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Abstract
Float Zone growth of silicon crystals is known as the method for providing excellent
material properties. Basic principle of this method is the radiofrequency induction heating,
main aspects of this method will be discussed in this article. In contrast to other methods, one
of the advantages of the Float Zone method is the possibility for in-situ doping via gas phase.
Experimental results on this topic will be shown and discussed.
1. Introduction
For silicon monocrystals, the Float Zone (FZ)
technique provides material of
maximum
quality
[1–3].
Compared to the Czochralski
(Cz) method, the only
alternative for silicon single
crystal growth, the Float Zone
material is 2 to 3 order of
magnitude lower in oxygen [4]
and shows lower levels of
metallic impurities since it is a
truly crucible-free technique.
The silicon is molten by a
radio-frequency
inductor
placed near the feed rod [5, 6].
FZ silicon is the material of
choice for power electronics
like thyristors, insulated-gate Fig. 1. Cross sectional view of the Float-Zone Process. The
bipolar transistors (IGBT) or mono crystal and the feed rod are rotating in opposite
any application where oxygen directions. The silicon melt flows as a thin film along the
would lower the performance. bottom side of the feed rod and forms a liquid bridge with
Today, the standard diameter the melt lake on top of the growing ingot
is 4” to 6”, but 2” or 3” are
available as well on the market. Due to physical limitations the maximum diameter is of about
8”. Only a few companies world-wide are able to process near this limit.
In the following, important aspects on the basic principle of the FZ technique, i.e. the
radiofrequency induction heating, will be discussed. Using the FZ method offers the
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possibility for in-situ doping via gas-phase. In contrast to other growth methods, uniform axial
doping profiles can be produced. Experimental results together with theoretical considerations
will be shown.
2. Experimental setup
The experimental arrangement is shown in Fig.1. The setup is rather simple but the
requirements for the mechanical stiffness, the quality and stability of the rf-generator and the
accuracy and smoothness of the pulling spindles are very high since the process is very
sensitive to vibrations or any sudden impacts. In addition, the specification for the feed rod
material is significantly more vigorous than for any other growth techniques [4].
For the experiments, two different Float Zone machines have been used; a smaller one
(FZ-14, PVA TePla) for ingots up to 4” and a large one (FZ-35, PVA TePla) for ingots up to
6”. For diameters larger than 4” the argon inert gas pressure must be increased, our machine
can handle an overpressure of 5 bar. According to the Paschen law, the overpressure reduces
the risk of argon ionization caused by the high frequency current. Argon ionization is a serious
problem and is one of the limitations for larger diameters.
2.1. Radiofrequency Induction Heating
The inductive heating of the silicon feedrod is done with a flat (“pancake”) coil with
one convolution. It is also referred as “needle eye” inductor, since the inner hole diameter is
much smaller than the source rod and the crystal. The radiofrequency current flows with a
frequency of 2,5 to 3 MHz and heats the surface of the silicon. Heating at lower frequencies (<
2 MHz) had been analysed, but shows several problems at melting the source rods, mostly the
formation of solid silicon spikes [5].
Due to the skin-effect only a small layer of 270 – 290 µm on the top of the material is
receiving the impact of the dynamic magnetic field [6]. Eddy currents are generated in this
layer. The high thermal conductivity of silicon (
) allows the local heat to spread
very fast into the bulk material. The skin depth δSk can be calculated by

,

(1)

whereas ρ is the specific resistivity, the frequency, µrel the relative permittivity (for silicon
melt 1,2) and
the absolute permittivity. Since the conductivity of Silicon
depends on the amount of base doping and temperature, a detailed look at different cases is
necessary.
At 20 °C, solar grade silicon shows resistivity of ≥ 100 Ωcm, electronic grade silicon which
comes at even higher purity can reach ≥ 1000 Ωcm of specific resistivity. Heating the silicon
leads to a rise in conductivity which also has a strong impact on the penetration of the
electrical field. As shown in Fig. 2 the temperature has to rise over a certain level to reduce
the penetration depth to a size that correlates with the size of the feed rod. The critical
temperature is in the range of 600 to 800 °C depending on base doping and size of the
specimen [7].
To reach this temperature a graphite ring is used to preheat the silicon above this threshold
value. Once molten, the conductivity of silicon remains mainly constant, a small change of
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about 1% can occur [8] but is negligible for further examinations. The Efficiency of heating is
influenced by the electromagnetic coupling; this can be improved by the shape of the
induction coil that follows the melting front as close as possible.
2.2. Doping via Gas Phase
To
influence
the
resistivity
during
crystallization
an
atmosphere of doping gas
is required. Phosphine and
Diborane are the most
common doping gases for
N and P-type. For efficient
incorporation the doping
gas molecules must be in
contact with the melt so
they are blown directly on
the liquid silicon surface.
To ensure enrichment in
the melt, the doping gas
flow must overcome the
natural convection in the
process chamber as it is
shown in Fig. 3.
Due to the hot Fig. 2. Skin depth depending on used frequency for rf-heating of
undoped solar silicon with (R = 100 Ωcm at room temperature). The
surface of crystal, source Resistivity of silicon drops with raising temperature. Resistivity
rod and the floating zone calculated after [7]
the surrounding argon gas
is heated up as well and streams
upwards with maximum velocities
of more than 1 m/sec in the inner
hole of the inductor where the gas
flow is of a tubular nature. A more
laminar and steady upwards flow
can be expected on the outer side
of the cylindrical crystal and
source rod. Streaming velocity is
lower in this area. Below the
surface of the outer part of the
coil, the gas flow is directed
radially outwards. Since the
optimum contact of doping gas
with the melt surface should be as
long as possible, the inlet of Fig. 3. Positioning of doping gas inlet; at a high flow
doping gas must be pointed velocity the doping gas stream perpendicular to the natural
against the natural direction of the convection to the free melt surface then it is taken along
stream, so it can reach the free with the gas flow along the silicon surface through the coil
melt surface and stream along it to hole in an inwards direction, and then outwards along the
the inner side of the coil and then melting front for efficient incorporation
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along the melting interface over the coil. To maintain this goal, a certain pressure and inlet
stream velocity is required. Therefore the doping gas gets diluted with argon and is blown
with an overpressure of ≥ 0,5 bar into the chamber. The flow rate is 200 to 300 ml/min of a
mixture consisting of 3 l/min argon gas and 10 to 50 ml/min Doping Gas. Since the Doping
gas is diluted itself in argon at 100 ppm the used gas concentration is ≈ 1 ppm. A small
diameter of the gas inlet or a nozzle even increases the doping gas inlet flow speed and can
improve the amount of gas reaching the melt surface. The distance can be reduced as well, but
to prevent arcing, the nozzle should be of an insulating material, e.g. quartz, that is also
resistant to the occurring high temperatures from the radiating silicon melt and crystal.
The setup used at the Fraunhofer CSP consists of a nozzle with 3 mm inner diameter.
The distance between nozzle and crystal is about 30 mm. The gas outlet is located at the level
of the crystallization interface and points slightly upwards.
3. Results
3.1. P-type doping with diborane (B2H6)
Investigations of doping of a 5 inch crystal via gas phase and diborane were conducted. The
diborane gas flow was enabled after the starting cone of the crystal and set to a value of 50
ml/l, with an argon flow rate of 2 l/min and an overpressure of 0,5 bar. The resistivity of the
grown crystal was measured with an eddy current sensor and cross checked via four point
probe measuring. The crystal position could be determined by assigning it to the lower spindle
position that is logged during the growth process.
The specific resistivity at the beginning of the crystal was about 600 Ωcm, an undoped
source rod was used for crystallization. Immediately after enabling the gas flow a drop in
resistivity of the crystal to 50 Ωcm is observed. That equals a rise in boron concentration of
the crystal form 2,2 * 1013 at/cm³ to 2,6 * 1014 at /cm³. As can be seen in Fig. 4 an asymptotic
drop to 7 Ωcm (equals 1,9*1015 at/cm³) follows. It takes 100 mm of grown crystal length to
reach this equilibrium state.
Taking into account the
incorporated boron atoms in the
crystal and the amount of boron
brought into the chamber via gas
phase the efficiency can be
calculated to 7,8 %, nearly every
12th atom of boron is incorporated
into the melt. The rather low value
is not surprising, since diborane is
thermal
unstable
an
starts
decomposing already at 100 °C [9]
in hydrogen and other borane
complexes like B4H10, B5H9,
B5H11, B10H14 or higher molecular
solid yellow boron (BH≈1)x [10]. Fig. 4. P-Type doping via gas phase with diborane and
After a longer process time, resulting change in resistivity of a 5 inch FZ-crystal. (grown
elementary boron can be seen as with 3,0 mm/min) in axial direction.
dark brown film covering the gas
nozzle.
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3.2. N-type Doping with phosphene (PH3)
Just as the P-type doping, the N-type variation was analyzed at a five inch crystal
which was grown with a speed of 3 mm/min. The starting cone was grown without doping to
have a reference. The source rod was different to the first one but undoped as well. It resulted
in a crystal resistivity of 120 Ωcm (3,6 * 1012 at/cm). In this experiment the amount of
phosphene gas flow rate was ramped up in three steps, from 0 to 30, 40 and finally 50 ml/min.
The corresponding resistivity measured at 12, 7, and 3 Ωcm (3,7*1014 at/cm³; 6,4*1014
at/cm³ and1,5*1015 at/cm³). The absorption rate was determined based on this values is
17,4%, nearly one out of five phosphorus atoms is incorporated in the crystal. Phosphene is
more thermally stable than Diborane, its decomposition temperature is about 500 °C [11].
Better doping efficiency was expected and could be proven. Since the necessary amount of
dopant atoms in silicon is lower in n-type due to the higher movement speed of the free
electrons in the crystal lattice, a lower amount of phosphorus is required for the same
resistivity compared to P-Type.
Still, the amount of
incorporated atoms is low,
compared
to
values
from
modelling of a 4 inch process that
predict a dopant efficiency of up to
95 % [12]. Reasons for these
differences
might
be
the
evaporation of phosphorus due to
the high partial pressure, and
variations in the coil design. A
relatively small inductor hole
compared to the simulated process
in [12] might supress the gas flow
next to the floating zone. The
dopant concentration in the gas Fig. 5. N-Type doping via gas phase with phosphene and
resulting change in resistivity of a 5 inch FZ-Crystal (grown
flowing along the melting surface with 3,0 mm/min) in axial direction.
in the area above the coil might be
lowered, due to this reason.
Conclusions
In the article we have shown important aspects and considerations on radiofrequency
induction heating. The temperature dependence of the conductivity of silicon, and its impact
on the skin depth was discussed. This leads to the requirement of high working frequencies.
Experiments on gas-phase doping have been carried out, showing a doping efficiency
of 8% (17%) for diborane (phosphine) in the current experimental setup. The influence of the
gas-flow on the resistivity has been shown. Theoretical considerations provide the connection
between gas-flow and desired resistivity.
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