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a b s t r a c t

For accurate prediction of oxygen (O) and carbon (C) distributions in the crystalline silicon ingots grown
by the industrial directional solidification (DS) furnace, we first performed transient global simulations of
heat transfer based on a fully coupled calculation of the thermal and flow fields. The phase change prob-
lem was handled by an enthalpy formulation technique based on a fixed-grid methodology. The coupled
C and O transport in the DS furnace was then carried out, taking into account five chemical reactions.
Special attention was devoted to modeling the O and C impurity segregation during the entire solidifica-
tion process. It was found that the developed model can successfully simulate the impurity segregation at
the growth interface and the obtained boundary layer thickness is similar to that estimated by analytical
calculation. The effect of the crucible cover coating on the coupled O and C transport was investigated.
The numerical results show that the C concentration in the grown silicon ingot can be reduced by about
60% if the pure graphite cover was replaced by a graphite cover with an inert material coating on it.
However, the cover coating did not significantly affect the O concentration in the grown ingot. The
numerical predictions of the C concentration showed satisfactory agreement with the experimental
measurements.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Multi-crystalline silicon (mc-Si) ingot is the dominant material
in the photovoltaic market at present and is expected to remain so
in the foreseeable future. Directional solidification (DS) method is
the leading technique for producing mc-Si ingots owing to its good
feedstock tolerance, low production cost and easy operation. How-
ever, the DS process is accompanied by the transport of impurities,
such as oxygen (O), carbon (C) [1], and their related reactants. O
and C impurities in the grown ingots can significantly deteriorate
the conversion efficiency of solar cells [2,3]. Effective control of O
and C impurities in the silicon ingot is therefore essential to pro-
duce high quality solar cells. Numerous studies of the O and C
transport in the DS process for mc-Si ingots have been carried
out [4–13]. Many of these comprise local simulations [4–7] that
just calculate the transport of impurities in the silicon melt. Some
global simulations [8–13] take into account the gas transport of
impurities. However, these simulations either neglected the C
transport in the silicon melt [8–10] or didn’t directly include the

O and C segregation during the entire solidification process [11–
13] so that the final distributions of O and C impurities in the sili-
con ingot cannot be predicted.

With the aid of the aforementioned numerical models, the
effects of several process parameters and local furnace configura-
tions on the impurity transport in the DS furnace have been inves-
tigated. Trempa et al. [14] studied the influence of growth rate on
the C distribution in the silicon melt and crystal. Li et al. [8] ana-
lyzed the effects of argon flow rate and furnace pressure on the
evaporation of SiO and concentration of CO at the melt surface in
a DS furnace. Nakano et al. [15] pointed out that the heater posi-
tions could change the flow direction of the melt near the crucible
wall and ultimately affects the O concentration in the melt. Bell-
mann et al. [16] designed a novel method for gas flow in a DS fur-
nace and numerically evaluated its effect on impurity transport
using a global impurity transport model [17]. Gao et al. [18,19]
proposed a crucible cover (or a gas flow guidance device) to control
the O and C transport in a small laboratory-scale DS furnace. Teng
et al. [10,12] extended this idea to a large-size industrial DS fur-
nace and numerically reported that the O and C concentrations
in the silicon melt were affected by the position and geometry of
the gas flow guidance device. Liu et al. [13] also numerically
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investigated the effect of crucible cover on the O and C transport in
the large-size industrial DS furnace and reported that the C con-
centration in the silicon melt by using a graphite cover can be
reduced by two orders of magnitude by using an inert material cru-
cible cover or a graphite cover with an inert material coating on it.
However, experimental results for the C concentration in the
finally grown silicon ingot did not show the same benefits as those
numerically reported [13] when the graphite crucible cover with
coating was adopted in the DS furnace. For an accurate prediction
of O and C concentrations in the grown ingot in the large-size
industrial DS furnace, it is necessary to improve the global models
of O and C transport as mentioned above.

In this study, transient global simulations of coupled O and C
transport were implemented for the entire environment of an
industrial DS furnace. Special attention was focused on modeling
of the phase change as well as the O and C segregation during
the silicon solidification process. Five chemical reactions were
taken into account. The effect of crucible cover coating on the O
and C concentrations in the grown ingot was investigated. The
numerical results of C concentration in the ingot were compared
with the experimental measurements obtained using Fourier
transform infrared (FTIR) spectrometry.

2. Experimental setup

Fig. 1(a) shows the configuration of the industrial DS furnace.
The DS system mainly consists of quartz crucible, susceptor, heat
exchange block, graphite resistance heater, insulations and cham-
ber wall. The silicon feed material is loaded into a quartz crucible
with a volume of 84 � 84 � 42 cm3. The height of the silicon ingot
is 24 cm. The crucible walls are supported by susceptors to avoid
deformation at high temperature. The furnace is well sealed with
a water-cooled wall and operates at a low pressure. Inert argon
gas is used for purifying the growth environment. Thermocouple
1 (TC1) is installed near the top graphite resistance heater to mon-
itor the temperature, which is used for controlling the heater
power. The side insulation, labeled 8 in the figure, moves up in a
prescribed way to first activate and then maintain the solidification
process. Mc-Si ingots were grown in the same industrial DS furnace
with a graphite cover with and without coating, respectively, using
the same processing recipe and feedstock in the production line.
The substitutional C in the grown ingots was measured by FTIR
spectrometry.

3. Model description

3.1. Global model of heat transfer

A transient global model of heat transfer, taking into account
the melt convection, argon flow, solid thermal conduction, thermal
radiation, and phase change, was developed for the DS furnace. The
entire furnace was equivalently simplified to be axisymmetric and
divided into a number of sub-domains, as shown in the right part
of Fig. 1(a). To compromise the computational convenience and
accuracy, the major assumptions in the global model are as fol-
lows: (1) all radiative surfaces are assumed to be diffuse-gray;
(2) the silicon melt flow is laminar and incompressible; (3) the
Boussinesq assumption is applied to the melt flow; (4) the low
Mach approximation and the ideal gas law are applied to the argon
gas. The Reynolds number of the argon gas flow in this industrial
DS furnace is of the order of 4320 and the standard k� e turbu-
lence model [20] was used. It is worth noting that the DS furnace
under consideration in this study is in three dimension (3D). How-
ever, the silicon melt structure presents some symmetric charac-
teristics in the square shaped crucible except at the corner region

[21]. Besides, the thermal field in the silicon domain, the melt-
crystal interface shape and the silicon melt flow are dominated
by the radial interaction between the silicon and the quartz cru-
cible rather than its asymmetry in the circumferential direction
because of the huge difference in the thermal properties of the sil-
icon material and quartz crucible. Therefore, to release computa-
tional load, the 3D systems were equivalently simplified to two
dimensional (2D) axisymmetric under the condition that the ther-
mal resistance remained unchanged in the DS furnace. This simpli-
fication is widely used to study the characteristics of heat and mass
transfer in the industrial DS furnaces [12,22–24].

To track the melt-crystal (m-c) interface evolution during the
entire solidification process, an enthalpy formulation technique
based on a fixed-grid methodology [25] was used to model the
phase change problem in the silicon region during the growth pro-
cess. The governing equations for the silicon domain are expressed
in the following forms:
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Fig. 1. Configuration/computation grids of the industrial DS furnace (a) and
pathway of the coupled O/C transport in the furnace chamber (b).
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