average concentration of O
impurity decreases gradually. The reason is that with the increase of crystalline fraction, the contact area
between high-temperature silicon melt and crucible decreases, and the number of O atoms entering the
silicon melt decreases. The increasing average concentration of C in the silicon crystal is because most
of the C atoms are concentrated in the silicon melt. With the increase of the crystalline fraction, more and
more C atoms from the outside dissolve into the silicon region. Therefore, the average concentration of C
impurity in the silicon crystal also increases gradually. Compared with the G6 furnace, the average
concentrations of O and C in the silicon crystal of the G7 furnace are reduced after the crystal is fully
grown, among which the average O concentration is reduced by 6.7%, and the average C concentration is
reduced by 7.3%.

4. Conclusion
In order to investigate the influence of upgraded furnace on impurities transport, a two-dimensional
global numerical model for the transport of O and C impurities in a large-scale DS furnace was
established, and the distributions of O and C impurities in the silicon region before and after the size
upgrade were compared. The simulation results show that, compared with the G6 furnace at different
crystallization fractions, the SiO concentration at the free surface of the G7 furnace is slightly higher than
that of the G6 furnace, and the CO concentration is lower than that of the G6 furnace. It is found that the
distributions of O and C impurities are more uneven in the silicon of the G7 furnace, especially the
concentration gradient of O impurity in the horizontal direction spans several orders of magnitude, which
may be mainly affected by the increase of crucible size after upgrading. The average concentrations of O
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and C in the silicon crystal in the G7 furnace are reduced, among which the average O concentration is
reduced by 6.7%, and the average C concentration is reduced by 7.3%.
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Figures

Figure 1

Schematic diagram of structures (a) and grids (b) of DS furnaces before and after upgrade
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Figure 2

Impurities distributions in G6 (left) and G7 (right) DS furnaces
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Figure 3

Comparison of O and C impurities in silicon crystal before (a) and after (b) size upgrade

Figure 4

Argon flow structure on the upper side of the silicon melt
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Figure 5

SiO evaporation rate (a) and CO dissolution rate (b) at the free surface of the silicon melt
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Figure 6

Impurities distributions in the melt and crystal at 20% (a) and 80% (b) crystalline fractions

Figure 7

Impurities concentrations of O (a) and C (b) on the central axis at different crystalline fractions

Figure 8

Average concentrations of O and C in silicon melt (a) and silicon crystal (b) at different crystalline
fractions


