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SILICON FLOAT-ZONE CRYSTAL GROWTH AS A TOOL FOR THE STUDY OF
DEFECTS AND IMPURITIES

T. F. Ciszek and T.H. Wang
National Renewable Energy Laboratory

Golden, Colorado 80401 U.S.A.

ABSTRACT

Because of its ability to produce silicon crystals of exceptionally high
purity and crystallographic perfection, the float-zone method lends itself to
use as a tool for the controlled study of deliberately introduced defects and
impurities in Si crystals and their effects on materials properties such as
minority charge-carrier lifetime or photovoltaic conversion efficiency.
Some examples of such studies are presented here.  Defects we�ve studied
include grain size, dislocations, swirl defects, and fast-cooling defects.
Impurity studies have focused on H, N, Fe, and interactions between Fe
and Ga.  We used the bulk DC photoconductive decay lifetime
characterization method and small diagnostic solar cell characterization
techniques to assess material quality. The low defect and impurity
concentrations obtainable by float zoning allow baseline lifetimes over 20
milliseconds and photovoltaic device efficiencies over 22%, so small
effects of impurities and defects can be detected easily.

INTRODUCTION

A variety of defects and impurities are typically present in any given sample of
silicon material.  So it can be difficult to conduct a controlled study of the influence of
any particular defect or impurity on properties such as minority-charge-carrier lifetime
τ or photovoltaic (PV) efficiency η.  For example, the influence of iron may be different
if boron is present because of Fe-B pair defect formation. Similarly, oxygen or carbon
may influence the behavior of other impurities in Si.  Therefore, it is important to conduct
such studies on controlled samples where the influence of secondary effects is
minimized.  The float-zone (FZ) growth method can be used as a tool to obtain controlled
samples.

Because there is no crucible or other heated components, very high purities and low
defect levels can be achieved in baseline FZ crystals.  The baseline can be controllably
perturbed by the introduction of specific defects or impurities. Some of the types of
defects we have studied in this way include grain size and dislocations (1), Si self-
interstitial swirl defects, and fast-cooling defects (2,3).  Impurity studies have focused on
H (3), N (4), Fe (5), and interactions between Fe and Ga p-type dopant (6).  Other defects
and impurities such as vacancies, C and O, could also readily be investigated in a similar
fashion.
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FZ CRYSTAL GROWTH, DOPING, AND CHARACTERIZATION PROCEDURES

All crystal growth was conducted by the high-purity, induction-heated, FZ crystal
growth method. FZ growth effectively precludes large-scale introduction of other
impurities such as O or C that are incorporated from crucibles or heaters when the
Czochralski (CZ) method is used.  It allows the effects of a particular defect or impurity
to be studied in isolation from other defect/impurity effects. Ingots were zoned once in
10-6 torr vacuum or 99.999% pure argon and then (in some cases) doped p-type during
the final FZ pass with 99.99999%-pure Ga.

Induction heating at 2.1 MHz was used with a single-turn, center-grounded, plate-
type, water-cooled copper RF inductor to generate the floating zone.  Preheating of feed
rods to the temperature required for RF coupling was carried out by thermal radiation
from an inductively heated cylindrical, high-density graphite block held near the bottom
of the feed rod.   Before all growth runs, a high vacuum (10-6 torr) was applied to the
growth chamber, even if subsequent growth was to be in argon.  The graphite preheater
was baked out in this vacuum environment, with the feed rod and seed removed as far as
possible from the hot zone.

The low segregation coefficient of Ga (k = 0.008) provides very uniform p-type
doping in small experimental FZ crystals, like those used in this study, when the pill
doping method is used.  This technique is also useful for generating controlled uniform
concentrations of low-k impurities, such as Fe, Ti, or Cu in experimental crystals.  In pill
doping, the dopant is introduced only at the beginning of the ingot segment in which a
uniform dopant distribution is desired.  The required mass of dopant, m, is given by
m = (W/LA)(C/k)V, where W is the atomic weight of the dopant, LA is Avogadro�s
number, C is the desired dopant concentration in the ingot segment, k is the effective
segregation coefficient, and V is the volume of the floating zone. For low k values, a very
small percentage of the dopant leaves the molten zone to be incorporated into the
growing ingot, and the reservoir of dopant in the melt remains essentially constant.  Thus,
the resulting dopant concentration is uniform along the ingot length.  The method does
not work well for k values near 1 (B, P), where uniform additions along the feed rod
length are required for a near-constant dopant concentration in the FZ crystal.

Growth rates were typically 3 mm/min to 5 mm/min, with a crystal rotation of 10-15
rpm.  All final growth passes were conducted in an argon ambient at ~0.25 Bars above
atmospheric pressure and 4-5 standard liters per minute purge gas-flow rate, with the
exception of studies on nitrogen effects, where nitrogen or nitrogen/argon mixed
ambients were used.  Some ingots were grown dislocation-free (DF) employing the usual
thin-neck procedure to eliminate dislocations initiated at the seed/melt contact. Others
were started from thin or thick single or multicrystalline seeds, depending on the
objective.

After growth, τ was measured using the ASTM F28-75 photoconductive decay (PCD)
method (7). Measurements of τ as a function of position along the ingots were done by
masking off all but a 1-cm-wide window that was repositioned for each data point.  For
measurements of τ on wafers, the surfaces were passivated and photoconductivity
changes (while immersed in HF) were detected by microwave reflection (1).
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Diagnostic solar cell devices for the characterization of defect/impurity effects on cell
parameters were arrays of moat-isolated mesas with diffused junctions.  Junction
diffusion was carried out at 850oC for 20 minutes using solid-source wafers.
Photolithography was used to define Ti/Pd/Ag grids and an etched moat around each
2-mm x 2-mm. (0.04 cm2), mesa-isolated cell.  Aluminum back contacts were used.  No
texturing, surface passivation, or antireflection (AR) coatings were applied, so that the
cell parameters would more closely reflect only the Si material variations.  Also, by not
using oxide surface passivation, we were able to maintain a relatively low maximum cell
process temperature of 850oC.  PV cells made in this manner from dislocation-free FZ
control wafers had the following parameters measured under a Spectrolab XT10 solar
simulator: open-circuit voltage Voc = 0.533 V, short-circuit current density Jsc = 22.23
mA/cm2, fill factor FF = ~74.3%, and η = 8.8%.  All measurements for the experimental
cells were also made under the XT10 simulator and normalized to these values.  After AR
coating, the parameter values for a control cell (measured under standard test conditions
with a Spectrolab X25 solar simulator) were as follows: Voc = 0.545 V, Jsc = 31.32
mA/cm2, FF = 78.4%, and η = 13.4%.  These values were not used in the normalizations,
but are listed for additional information.  The grid coverage for the mesa cell masks we
used in this study is greater than 10%.

EXAMPLES OF DEFECT AND IMPURITY STUDIES

Grain-Size Effects on τ    and    η

Float zoning with a 2-cm-diameter and very fine-grained polycrystalline seed, cut
along the diameter of a chemical-vapor deposited polycrystalline feed rod, was used to
generate a set of high-purity samples with
a range of grain sizes, as shown in Fig. 1.
Several cooling rates were used.  Wafer
lifetimes (by reflected microwave PCD)
were measured and correlated with grain
size.  The results are shown in Fig. 2.
Diagnostic mesa solar cells, 2-mm-square,
were also fabricated on the wafers and
characterized for η, open-circuit voltage,
short-circuit current, and fill factor. The
cell results were also correlated with grain
size (Fig. 3).  Average grain size was
determined from the ratio of cell area to
the number of grains counted within the
cell�s boundaries.  Electron-beam induced
current (EBIC) scans were used to
investigate the relative amount of carrier
recombination for the different types of
grain boundaries.  Typical cell geometries,
grain structures, and EBIC scans are
shown in the photomicrographs of Fig. 4.

Fig. 1. Examples of grain sizes for a 20-
mm-diameter ingot grown from a 20-mm-
diameter polycrystalline seed at locations 4,
8, 16, and 32 mm from the seed attachment.



4

We found that τ    decreases with decreasing
grain area, from 200 µs at 2 x 10-2 cm2 grain
area to 4 µs at 5 x 10-4 cm2 grain area in high-
purity silicon.  This has important implications
for thin-layer (~30 µm) Si solar cells, because it
implies that if grain size is comparable to the
layer thickness, τ may only be marginally
adequate to allow carriers to diffuse to the
contacts before recombining.  The diagnostic
solar cell devices showed that normalized solar
cell efficiency is about 60% of the value for
dislocation-free wafers at 5 x 10-4 cm2 grain
area (1).  Again, projecting these results to thin-
layer cells implies a loss of over 50% in
efficiency.  Light trapping will be important in
thin cell structures to maximize performance.

Dislocation Effects on Cell Efficiency η

A small effect of uniform dislocation
density on cell efficiency was seen (1).  As
shown in Fig. 5, about a 12% drop in η was
observed at the largest density studied (~1.5 x
105 cm-2) as compared to the efficiency for DF
control cells.  The decrease was approximately
linear between 3 x 103 cm-2 and 1.5 x 105 cm-2

densities.  Densities higher than ~1.5 x 105 cm-2

are difficult to achieve, especially in large
crystals, without low-angle grain-boundary
formation and loss of single-crystal structure.

Fig. 3.  Dependence of normalized cell
efficiency on average grain area in high-
purity multicrystalline silicon.

Fig. 4.  Photomicrograph of a 2-mm
x 2-mm mesa cell (bottom) and an
EBIC image of the same cell (top).

Fig. 2. Grain-size effect on τ for two ingot
cooling rates.
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Type A and B Swirl Effects on τ    

As the growth rate of FZ DF crystals
increases, the incidence of grown-in type
A and type B swirl defects (silicon self-
interstitial cluster defects arranged in a
helical distribution about the crystal
axis) decreases. At some threshold rate,
swirl defects are eliminated, leaving only
type D or type I microdefects.  The
elimination of swirl defects has a
remarkable effect on τ    ─ more than an
order of magnitude increase ─ from 500
µs to 10,000 µs, as the growth rate
increases from 2 to 5 mm/min, as shown
in Fig. 6.  The decrease of swirl defects (and accompanying increase in τ) appears to be
correlated with an increase in v/G, where v is the growth rate and G is the thermal
gradient in the crystal near the solid/ liquid interface (about 200oC/cm for 30-mm-
diameter crystals grown at 3 mm/min).

In Fig. 6, the top photographs represent longitudinal section samples removed from

Fig. 5.  Dependence of normalized PV
cell efficiency on dislocation density in
high-purity single-crystal silicon.

Fig. 6.  Dependence of swirl defects and τ on growth rate of 30-mm-dia. DF crystals.
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regions of the DF crystal grown at each of the four growth rates (2, 3, 4, and 5 mm/min),
copper- decorated at 900oC, and defect-etched to reveal swirl defects. The height of each
segment is the crystal diameter, approximately 30 mm.  The increase of τ    with v is
independent of whether fast or slow rates are used initially.  D-type microdefects are still
present in the segment grown at 5 mm/min.  They appear to have less of an effect on
τ    than A- or B-type defects, but they have not been thoroughly studied.  More details
about this work can be found in references (2) and (3).

Crystal Cooling Rate Effects on τ

Besides growth rate, the post-solidification crystal-cooling rate also has an effect on
τ. The cooling rate dT/dt is the product of v = δx/δt and G = δT/δx, or v x G, where T is
temperature, t is time, and x is position along the crystal from the melt interface.  When
all swirl defects are eliminated by growing dislocation-free FZ crystals at an adequately
large v/G, it is observed that higher values of τ are observed at slower cooling rates.  The
dependence is monotonic, as shown in Fig. 7, and reaches an almost constant low value
when the cooling rate exceeds 600oC/min.

The data in Fig. 7 were obtained from crystals of various diameters between 6 and 52
mm, grown at 4 mm/min < v < 16 mm/min, with high enough values of v/G to eliminate
swirl defects in all samples (2,3).  The origin of the fast-cooling defect is not known, but
it is apparently a type of quenched-in defect such as the Si vacancy or vacancy-impurity
complex.  To estimate the activation energy Ea of the fast-cooling defect, we quenched
crystals from various temperatures T, within the growth chamber, immediately after
growth so that no external impurities are introduced, and measured τ on the quenched
crystals.  The activation energy was found from the slope of an Arrhenius plot of 1/τ vs.
1000/T to be 0.31 eV (Fig. 8).  This is a relatively low activation energy, and tends to
imply a thermally generated point defect rather than an impurity or impurity-lattice defect
cluster (since the crystals in this study were grown and heat-treated by high-purity FZ
procedures instead of the furnace heat treatment procedures used in earlier studies).

Fig. 8.  Arrhenius plot for obtaining the
activation energy of fast-cooling defects.

 

Fig. 7. Cooling rate effect on τ for high-
purity, swirl-free FZ crystals.
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As crystal diameter increases, G tends to decrease as well, and higher lifetimes are
favored both from swirl-defect considerations and cooling-rate considerations.  A much
smaller dependence of lifetime on cooling rate is observed for dislocated crystals.
Additional details about our work on frozen-in defects can be found in references (2, 3),
and (8).

Effects of Hydrogen Doping on τ in DF FZ Crystals

We have seen that high v/low G growth conditions effectively eliminate swirl defects
and increase τ.  Hydrogen doping during crystal growth has also been used to eliminate
swirl defects in some early studies (9).  In more recent work, we grew DF FZ crystals in a
10% H2/90% Ar ambient to observe the effects on lifetime and defect structure (3).  X-
ray {220} topographs were made of copper-decorated samples from an undoped crystal
and the H-doped crystal, which were both grown at low enough v to normally result in
swirl defects.  The decorated swirls were
clearly seen in the topograph of the
undoped crystal and were absent in the
topograph of the H-doped crystal.  The
latter, however, contained a very low
density (several/cm2) of large decorated
defects with clear gettered regions around
them (see Fig. 9), whereas the majority of
the topograph exhibited a haze-like
background.  The measured value of τ for
adjacent non-copper-decorated regions of
the crystals was substantially higher for the
undoped crystal (2000 µs) than for the H-
doped crystal (100 µs).  The explanation of
the magnitude of this lifetime-reduction
effect in H-doped FZ crystals is unclear,
since the density of the large defects is so
low.  It may rather be related to the haze-
like background defects that show up with
Cu decoration.

Effects of Nitrogen Doping on τ

It is known that Si crystal or multicrystalline growth in N2 or partial-N2 atmospheres
can provide mechanical strengthening (like oxygen in CZ growth) and lower purge-gas
costs (nitrogen from liquid sources is about a factor of 4 less expensive than argon from
liquid sources).  There is not much literature on electrical effects of N in Si, especially
lifetime effects.  We studied some of the effects of Si growth in atmospheres containing
N2 on minority-charge-carrier lifetime using the FZ crystal-growth method (4).  The
growth ambient was changed by varying the purge gas source in increments from pure
argon at the beginning of the growth process, to various compositions from the group

Fig. 9. {220} X-ray topograph of a Cu-
decorated transverse wafer from a <111>
FZ crystal grown in a 10% H2/90% Ar
ambient.
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95% Ar/5% N2, 75% Ar/25% N2, 50%
Ar/50% N2, and 100% N2.  The flow rate
was typically 5-6 standard liters•min-1 with
a chamber volume of 150 liters and a
chamber pressure of 1.2 bar (0.2 bar above
atmospheric pressure).  Under these
conditions, a step change in purge gas
source composition results in a slowly
changing ambient (about 25 minutes for a
complete change, even with no mixing).

We found that multicrystalline silicon
ingot growth in a partial or total nitrogen
ambient has a minimal degradation effect
on τ (relative to multicrystalline growth in
an argon ambient).  Rather, τ appears to be
determined predominantly by the ingot grain size, and values are near 80 µs.  However,
nitride compounds will form on the melt surface and on the hot feed rod and crystal
surfaces, as depicted in Fig. 10.  Growth can be conducted despite the nitride formation
and should be easier in casting or directional solidification where the top of the melt is far
from the ingot interface.  The concentration of N in multicrystalline ingots grown in a
100% N2 purge gas approaches 1×1016 atoms•cm-3.  Multicrystalline growth is of interest
for PV applications.

For DF, single-crystal growth, the effect of N2 on τ is minimal and can even be
beneficial (values around 4,000 µs were observed), provided that the amount of N2 in the
purge gas is kept below the level at which nitride compounds form in the melt and
nucleate dislocations.  A beneficial effect of N2 is the elimination of swirl-type defects,
and this is probably the reason high lifetimes are obtained.  We have not established the
upper limit of N2 content in the purge gas for steady-state �start-to-finish� DF growth.  At
10% N2 in Ar, nitride compounds eventually form on the melt.

Effects of Fe Doping on τ    in Multicrystalline Silicon

Fe-doped multicrystalline ingots were grown by the FZ method to study Fe effects on
τ and grain structure (5).  Grain structures similar to those in Fig. 1 were obtained at low
Fe concentrations, but evidence of Fe precipitation and constitutional supercooling were
seen at target doping levels near 1 x 1016 cm-3.  Fe was introduced by the previously
mentioned pill-doping method. We made the assumption that k ~ 2ko, where ko ~ 1 x 10-5

for Fe in Si.  For such low k values, concentrations are uniform along the ingot length.  A
range of Fe concentrations, which we calculate to lie between ~2 x 1012 and ~1 x 1016

atoms/cm3, was produced using m values between 0.14 mg and 0.5 g.  The mass of Fe
dopant was held between a 20-mm-dia. multicrystalline seed, similar to the ones used in
the grain boundary studies, and the bottom of the feed rod.  No additional electrically
active dopants were introduced.

Fig. 10.  Photograph of a 33-mm-dia. Si
floating zone in a 100% N2 ambient.
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Lifetimes were observed
to decrease monotonically
with increasing Fe content for
similar grain sizes (from ~10
µs to 2 µs for < 10-3 cm2

grains, from ~30 µs to 2 µs
for ~5 x 10-3 cm2 grains, and
from ~300 µs to 2 µs for
> 10-2 cm2 grains) as the Fe
content increased to 1 x 1016

atoms/cm3. Details are shown
in Fig. 11. We had previously
observed that grain size has a
strong effect on lifetime (1),
as shown in Fig. 2.

Effects of Fe-Ga Pair Defects on τ in DF Crystals

We deliberately co-doped silicon with Fe and Ga during dislocation-free FZ crystal
growth to determine the effect of Fe-Ga pair defects on τ (10).  Ga is an important
alternative p-type dopant to B for growth configurations that are semicontinuous in
nature, such as float zoning, electromagnetic semicontinuous casting, or continuously
melt replenished CZ growth.  Because of its low segregation coefficient, it easily
produces uniform doping in such configurations and is compatible with high-lifetime
silicon growth (2).  Fe is a common impurity in Si, so the study of Fe-Ga pair defects has
considerable relevance.  We observed a bulk minority-carrier lifetime killing effect in the
Fe-Ga co-doped crystals, and were able to refine defect-energy values, and estimate
defect-binding energies related to the pair defect.

A range of Fe concentrations, which we calculate to lie between ~5 x 1011 and ~1.3 x
1014 atoms/cm3, was produced using pill doping m values between 0.06 mg and 17 mg.
Ga concentrations between 2 x 1015 and 1 X 1016 atoms/cm3 result from Ga mass values
between 0.3 and 1.3 mg.  Details of seeding, doping, growth, and the effects of Fe (alone)
on lifetime may be found in our prior work (5).

Minority-carrier lifetime was measured on 1-cm x 1-cm x 3-cm bars cut from the as-
grown crystals, which had been at room temperature for more than a month between
growth and measurement.  A low-injection (<3x1012 carriers.cm-3), YAG- or 940-nm
diode-laser excited, ASTM F28-75 DC PCD method was used.  Measured lifetime values
of the control samples in the present study with only Ga doping (see row one in Table I)
or only Fe doping (see row two in Table I) were consistent with earlier observations.  The
co-doped samples (rows 3−5) had lifetime values up to a factor of 20 lower than those
with only Fe doping, even though very high lifetimes are obtained in Ga-doped material
with no Fe, indicating a dramatic lifetime-killing effect for Fe-Ga co-doping.  The
measured voltage decay versus time, which is used to determine τ, was observed to be
closely exponential.  A Fe-Ga defect-pair phenomenon, with different properties from

Fig. 11.  Measured τ versus target Fe doping level for
FZ multicrystalline ingots with various grain sizes.
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those of the much-studied Fe-B pair defect, appears to be responsible for the lifetime-
killing effect, and a variety of additional characterization methods were used to study the
phenomenon.

Deep-level transient spectroscopy (DLTS) was conducted on the 1 x 1016 cm-3 Ga and
1.3 x 1014 cm-3 Fe co-doped sample to examine the energy-band defect levels of the
pairing defect.  The sample was cooled under -5 V reverse bias (ensuring detection of
both metastable configurations of the Fe-Ga pair), and DLTS was performed.   The
results (see Fig. 12) indicate defect energies (relative to the valance band) equal to 0.10
and 0.21 eV, defect concentrations of 9.8 x 1012 and 7.4 x 1013 cm-3, and hole-capture

Fig. 12.  High-energy-resolution DLTS spectra for a dislocation-free FZ silicon sample co-
doped with 1 x 1016 cm-3 Ga and 1.3 x 1014 cm-3 Fe.

Table I.  Minority-Carrier Lifetime of Dislocation-Free <100> FZ Single Crystals Doped
with Fe and Ga

Crystal Resistivity
(Ω-cm)

Ga
(cm-3)

Fe Target
(cm-3)

Lifetime
(µs)

41121 a             3.5 3.8 x 1015 0  >1400
51129-1    24,000    0 1.2 x 1014        12
70515             6 2.2 x 1015 4.8 x 1011         2.2
51212-la             4.1 3.3 x 1015 1.3 x 1014       0.40
51212-lb             1.4 1 x 1016 1.3 x 1014       0.34
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cross-sections (at T = ∞) equal to 3 x 10-16

and 6 x 10-15 cm2, respectively.

To confirm that the lower lifetimes in
co-doped samples are indeed due to Fe-Ga
pair defects, we performed low-
temperature (50°−250°C) annealing
experiments.  The results of heating to
several different prescribed temperatures
and then quickly quenching to room
temperature (for τ measurement) are
shown as an Arrhenius plot of 1/τ vs. 1/T
in Fig. 13.  Dissociation of Fe-Ga pairs at
higher temperature leads to higher
lifetime, confirming that interstitial Fe has
less recombination activity than the Fe-Ga
pair defects.

Because Fe-Ga defects exhibit configurational bistability, we could not derive the
binding energies Eb of Fe-Ga from the annealing experiment alone.  But with information
from the DLTS measurements, we were able to deduce binding energies of 0.09 eV and
0.15 eV for the defects at energy levels Ev + 0.1 eV and Ev + 0.21 eV, respectively.
These binding energies are surprisingly low, but consistent with the ease of formation.

SUMMARY AND DISCUSSION

A few examples of the types of defect and impurity studies that can be done with
controlled silicon samples generated by the FZ method have been presented.   Examples
of defects included grain boundaries, dislocations, swirl defects, and fast-cooling defects.
Examples of impurities included H, N, Fe, and Fe-Ga combinations. Other types of
controlled samples could be generated this way.  The diagram in Fig. 14 qualitatively
summarizes the effects of defects, impurities, and the main growth parameters on
minority-carrier lifetime in high-purity silicon.

Using the knowledge gained about defect and impurity effects on τ, coupled with
their relationship to crystal growth parameters, we have been able to obtain FZ Si crystals
with very high τ (Fig. 15).  Undoped crystal lifetimes of over 20 msec were seen.  Auger
recombination limits τ at high doping levels, but it is somewhat puzzling why Shockley
Read Hall recombination limits the lifetime to the extent it does at the lighter doping
levels.  Lifetime is an important parameter in several device applications, including
photovoltaics, and controlled sample generation by the FZ technique has proven to be a
valuable tool for studying impurity, defect, and growth parameter effects on lifetime.

Fig. 13.  Lifetime versus annealing
temperature for a dislocation-free FZ Si
crystal co-doped with Fe: 4.8 x 1011 cm-3,
Ga: 2.2 x 1015 cm-3.
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Fig. 14.  A summary of defect, impurity, and growth parameter effects on Si lifetime.

Fig. 15.  The dependence of τ on doping level.
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