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Abstract: In this paper, the design of an electromagnetic
levitation system and a technique for non-conductive
silicon heating and conductive silicon levitation is
described. The aim of the work is to describe the various
parameters including coil design, applied power and
specimen weight that govern the temperature of levitated
silicon and silicon-iron alloy droplets.
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1 Introduction

In recent years, the world’s photovoltaic (PV) industry has
experienced rapid development and expansion, attracting
considerable attention from different industrial sectors.
However, a shortage of raw materials with high purity and
low cost restricts major development of this clean energy
industry. At present, expensive semiconductor grade
silicon (SEG-Si) is used for the manufacture of cells to
convert solar energy into electricity. This results in a high
cost for photovoltaic electricity compared to electricity
derived from conventional sources. Since the amount of
SEG-Si scrap supply is limited, an innovative process for
silicon production using relatively inexpensive metallur-
gical grade silicon (MG-Si) as a starting material could
provide a more economical route for the manufacture of
solar cells.

A number of research studies have been carried out to
upgrade metallurgical grade silicon to solar grade silicon
[1-6]. For example, acid leaching, slag refining, thermal
plasma processing, controlled solidification and vacuum
melting have all been investigated. While solidification

refining is an effective way to remove most of the impuri-
ties and does not require chemical processing, phosphorus
and boron are not removed by this approach. There is
therefore considerable interest in developing new pro-
cesses for dephosphorization of silicon, as well as the
removal of boron, in order to provide material which could
then be used for solar grade applications. A potential
method for the removal of phosphorus is to apply reduced
pressure.

Electromagnetic levitation is an ideal tool to study
gas-metal interactions and related kinetics owing to
inherent advantages such as inductive stirring and
approximate spherical geometry of the levitated droplet
with associated high specific surface area. In addition,
unlike other processes which use containers, levitation
refining avoids potential contamination of the molten
silicon by container materials. The aim of this work is to
develop an electromagnetic levitation facility that would
be suitable for the investigation of the thermodynamic
and kinetic factors that affect the removal of phosphorus
from metallurgical grade silicon or ferrosilicon alloys.

In the following sections, details are provided con-
cerning some fundamental considerations pertaining to
electromagnetic levitation, construction of the levitation
assembly, aspects related to coil design, alloy preparation,
calibration of the temperature measurement system, and
factors affecting the levitation and temperature control of
silicon alloy droplets.

2 Principle of electromagnetic
levitation

A conductor can be made to levitate by balancing the
electromagnetic body force (Lorentz force) and the gravity
force which can be described using the governing equa-
tion [7]:

JxB=pg M
where ] is the eddy current induced by the alternating

magnetic field B, p is the density of the levitated material
and g is the gravitational constant. For a levitation (or
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solenoid) coil, the B function can be obtained by solving
the Biot-Savart equation [8]:
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where 1 is the magnetic permeability of the material, I is
the coil current (power), r is the radial position, and dl is
the length element along the current path. The direction
of the field dB is normal to a plane containing dl.

The eddy current J flows in an electrically conductive
media, in this case molten metal, and has two main contri-
bution sources 1) current induced by an alternating mag-
netic field and 2) current induced by the motion of an elec-
trically conductive fluid under a magnetic field which can
be expressed mathematically as follows [7]:
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where o is the electrical conductivity of the molten metal,
v is the flow velocity, and A is the vector potential of a
magnetic flux, definedasB=V x A, V-A=0.

Although a full solution of the system may not be
trivial, it is still possible to relate the coil current (applied
power) to the gravity force (sample mass) by solving the
above equations while taking account of joule heating,
and heat dissipation through radiation loss. A conven-
tional solution [9] of the system can be found in the funda-
mental principle of electromagnetic casting which utilizes
the following relation:

2

2p

pgh= (4)

m

The magnetic field inside a levitation coil can be approxi-
mated with a solenoid infinite in length. A simplified solu-
tion to the Biot-Savart equation is [9]:

N
B=py 1 (5)

where p, is the magnetic constant, N is the number of
turns and L is the length of solenoid. This solution,
however, implies that B is independent of the length and
diameter of the solenoid; and is uniform over the cross-
section of the solenoid. Upon combining the two equa-
tions, we obtain:

2
2
pgh:%[%] 2 )
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This expression served as a useful tool in the initial devel-
opment of the coil design used in the present work.

3 Construction of equipment

3.1 Design and construction of the
electromagnetic levitation facility

A schematic representation of the electromagnetic levita-
tion facility is shown in Figure 1. The equipment consists
of a quartz tube, a levitation coil, an aluminum rotatable
platform, a copper mold and a specimen charging rod.
The quartz tube, 15 mm in outer diameter, 13 mm in inner
diameter and 304 mm in length, is sealed at the upper end
with o-rings and a quartz window to permit temperature
measurement using a two-colour IR pyrometer. Due to
potential heating of metallic components as a result of
the alternating electromagnetic field, polycarbonate and
polyvinylchloride were used for the making of various
parts with the exception of the aluminum base plate. The
o-ring sealed, rotatable aluminum platform was located at
the lower end of the chamber. This platform was fitted
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Fig. 1: Schematic diagram of the electromagnetic levitation
assembly
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with a copper mold for droplet quenching and an alumina
charging rod for loading solid specimens into the electro-
magnetic field within the levitation coil. The rotating
action of the platform allowed either the copper mold or
the charging rod to be aligned directly below the levitation
zone within the quartz tube. The water-cooled levitation
coil was wound from copper tubing of 3.2 mm in outer
diameter. After levitation, the liquid metal samples are
quenched by dropping into the copper mold and subse-
quently analyzed.

3.2 Power supply and coil design

For any given experiment, the parameters that influence
droplet temperature and droplet stability are the magni-
tude of the applied current, the coil geometry, the gas
composition and flow rate, the specimen material and
specimen mass. The power supply used in this investiga-
tion was a high frequency induction heating system by
Ameritherm-Ambrell with a rated terminal output of
10 kW and a frequency range from 150 to 400 kHz. The
magnitude of the applied current allows the manipulation
of the droplet position within the levitation coil. There
exists, however, a minimum working current that is
required to support the droplet and this is influenced by
the specimen material and mass, gas direction and flow
rate as well as the coil design.

Droplet stability depends to a large extent on the coil
design, which may be cylindrical or conical in shape with
different coil angles. Levitation coils are generally derived
empirically based on the design used by Harris and
Jenkins [10]. Kermanpur et al. [11] have carried out de-
tailed investigations in an attempt to provide a theoretical
background for coil design by studying the effect of coil
angle, number of horizontal turns, charge weight, and
droplet vertical position, on lifting force and temperature
profile within the droplet. A numerical model was devel-
oped to simulate the field generated by the coil using the
finite element method. It was concluded that increase in
coil angle (deviation from cylindrical geometry) will lead
to a decrease in lifting force and in turn cause droplet tem-
perature to increase as a result of the droplet location
shifting to a lower position within the coil where the
heating effect is stronger. As a design constraint, the oscil-
lation frequency of the coil must match that of the power
generator via mutual inductance. The coil’s inductance,
which varies with distance that separates each coil turn,
may be altered to match the specified working range set by
the generator. Generally, the coil’s inductance decreases
with increasing distance between the turns.
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Fig. 2: Schematic diagram of the levitation coil

The design for the levitation coil used in this investi-
gation is shown in Figure 2. After numerous tests, the se-
lected coil consisted of a low-angle conical configuration
that provides sufficient lift force, good droplet stability
and appropriate droplet temperatures. The coil consists of
two segments with the lower cone having three turns and
the upper inverted cone having two reverse turns. The
lower cone is responsible for providing the droplet with
lifting force and heat while the upper inverted cone
controls the vertical and lateral stability of the levitated
droplet.

4 Experimental considerations

4.1 Master alloy preparation

Si-Fe alloys with different compositions were synthesized
for experiments involving levitated droplets. In prepara-
tion of homogenized molten alloys, predetermined
amounts of silicon of 6N purity were added to similarly
pure iron ingots in a high purity alumina crucible. The
crucible and its contents were heated in an induction unit
as shown in Figure 3. Inside the chamber, an inert atmo-
sphere was maintained by a constant flow of purified
argon gas. Sufficient time was given to ensure complete
homogenization of the molten alloy. Melt temperature was
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Fig. 3: Schematic diagram of the induction furnace system for
preparation of silicon-iron alloys

monitored using both a thermocouple and a two-color
optical pyrometer. Alloy samples were taken by suction
through a quartz tube, thereby producing rod-shaped
specimens with a diameter of 4 mm. These rods were then
cut into small sections 0.6 to 1 gram in weight.

4.2 IR pyrometer calibration

In this study, temperature measurements were obtained
using a Chino two-color pyrometer having an estimated
uncertainty of +15 degrees. The pyrometer was focused on
the droplet in the levitation chamber or on the surface of
the melt contained in the crucible within the induction
furnace. An optical grade fused silica window (2 mm in
thickness) and prism were used in order to minimize
potential spectral loss during temperature measurements.
Two calibration tests were carried out. For the first calibra-
tion, reference temperature measurements obtained with
the thermocouple were used to calibrate the pyrometer
readings using the furnace arrangement shown in Figure 3
with molten iron contained in an alumina crucible. The
accuracy of the thermocouple was checked against the
melting point of iron prior to calibration of the pyrometer.
During the calibration tests a hydrogen-argon atmosphere
was maintained within the induction unit to prevent oxi-
dation of the molten iron. The results obtained in this way
are shown in Figure 4. For the second set of experiments,
the electromagnetic levitation facility was used to check
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Fig. 4: Pyrometer calibration results obtained using the assembly
shown in Figure 3
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Fig. 5: Pyrometer calibration using copper droplets of different mass

the pyrometer calibration by measuring the melting point
of copper droplets with different mass. The results are
shown in Figure 5.

4.3 Levitation of silicon and silicon-iron
alloy droplets

Since the resistivity of pure silicon is too high for samples
to be electromagnetically levitated at temperatures below
1100 K, an additional pre-heating step is required. There
are several preheating techniques reported in the litera-
ture associated with investigations of crystallization be-
havior and physical property measurements of highly
undercooled silicon melts. Kuribayashi et al. [12-14] trans-
mitted a CO, laser beam with wavelength of 10.6 um onto
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the silicon specimen to increase temperature high enough
so that the droplet conductivity reaches the working range
for levitation. For drop-shaft microgravity experiments
[15, 16] an infrared heating device was implemented for
preheating the metal specimen. Li et al. [17] suggested pre-
heating be carried out in a resistance furnace positioned
directly above the levitation coil. The work by Przyborowski
et al. [18] has demonstrated the possibility of levitating
single crystal silicon without preheating. It has been
shown that B and Sb doped silicon displayed significantly
lower resistivity than pure silicon and that levitation and
subsequent melting was achieved.

In the present work, a silicon specimen was first
placed on a high purity graphite disc located on the
alumina charging rod as shown in Figure 1. The approach
is similar to that by Li and Herlach [19] where a graphite
heating element was encapsulated by an alumina shell.
The graphite disc is then heated by induction as a result of
the applied electromagnetic field. The resulting thermal
energy is transferred from the graphite disc to the solid
silicon by conduction. Decreased resistivity causes the
solid specimen to respond to the applied field and begin
to gain heat and ultimately levitate. The alumina charging
rod is retracted as soon as a stable levitation condition
is attained. In the case of silicon-iron specimens, pre-
heating is also necessary but this can be achieved without
utilizing the graphite disc. Iron within the silicon-iron
alloy is responsible for providing inductive heating to the
entire specimen. In the vicinity of 900 K, silicon-iron spec-
imens respond to the applied field and begin to levitate.
Photographs of a levitated silicon alloy droplet and as-
quenched silicon sample are shown in Figure 6 and Figure
7, respectively.

Fig. 6: Levitation of a silicon alloy droplet
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Fig. 7: Quenched silicon sample

5 Effect of operating parameters on
silicon levitation

5.1 Effect of specimen mass

Heating profiles of silicon-iron specimens containing 15
mass% iron, are shown in Figure 8. The levitation facility
provides rapid heating and permits most specimens to
reach a molten state in less than 100 seconds. Under a
constant applied power and frequency, the droplet heating
rate increases with increasing specimen mass, which adds
to the absolute amount of iron in the silicon alloy speci-
men, resulting in additional heat gain through induction.
Temperatures more than 200 K above the melting point
can be achieved using heavier specimens.
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Fig. 8: Heating profiles for silicon-iron droplets containing 15% iron
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Fig. 9: Heating behavior of silicon-iron alloy droplets at two levels of
applied power

5.2 Effect of applied power

The magnitude of power applied to the coil controls the
vertical position of the droplet within the electromagnetic
field, which, in turn determines the density of electromag-
netic field lines that interact with the droplet. The effect of
applied power on droplet heating behavior is shown in
Figure 9. The increase in heating rate at approximately
900 K is attributed to the silicon responding to the applied
field and beginning to generate heat by induction.

By decreasing the power supplied to the coil, the
lifting force is reduced and the droplet is located lower
within the bottom coil, where the field flux is higher. As a
result, the droplet temperature increases. Conversely, by
increasing power to the coil, the droplet sits higher within
the electromagnetic field where the flux is weaker and
consequently lower temperatures are achieved. However,
upon reaching a minimum temperature, further increase
in applied power will lift the droplet higher into the elec-
tromagnetic field associated with the upper coil where the
flux is greater and this will cause the droplet temperature
to increase again, as shown in Figure 10. The effect of
specimen mass on droplet temperature at fixed power
input is shown in Figure 11. By controlling these parame-
ters precise droplet temperatures within the desired range
can be achieved.

6 Future work

An investigation is currently underway to study the
thermodynamic behaviour of phosphorus dissolution in
silicon and silicon-iron alloys using the levitation system
described in this paper. Phosphorus partial pressure will
be controlled by heating red phosphorus in a stream of
purified argon which then transports the phosphorus
vapor to the levitated metal droplet.
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Fig. 10: Effect of applied power on the steady state temperature of
silicon-iron alloy droplet
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Fig. 11: Effect of specimen mass on droplet temperature

Factors affecting the removal of phosphorus from
silicon and silicon-iron alloys will be examined by expos-
ing the levitated droplets to controlled atmospheres under
reduced pressure. These experiments are being conducted
in order to provide a foundation of fundamental knowl-
edge which could ultimately lead to the development of a
new method for the mass production of solar grade silicon
at a relatively low cost. The results of these studies will be
reported in a subsequent publication.

7 Conclusions

1. Electromagnetic levitation of silicon was achieved
using a pre-heating procedure by means of which
solid silicon was heated by conduction while posi-
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tioned on a high purity graphite disc which in turn
was located within the electromagnetic field. With
increasing temperature, the resistivity of the silicon
is decreased and at approximately 1100 K the solid
silicon responds to the applied field and begins to
levitate.

2. Pre-heating is also necessary with silicon-iron alloys
but this can be achieved without utilizing the graphite
disc. Iron within the silicon alloy is responsible for
providing induction heating to the entire specimen.
At temperatures in the vicinity of 900 K, silicon-iron
specimens respond to the applied field and begin to
levitate.

3. With the aid of an appropriate coil design the effect of
specimen weight and applied power on droplet tem-
perature was investigated. Under a constant applied
power and frequency, the droplet heating rate in-
creases with increasing specimen mass. Reducing
the lift force by decreasing the power will allow the
droplet to position lower within the coil, where the
field flux is stronger. As a result, the droplet tempera-
ture increases. Conversely, the droplet temperature is
able to remain at the lower end of the temperature
range if the droplet sits higher within the electromag-
netic field. This is achieved by increasing power to the
coil. However, upon reaching a minimum tempera-
ture, further increase in applied power will increase
the droplet temperature due to positioning of the
sample within the reversed turn region of the coil
where the flux density again increases.

4. Therapid heating nature of electromagnetic levitation
permits most silicon and silicon-iron specimens to
reach the molten state in less than 100 seconds.
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