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We carried out transient global simulations of heating, melting, growing, annealing, and cooling stages for an industrial directional
solidification (DS) process for silicon ingots. The crucible thermal conductivity is varied in a reasonable range to investigate its
influence on the global heat transfer and silicon crystal growth. It is found that the crucible plays an important role in heat transfer,
and therefore its thermal conductivity can influence the crystal growth significantly in the entire DS process. Increasing the crucible
thermal conductivity can shorten the time for melting of silicon feedstock and growing of silicon crystal significantly, and therefore
large thermal conductivity is helpful in saving both production time and power energy. However, the high temperature gradient
in the silicon ingots and the locally concave melt-crystal interface shape for large crucible thermal conductivity indicate that high
thermal stress and dislocation propagation are likely to occur during both growing and annealing stages. Based on the numerical
simulations, some discussions on designing and choosing the crucible thermal conductivity are presented.

1. Introduction

The photovoltaics (PV) power generation is developing
rapidly and the annual growth rate of PV installations
is 44% during the past 10 years [1]. Silicon-wafer based
PV technology accounts for more than 90% of the total
production and the share of multicrystalline silicon (mc-Si)
technology is more than 60% [2]. Directional solidification
(DS) is the main method for manufacturing mc-Si ingots
for solar cells. The DS is a highly coupled nonlinear crystal
growth process with complex heat and mass transport. It
includes thermal conduction, convection, radiation, phase
change, and transport of different impurities [3, 4]. These
transport characteristics can influence the crystal growth of
silicon ingots significantly [5]. To control the heat and mass
transport and optimize the crystal growth, the component
materials in theDS furnace are carefully chosen. For example,
the insulations between the core region and the water-cooled
furnace wall are made of carbon felt with small thermal

conductivity, which is beneficial for the reduction of heating
power [6].The heat exchange block below the silicon domain
is made of graphite with large thermal conductivity, which is
helpful in releasing heat during crystal growth and providing
a driving force for solidification. Besides, the crucible in
contact with the silicon region can influence the crystal
growth directly, and therefore much more attention is paid
to the crucible materials.

The crucible is usually made of quartz (SiO
2
) and inter-

nally coated with a high-purity layer such as silicon nitride
(Si
3
N
4
) to prevent the impurity contamination from crucible

wall [7]. Some researchers also propose the application of
silicon nitride crucible, as it can be reused and the source of
oxygen contamination is eliminated [8].The crucible thermal
conductivity is usually small and the corresponding thermal
resistance is large. As a result, the change of thermal conduc-
tivity can influence the heat flux in the silicon region and
modify the crystal growth process significantly. Miyazawa
et al. [9] numerically investigated the influence of thermal
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Figure 1: Model of an industrial-size DS furnace: (a) configurations and computational grids; (b) process control parameters.

conductivity of the crucible wall on the melt-crystal interface
shape and found that the interface shape is very sensitive to
the thermal conductivity due to the modification of outgoing
heat flux through the crucible wall. Chen et al. [10] showed
that the changes of melt-crystal interface and temperature
gradient due to different crucible thermal conductivities have
significant influence on the thermal stress and dislocations in
the silicon ingot. For different crucible materials, Bellmann
et al. [11] found that the difference between the thermal
conductivity of quartz and silicon nitride crucibles can lead
to different thermal histories during the melting and growing
stages of the DS process. Schneider et al. [12] reused the
nitride bonded silicon nitride crucible for DS of silicon
ingots and inferred that thermal conductivity can influence
the growth interface shape. Zhao et al. [13] even proposed
a silicon nitride and quartz composited crucible to adjust
the thermal conductivity and improve the crystal growth.
These studies are helpful in understanding the important
role of the crucible thermal conductivity, but they are not
sufficient to reveal the influence of thermal conductivity on
crystal growth through the entire DS process for industrial-
size silicon ingots.

In this paper, we choose an industrial DS furnace that
can produce 450 kg ingots to numerically study the effects
of crucible thermal conductivity on silicon crystal growth.
The characteristics of heat transfer for the entire DS process
including the heating,melting, growing, annealing, and cool-
ing stages are analyzed for crucibles with different thermal
conductivities.The heating power consumption, temperature

distribution, melting time and sequence, solidification front
surface shape, and other process parameters are compared.
The study can help us to deeply understand the silicon crystal
growth by the DS method and provide useful advice for
growing high-quality silicon ingots by using crucible with
appropriate thermal conductivity.

2. Model Description

The configuration, dimensions, and computational grids of
the industrial-size DS furnace for silicon ingots are shown
in Figure 1(a). The thickness and side length of the square
crucible are 0.02 and 0.84m, respectively. The height of the
silicon ingot is about 0.25m. The thermocouple TC1 located
close to the top heater is used to control the heating power by
monitoring the temperature evolution, and the thermocouple
TC2 is used to monitor the temperature evolution below the
crucible. The crucible is labeled with No. 3 and its thermal
conductivity can be easily changed by adjusting the porosity
or using different materials [11, 13]. The entire furnace is
divided into a number of subdomains for simulation and the
structured/unstructured combined mesh scheme is applied
to improve the computation efficiency.

The control parameters for the entire DS process are
shown in Figure 1(b). Four vertical thin solid lines divide
the curve sections into heating, melting, growing, annealing,
and cooling stages. The side insulation, labeled with No. 7 in
Figure 1(a), is closed to prevent heat loss during the heat-
ing, melting, and annealing stages, and the corresponding
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position is zero in Figure 1(b). It is opened to allow heat
escaping for the growing and cooling stages.The temperature
of TC1 is preset to control the heating power frommelting to
cooling stages. It is determined by the automatically increased
heating power in the heating stage. The TC1 setting, the
side insulation moving velocity, the furnace pressure, and the
argon flow rate are maintained the same for all the cases.

Transient simulations of global heat transfer, including
melt convection, argon flow, thermal conduction, radiation,
and phase change, are carried out for the entire DS process.
The basic assumptions for the transient global model have
been published elsewhere [14]. An enthalpy formulation
based on fixed-grid methodology is used to model the phase
change and accurately track the interface evolution during the
melting and growing stages [15].The governing equations for
the silicon domain in the crucible are

∇ ⋅
⇀
𝑢 = 0,
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where ⇀𝑢 is the velocity, 𝜌 is the density, 𝑡 is the time, 𝑝
is the pressure, 𝜇 is the dynamic viscosity, ⇀𝑔 is the gravity
acceleration vector, 𝛽 is the thermal expansion coefficient, ℎ
is the sensible enthalpy, ℎref is the reference sensible enthalpy,
and 𝐶

𝑝
is the specific heat capacity. The source term 𝑆

𝑚
is

used to drop the velocity to zero when the silicon in a grid cell
changes from melt to solid. The source term 𝑆

ℎ
accounts for

the rate of volumetric latent heat change during phase change.
The description of these two source terms can be found in
[15].

All domains in Figure 1(a) are fully coupled in the numer-
ical model. Zero radial gradients for all the variables, except
for the radial velocity, are applied along the centerline of the
furnace. Temperature continuity and heat flux conservation
are kept at all interior boundaries between any two different
domains. No-slip condition is applied at all the walls in the
argon gas and silicon melt domains. Along the melt free
surface, both the normal velocity component and shear stress
are set to zero. The temperature of the furnace outer wall is
assumed to be 300K. The inlet temperature and pressure of
argon gas are set to 300K and 60000 Pa, respectively. The
above model is established by using the software FLUENT,
and it has been validated by comparing the numerical results
with the experimental data [16].

The crucible thermal conductivity can be varied in a
large range in different studies and for different materials
[6, 9–13, 17]. Besides, the crucible thermal conductivity can
also be changed by adjusting the porosity. Therefore, the 2–
6W/m⋅K is selected as a typical range to study its influence
on the silicon crystal growth during DS process. The range
represents quartz crucible in this study, as other quartz

physical parameters, such as density and specific heat, are
used in the simulation. The thermophysical properties of all
the component materials are listed in Table 1. It is known
that the graphite can be used to manufacture susceptor, heat
exchange block, argon tube, cover, and heaters, as shown in
Figure 1(a). The carbon felt and the stainless steel are used to
manufacture insulations and furnace wall, respectively.

3. Results and Discussion

3.1. Effect of CrucibleThermal Conductivity in the Heating and
Melting Stages. Figure 2(a) shows the evolutions of tempera-
ture and heating power in the heating and melting stages for
DS processes with different crucible thermal conductivities.
The vertical thin solid line is the boundary between these
two stages. The heating stage lasts from 0 to 180min and the
melting stage lasts from 180 to 870min. The heating power
increases automatically to guarantee that the temperature of
TC1 can reach 1480K at the end of heating stage, as shown in
Figure 1(b), and then it is controlled by the preset TC1 during
the melting stage. It can be seen from Figure 2(a) that the
large differences of temperature and heating power among
the three cases appear after about 460min when the silicon
feedstock begins to melt. This is because the crucible thermal
conductivity influences the amount of heat transferred into
the silicon domain and changes the melting rate, which will
result in different heat absorption rates and influence the
temperature distribution and heating power consumption.

To study the effect of crucible thermal conductivity on the
melting of silicon feedstock in detail, Figure 2(b) shows the
partial enlarged view of the rectangular zone indicated in Fig-
ure 2(a). Taking the dashed line representing 4W/m⋅K as an
example, the temperature at the silicon top surface increases
rapidly until 460min, when it reaches the melting point of
1685K and the feedstock begins to melt from the top. The
temperature increases relatively slowly from 460 to 755min,
as the feedstock absorbs heat duringmelting.There is another
turning point at about 755min when the temperature begins
to increase rapidly again after complete melting. Therefore,
the time spent on the feedstock melting is about 295min
under the condition of 4W/m⋅K. For the DS processes
with crucible thermal conductivity of 2 and 6W/m⋅K, the
melting stages last from 460 to 790min and from 460 to
725min, respectively. The corresponding total time is 330
and 265min, respectively.The data means that increasing the
crucible thermal conductivity from 2 to 6W/m⋅K can shorten
the melting time by 65min. This is because small thermal
conductivity blocks the heat transferred from heaters to
silicon domain, while large thermal conductivity can enhance
the heat transfer and lead to fast melting.More heating power
is needed to meet the large amount of heat absorption during
fast melting, and this is also evidenced by the distributions of
power profiles during melting in Figure 2(a).

Figure 3 shows the evolution of solid-liquid interface
during the melting of silicon feedstock for DS processes with
crucible thermal conductivity of 2 and 6W/m⋅K. Figures
3(a1) and 3(b1) show that the feedstock starts melting from
top for both cases at the initial stage. Next, the feedstock
near the crucible side wall begins to melt, as shown in
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Table 1: Thermophysical properties of materials.

Material Variable Value

Quartz

Density (kg/m3) 1930
Specific heat (J/kg⋅K) 1059

Thermal conductivity (W/m⋅K) 2–6
Emissivity 0.6

Graphite

Density (kg/m3) 1790
Specific heat (J/kg⋅K) 1800

Thermal conductivity (W/m⋅K) 140
Emissivity 0.8

Carbon felt

Density (kg/m3) 160
Specific heat (J/kg⋅K) −317 + 4.0𝑇 − 2.4 × 10

−3
𝑇
2
+ 5.1 × 10

−7
𝑇
3

Thermal conductivity (W/m⋅K) 0.37 − 2.01 × 10
−4
𝑇 + 2.37 × 10

−7
𝑇
2
− 2.08 × 10

−11
𝑇
3

Emissivity 0.8

Stainless steel

Density (kg/m3) 7900
Specific heat (J/kg⋅K) 477

Thermal conductivity (W/m⋅K) 15
Emissivity 0.22

Silicon

Density (kg/m3) 2450
Specific heat (J/kg⋅K) 1059 (<1685K), 1000 (>1685K)

Thermal conductivity (W/m⋅K) 24 (<1685K), 64 (>1685K)
Dynamic viscosity (kg/m⋅s) 7 × 10−4

Thermal expansion coefficient (1/K) 1.4 × 10−4

Latent heat (J/kg) 1.4 × 106

Melting point (K) 1685

Argon
Specific heat (J/kg⋅K) 521

Thermal conductivity (W/m⋅K) 0.01 + 2.5 × 10
−5
𝑇

Dynamic viscosity (kg/m⋅s) 8.466 × 10
−6
+ 5.365 × 10

−8
𝑇 − 8.682 × 10

−12
𝑇
2
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Figure 2: Evolution of process parameters during the heating and melting stages for DS processes with different crucible thermal
conductivities: (a) evolutions of temperature and power; (b) partial enlarged view of the dashed rectangle in (a).
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Figure 4: Evolution of process parameters during the growing stage for DS processes with different crucible thermal conductivities: (a)
evolutions of temperature and power; (b) evolution of solidification fraction.

Figures 3(a2) and 3(b2). Then, the feedstock located near
the crucible bottom wall melts before complete melting, as
shown in Figures 3(a3) and 3(b3).The above analyses indicate
that the crucible thermal conductivity does not influence the
melting sequence toomuch, though it can change themelting
time significantly.This is because the crucible thermophysical
properties can influence the amount of heat transfer, but it
cannot change the pathway or direction of heat transfer.

3.2. Effect of Crucible Thermal Conductivity in the Growing
Stage. Figure 4(a) shows the evolutions of temperature and
heating power in the growing stage for DS processes with
different crucible thermal conductivities. As shown in the
figure, the growing stage lasts from 870 to 2370min with the
total of 1500min, and the crucible thermal conductivity can
influence the growing parameters significantly. The temper-
ature evolution of TC1 to control the heating power is preset
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Figure 5: Temperature distribution (left, 2 K between isotherms), velocity vector, and melt-crystal interface (right) in the silicon domain
under 50% solidification for DS processes with different crucible thermal conductivities: (a) 2W/m⋅K; (b) 6W/m⋅K. Δ𝑇 is the temperature
difference along the axis in crystal domain.

the same for all the cases and the crucible thermal resistance
increases with the decrease of thermal conductivity. As a
result, the temperature at the silicon top surface and that
at the silicon bottom surface, both of which are above the
crucible bottom wall, are higher for the process with lower
crucible thermal conductivity, and the temperature of TC2,
which is below the crucible, has the opposite behavior.
Due to the blocking effect of crucible bottom wall on the
heat transfer, the temperature difference between the silicon
top and bottom surfaces, which can represent the vertical
heat flux, decreases with the decrease of crucible thermal
conductivity. Furthermore, the temperature at the silicon top
surface suddenly drops at about 2030 and 1900min for the
thermal conductivity of 4 and 6W/m⋅K, respectively, and the
heating power rises almost at the same time. This is because
the solidification ends and no further latent heat is released.
There is no such a turning point for the case of 2W/m⋅K, as
the silicon melt has not been completely solidified by the end
of the growing stage.

Figure 4(b) shows the evolution of solidification fraction
for the DS processes with different crucible thermal con-
ductivities. The starting times of solidification for the three
cases of 2, 4, and 6W/m⋅K are 950, 930, and 920min, respec-
tively. The corresponding ending times are 2400, 2030, and
1900min, respectively. Therefore, the total times consumed
on the silicon crystal growth are 1450, 1100, and 980min for
the three cases and the average growth rates are 9.9, 13.1, and
14.7mm/h, respectively.These data means that increasing the
crucible thermal conductivity from 2 to 6W/m⋅K can shorten

the solidification time by up to 470min, and the average
growth rate can be increased by almost 50%.

To investigate the effect of crucible thermal conductivity
on the silicon crystal growth in detail, Figure 5 shows the
temperature distribution, velocity vector, and melt-crystal
interface in the silicon domain for the cases of 2 and 6W/m⋅K
under the condition of 50% solidification. The temperature
distributions are shown on the left side of the figures. The
value of 1685K is the melting point and it corresponds to
the melt-crystal interface. More latent heat is released at
the melt-crystal interface for large growth rate under the
condition of large crucible thermal conductivity. Therefore,
the vertical temperature difference along the crystal axis in
Figure 5(b) is as high as 113.5 K, whereas it is only 85.5 K in
Figure 5(a).The large temperature differencemay lead to high
thermal stress in the silicon ingots. Due to the large thermal
conductivity, latent heat is also easily released through the
crucible side wall. As a result, the isotherm of melting point
in Figure 5(b) is more curved close to the crucible side wall,
which means high horizontal temperature gradient in this
region.Themelt velocity vector andmelt-crystal interface are
shown on the right side of the figures.There are three vortices
in the siliconmelt and the main clockwise flow in Figure 5(b)
is stronger, as the horizontal temperature gradient and the
corresponding thermal buoyancy force near the crucible side
wall are larger. The overall melt-crystal interface becomes
a little more convex with the increase of crucible thermal
conductivity, as the strong clockwise flow takes more hot
melt along the crucible side wall and pushes the outer part
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Figure 6: Evolution of process parameters during the annealing
and cooling stages for DS processes with different crucible thermal
conductivities.

of the interface downwards. However, the local melt-crystal
interface close to the crucible side wall is more concave for
large crucible thermal conductivity.This is consistentwith the
temperature contours in this region and it can lead to serious
dislocation propagation from the crucible side wall.

3.3. Effect of Crucible Thermal Conductivity in the Annealing
and Cooling Stages. Figure 6 shows the evolution of tempera-
ture andheating power in the annealing and cooling stages for
DS processes with different crucible thermal conductivities.
The vertical thin solid line is the transition point of these two
stages. The temperature at the silicon top surface decreases
and that at the silicon bottom surface increases during the
annealing stage to reduce the temperature difference and
thermal stress in the silicon ingots. Then, the temperature
decreases rapidly to cool the silicon ingots during the cooling
stage. Similar to the growing stage, the temperature difference
between the silicon top and bottom increases with the
increase of crucible thermal conductivity and that between
the silicon top and TC2 has the opposite behavior. For the
special case of 2W/m⋅K, the heating power before 2500min
is significantly smaller than the other two cases, as the
solidification is not completed until 2400min and the latent
heat releasing during this process makes the heating power
lower. For the regular cases of 4 and 6W/m⋅K, the difference
between the power consumptions is very small, which indi-
cates that the crucible thermal conductivity cannot influence
the heating power significantly during the annealing and
cooling stages.

Figure 7 shows the temperature distributions in the
silicon ingots at the end of annealing and during cooling
for DS processes with different crucible thermal conduc-
tivities. The axial temperature difference for annealing in
Figure 7(a) is 14.9 K, which is much smaller than the value

of 25.0 K in Figure 7(b). Therefore, large crucible thermal
conductivity is likely to lead to high thermal stress in the
annealing process. During the cooling stage, the heating
power gradually decreases to zero and the side insulation
is wide open. This makes silicon domain the hottest in the
DS furnace and annular isotherms are formed in the ingots.
More heat is lost through the crucible bottom and side walls
with the increase of thermal conductivity. As a result, the
hottest annular region moves upwards in Figure 7(b) and
the temperature distributions are different in the two figures.
The values of temperature on the right side of Figure 7(b)
are significantly lower than those in Figure 7(a), as the large
crucible thermal conductivity leads to fast heat loss from
the hot silicon domain to its surroundings. The different
distributions of thermal field during cooling can also affect
the evolution of thermal stress.

3.4. Discussions on Choosing Crucible Thermal Conductivity.
One issue that needs further discussion is the application
of crucible with appropriate thermal conductivity in the
real industrial production process. In this numerical study,
the total electrical energy consumptions during the entire
DS process are 2854, 2885, and 2894 kW⋅h for the three
cases, which means that applying crucible with large thermal
conductivitywill increase the energy consumption.The above
data is based on the assumption that all the processes use the
same TC1 curve to control the heating power. However, it is
known in Figures 2 and 4 that increasing the crucible thermal
conductivity from 2 to 6W/m⋅K can shorten the melting and
growing time by 65 and 470min, respectively. This means
the TC1 setting should be adjusted to shorten the melting
and growing stages for large thermal conductivity. Therefore,
applying the crucible with large thermal conductivity in the
real industrial DS process can help to save both production
time and electrical energy. However, the disadvantage is that
using a crucible with large thermal conductivity can lead
to locally concave melt-crystal interface shape close to the
crucible side wall and large temperature gradient in the
silicon ingots, both of which increase the possibility of large
thermal stress and dislocation propagation. With further
analysis, it is known that the crucible bottom wall influences
the vertical heat release related to the silicon crystal growth,
and the side wall influences the horizontal heat release related
to the melt-crystal interface shape close to it. Therefore, it is
preferred to use a crucible with large thermal conductivity
at the bottom wall and small thermal conductivity at the
side wall in the industrial DS process. This will guarantee
relatively large growth rate, low energy consumption, and
flat melt-crystal interface shape. It is feasible to manufacture
such a crucible by adjusting the porosity or using composited
materials [13].

4. Conclusions

We carried out transient global simulations of heating, melt-
ing, growing, annealing, and cooling stages in the DS process
to investigate the influence of crucible thermal conductivity
on global heat transfer and silicon crystal growth. It is found
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Figure 7: Temperature distribution in the silicon ingots at the end of annealing (left, 1 K between isotherms) and during cooling (right, 2 K
between isotherms) for DS processes with different crucible thermal conductivities: (a) 2W/m⋅K; (b) 6W/m⋅K.

that increasing the thermal conductivity from 2 to 6W/m⋅K
can decrease the melting time by 65min, whereas it has
little effect on the melting sequence. In the crystal growth
stage, increasing the crucible thermal conductivity from 2 to
6W/m⋅K can shorten the growing time by up to 470min,
which means that large thermal conductivity is helpful in
saving both production time and electrical energy. However,
the high temperature gradient and locally concave melt-
crystal interface under the condition of large thermal conduc-
tivity are likely to cause high thermal stress and dislocation
propagation during crystal growth. In the annealing and
cooling stages, the crucible thermal conductivity can also
affect the temperature distributions in the silicon ingots.
Therefore, it should be considered to use a crucible with large
and small thermal conductivity at the bottom and side walls,
respectively.
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