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The growth of silicon crystals from a melt contained in a granulate crucible
significantly differs from the classical growth techniques because of the
granulate feedstock and the continuous growth process. We performed a
systematic study of impurities and structural defects in several such crystals
with diameters up to 60 mm. The possible origin of various defects is discussed
and attributed to feedstock (concentration of transition metals), growth setup
(carbon concentration), or growth process (dislocation density), showing the
potential for further optimization. A distinct correlation between crystal de-
fects and bulk carrier lifetime is observed. A bulk carrier lifetime with values
up to 600 us on passivated surfaces of dislocation-free parts of the crystal is

currently achieved.
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INTRODUCTION

Crystalline silicon for applications in semiconduc-
tor electronics and photovoltaics is produced by
several methods including Czochralski (CZ), float-
ing zone (FZ) and directional solidification (DS),
which are selected based on a sensitive balance
between crystal quality and production cost tar-
gets.! The growth of silicon crystals from a silicon
granulate crucible (Si-GC) is a new method being
actively developed at the Leibniz Institute for
Crystal Growth (IKZ). The Si-GC method has the
potential to further push the present quality and
cost limits.>® It offers continuous growth from a
melt without any contact to a foreign material, as
well as a clean thermal environment based on
induction heating. Thus, the Si-GC method avoids
melt contamination from -crucible, heaters, and
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other parts of a complex hot-zone design known in
CZ growth; it eliminates the need for special feed
rods and the limits for crystal diameter known in FZ
growth. To date, Si-GC crystals with diameters up
to 100 mm have been demonstrated.

The Si-GC process differs from the CZ and FZ
techniques both in growth conditions such as ther-
mal gradients in the crystal, and in the typical
concentrations of impurities in the crystal. This
leads to new defect types and new patterns of defect
distribution over large crystal volumes compared to
previous studies in the literature, see, e.g., Ref. 4 for
a review. The present study is devoted to the
analysis of defect structures in Si-GC crystals using
a large variety of spectroscopic, topographic, and
other experimental methods. Special attention is
given to defect mapping over large sample areas.
These results give new insights into the relations
between feedstock material, crystal growth condi-
tions, defect structures, and application-relevant
quality parameters for silicon. This is a key aspect
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for developing efficient technologies for new
materials.”

GROWTH PROCESS

This section gives a short description of the
growth setup and growth process, focusing on
aspects relevant for the present study. The feed-
stock in the form of silicon granulate plays a crucial
role in the Si-GC process. We use commercially
available granulate (from two vendors—A and B)
produced in a fluidized bed reactor from silane gas
(see, e.g., Ref. 6) with a particle diameter up to
about 5 mm. Before the start of the growth process,
granulate is filled into a quartz container as shown
in Fig. la. The growth setup discussed in the
present study is intended for crystal diameters up
to about 60 mm. The inner container diameter is
29 cm, and the initial charge reaches about 8 kg
(resulting from container volume of 0.005 m® and
granulate bulk density of 1500 kg/m?®). The con-
tainer with granulate is moved close to a high-
frequency inductor with an inner hole of 80 mm,
working at about 2 MHz. At first, the induced eddy
currents heat up the graphite susceptor placed in
the middle of the inductor. At higher temperatures,
the eddy currents are induced in the granulate
directly, and a melt pool below the inductor is
created. It is separated from the quartz container by

a stable layer of solid Si granulate with a thickness
of a few centimeters. After the melting process is
finished, a monocrystalline seed is moved through a
hole in the middle of the susceptor to touch the melt
surface. Then, the seed and the susceptor are moved
upward, and a crystal is pulled out of the melt as in
CZ growth. The typical growth velocity is 2 mm/
min. During the growth, the melt volume is kept
constant by continuous replenishment with solid
granulate through a hole in the inductor.

For a discussion of the origin of impurities
incorporated during crystal growth, the materials
used in the growth setup must be considered as
potential sources of contamination. The water-
cooled steel vessel of the growth furnace and the
copper inductor (including the attached parts for
granulate replenishment) are similar to the FZ
process and are kept near ambient temperature by
water-cooling. These parts probably do not cause
any significant contamination. The same can be
assumed about the quartz container which remains
at relatively low temperatures of about 600°C. The
temperature of the graphite susceptor may reach
1600°C during the melting process, and tempera-
tures above 1000°C are experienced also by the heat
shields and the holding bars made of molybdenum
above the susceptor. To investigate possible con-
tamination with carbon and molybdenum, a
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Fig. 1. Experimental setups for silicon crystal growth from a granulate crucible: growth setup for process development (a) and test setup for
feedstock purity testing (b). Typical examples of the grown crystals are shown.
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Table I. Overview of characterized crystals

Granulate Dimensions, Doping/resis- Dislocation- Applied characterization

ID vendor Setup mm tivity (300 K) free? methods

3773 A Test 713, L120 (p, 150 Q cm) No ICP-MS, FTIR

3774 B Test 713, 1120 (p, 150 Q cm) No ICP-MS, FTIR

E43 B Growth 55, 1L.105 (p, 10 Q cm) No ICP-MS, FTIR, LST, EPD

E45 A Growth 260, LL175 n, 1.5 Q cm No p(r,z), ICP-MS, FTIR, IR-Trans.,
Lang, XRT, EPD, MDP, DLTS

E49 A Growth 9?58, 1210 n, 14 Q cm Partly ICP-MS, EPD, MDP

FZ B Growth + FZ 957, L330 (n, > 150 Q cm) Yes ICP-MS, MDP

Typical resistivity measured in the middle part of the crystal is given, “()” denotes unintentional doping. The FZ crystal was obtained by
using a Si-GC crystal (similar to E43) as a feed rod in an FZ growth process
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Fig. 2. Granulate feedstock: (a) temperature-dependent electrical resistivity measured on a single granulate particle (a comparison with
crystalline silicon in the literature is given, and the typical resistivity level for undoped Si-GC crystals is indicated); (b) scanning electron
microscopy (SEM) image of typical granulate microstructure showing also a photograph of the ground particle.

simplified test setup was developed—without any
molybdenum parts and with a small graphite sus-
ceptor used only in the very beginning of melting
(see Fig. 1b). This setup enables the growth of
crystals with diameters up to 15 mm, but the
growth of a thin neck is not possible.

CHARACTERIZATION RESULTS
AND DISCUSSION

Crystals from various development stages of the
Si-GC process have been investigated in the present
study. Table I provides an overview of the main
process and material parameters for these crystals
and summarizes the characterization methods
applied. The results are discussed in detail in the
following sections.

Electrical Resistivity and Microstructure of Si
Granulate

The temperature-dependent electrical resistivity
of feedstock granulate particles in their raw form
plays a crucial role in the inductive melting process.
A sufficiently low resistivity is needed to induce
eddy currents (i.e., heat) in the granulate and create
a large melt pool below the inductor as described in
the previous section. Therefore, resistivity measure-
ments on single granulate particles were performed
using a commercial Hall effect measurement system
(LakeShore HMS 7504 equipped with an oven
sample module) up to temperatures of about
400°C. The granulate particle was ground down to
a thin round plate of about 0.5 mm thickness. After
etching with CP6” for about 90 s, four Au wires
were attached using silver glue to obtain a van der
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Pauw configuration. The results of resistivity mea-
surements are compared to literature data for
crystalline silicon in Fig. 2a. Experimental results
were taken from Ref. 8, while theoretical calculation
for intrinsic silicon was based on Ref. 9. It can be
observed that the temperature-dependent effective
electrical resistivity of silicon granulate particles is
very close to that of intrinsic silicon. Consequently,
the resistivity of granulate at room temperature
reaches a high value of about 3:10° Q cm. Very
similar results were obtained for granulate from
both vendors considered in this study.

Additional tests were performed with a standard
setup for silicon resistivity with a four-point probe
of tungsten carbide (WC) needles at a distance of
0.635 mm, allowing appropriate electrical contacts
to silicon through the native oxide layer.'® The
round granulate particle was ground down to obtain
a flat surface and placed in a miniature copper
heater. The obtained temperature-dependent resis-
tance was multiplied with a correction factor of
typically 0.26 (determined by numerical simulations
of the 3D electric potential distribution in the
ground-down granulate particle) to obtain bulk
resistivity. Figure 2a shows that measurements
with Au wires and WC needles agree well at room
temperature. However, the resistivity at 400°C is
overestimated by a factor of 100 in case of WC
needles (i.e., with point contacts between WC
needles and granulate surface).

Since undoped crystalline samples show a signif-
icantly lower resistivity than raw granulate (see
next section and Table I), obviously, the microstruc-
ture of granulate particles might also influence
their effective electrical resistivity. Granulate par-
ticles embedded in an epoxy resin were polished
with a slurry containing colloidal silica particles and
etched with various solutions such as CP6,” Secco,'*
Sirtl,’> and Wright.'®> The obtained microscopic
images were ambiguous; for example, Sirtl etch
produced elongated structures up to a length of
about 100 ym, which had a concentric symmetric
arrangement and resembled grooves. A polished
surface of a granulate particles was also observed
with an electron microscope in secondary electron
(SE) mode. Figure 2b indicates a porous structure
on the micrometer scale, but does not allow us to
identify any grain or crystallite size. To distinguish
between amorphous and crystalline structures, we
milled granulate to a fine powder and obtained a
diffractogram using a Seifert XRD 3003 device. Cu-
Ko radiation and the Bragg—Brentano geometry in
0—0-mode were applied. The results showed no
significant amorphous part, but peak broadening
was visible when compared to a reference sample
obtained from monocrystalline FZ silicon. Hence, we
may qualitatively conclude that silicon granulate
has a nanocrystalline structure on the scale of
100 nm or smaller, which is overlaid by a porous
microstructure on the scale of 1-100 ym. It should
be noted that the density of granulate is still very
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Fig. 3. Resistivity distribution measured on a longitudinal section of

the crystal E49 in axial and radial directions as indicated by the
arrows.

close (roughly estimated at least 95%) to crystalline
silicon.

It is known from the literature that grain bound-
aries in polycrystalline silicon may increase the
effective electrical resistivity by the formation of
deep defect or trap states.!* Similar states are
present at the void surfaces and form space charge
regions extending into the semiconductor. The
width of these regions, which are depleted of free
carriers, depends on the (intentional or uninten-
tional) doping level. The effect is that the macro-
scopically measured resistivity of the Si granulate
may be much higher than that of homogeneous
crystalline material, in some cases even higher than
the intrinsic resistivity of Si. This effect obviously
dominates the granulate resistivity in the range
above about 100 Q cm, i.e., at temperatures below
200°C (see Fig. 2a).

Finally, it should be noted that FZ feed rod
material is also produced from silane gas in a
process similar to that for silicon granulate. A
previous study'® revealed a dendritic microstruc-
ture on the scale of 100 um, and x-ray diffraction
confirmed crystalline cubic silicon.

Dopant Concentration and Crystal Resistivity

It is an interesting fact that the first application of
the Si-GC method® was purity analysis of silicon
granulate by producing small crystalline samples.
The typical resistivity of undoped crystals in the
present study was about 150 Q cm. Inductively
coupled plasma mass spectrometry (ICP-MS) mea-
surements (see next section) show a total dopant
level of about 3:10' ¢cm ™2 both for p-type and n-
type, which corresponds to 43 Q cm and 15 Q cm,
respectively, and thus indicates a significant com-
pensation effect.

Crystals in the present Si-GC growth setup were
doped using PH3 gas, where the duration and the
flow rate were adjusted to obtain n-type conduction
in the range 1-20 Q cm. Resistivity measurements
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Fig. 4. ICP-MS measurements of impurities in granulate and crystals. Colored bars and error indicators show the measured concentration and its
variation (from two to three samples). Textured or transparent bars indicate missing measurements or values below the limit of detection (it may

slightly vary between samples), respectively (Color figure online).

in Fig. 3 show a typical example with decreasing
resistivity over crystal length between 16 Q cm and
11 Q cm. In a continuous process (similar to the FZ
process) with replenishment of undoped (or largely
compensated) feedstock, the resistivity should actu-
ally decrease if we consider the segregation effect
(coefficient k¢ = 0.35 for phosphorusle) and assume
a closed system (i.e., the melt reaches an equilib-
rium according to the PHj3 contents in the gas
atmosphere). Therefore, the decrease can be attrib-
uted to changes in the melt volume or PH3 concen-
tration in the gas atmosphere (which could be easily
adjusted by changing the dopant inflow). The radial
resistivity profile of the crystal in Fig. 3 shows a
lower resistivity (higher dopant concentration) in
the center. This effect can be explained by the melt
flow, where a flow along the crystallization interface
towards the center has been observed in numerical
calculations.

Consequently, gas doping also allows us to
achieve the desired doping profile for the case with
significant dopant levels and compensation in the
feedstock.

Impurities

Impurity concentrations in both the raw granu-
late and grown crystals were investigated using
ICP-MS at Fraunhofer Center for Silicon Photo-
voltaics (CSP).!” Figure 4 shows a summary for
granulate feedstock from two vendors and the

corresponding crystals grown in the test and growth
setups. Crystal samples were prepared from crystal
end sections. In all cases, measurements from two to
three identical samples were used to determine the
average value and the variation. Since dopants were
analyzed in the previous section, here we focus on
transition metals, which play a significant role with
respect to further applications of Si-GC material. It
can be observed that the highest concentrations in
crystals exceeding 10'® cm 2 are reached for V, Fe,
Cu, and Zn. The sum of all detected transition metal
concentrations reaches 2:10® em™® in granulate
feedstock, 8:10'—4-10' ¢cm 3 in the crystals from
the test setup, 3:10'®-3-10* cm 2 in the crystals
from the growth setup, and 2:10'® ¢cm ™2 in the FZ
crystal. Obviously, there are some differences in the
impurity concentrations for various crystals and for
both vendors of granulate. However, a more detailed
analysis would require a comprehensive evaluation
of the precision of concentration measurements
close to the limit of detection, which is beyond the
scope of this study.

It is important to note that the segregation
coefficients of most transition metals in silicon are
in the range ko= 10"°-10"* (a higher value of
ko = 1072 is observed for Cu).!® If we consider a
continuous process with the impurity in the feed-
stock (concentration Cy) and assume complete melt
mixing, the following expression can be derived for
the axial concentration profile C.,ys(2) in the crystal
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Fig. 5. Axial profiles of carbon and oxygen concentration measured by FTIR in the middle of longitudinal cuts.

Cerys = Co[1 — e (1 — k)],

where L is the (approximately constant) ratio
between melt volume and crystal cross section.®
For by < 1and z/L < 1 (i.e., crystal volume smaller
than melt volume), this expression can be simplified
to Cerys = Coko. Consequently, the concentration in
the crystal should decrease by 4-6 orders of mag-
nitude compared to the concentration in the feed-
stock granulate. However, the total concentration of
all transition metals decreases only by 1-2 orders of
magnitude, and only a few metals such as Fe show a
distinct decrease in several cases in Fig. 4. High
metal concentrations in silicon crystals, i.e., appar-
ently high values of the effective segregation coef-
ficient, have been attributed to the presence of
undissolved metallic particles in the feedstock and
melt or to the precipitation of metals at extended
defects, see, e.g., Ref. 20, 21.

Finally, it should be noted that some crystals from
the growth setup show a slight increase in Cu
concentration which could be related to the induc-
tor. Concentration of Mo is not higher than that in
the test setup within the uncertainty of the mea-
surement. The elements Na, K, Mg, and Ca show
high concentrations exceeding 10 ¢cm 2 in several
cases, but possible sources and consequences for
material quality have not been investigated in the
present study yet.

Further impurities such as carbon and oxygen
were determined using Fourier transform infrared
(FTIR) absorption spectroscopy with a Bruker IFS-
66V device at room temperature. Line scans on
2 mm-thick samples are summarized in Fig. 5.
Interstitial oxygen concentration (O;) was below
2:10*® cm 2 for the growth setup and under the
detection limit for the test setup. Substitutional

carbon concentration (Cy) reached 2:10'” cm™2 in
the growth setup but stayed below 510 cm ™2 in
the test setup. Consequently, oxygen concentration
is almost on the level of floating zone Si, while
carbon concentration in the growth setup comes

close to the solubility limit of 3.5:10'7 cm ™3 in

silicon. Since carbon concentration in the test setup
is much smaller, the most likely source of carbon in
the growth setup is graphite susceptor, which is the
only part containing carbon and used at high
temperatures (during the melting).

The high carbon concentration in the crystal may
cause the formation of SiC inclusions.?? This possi-
bility was investigated using infrared transmission
imaging with an Olympus MX-61 transmission
microscope on 2 mm-thick longitudinal sections of
the crystals. This method enables the detection of
particles with diameters typically greater than
2 ym. The map in Fig. 6a shows a relatively homo-
geneous distribution over the crystal length with a
particle density of about 300 particles/cm® (60
particles/cm? for a sample thickness of 2 mm),
detected above 7 um. As can be seen in the micro-
scopic image, the particles typically have a round
shape. To detect smaller inclusions, we applied laser
scattering tomography (LST) with a 1064-nm
Nd:YAG laser.?®> A longitudinal section of 2 mm
thickness was illuminated on its polished edge
surface while observing the scattered light with a
Si CCD camera in the perpendicular plane. The
resulting image in Fig. 6b reveals about 7000
scatterers on a sample surface of 55 x 4 mm?,
which corresgonds to an average density of 3000
scatterers/cm”. The distribution of these scatterers
seems to follow the shape of the crystallization
interface. This effect may have been caused by
formation of carbon precipitates in the melt and
building into the crystal as SiC inclusions at the
growth interface.

Structural Defects

The Si-GC method aims to grow dislocation-free
crystals and applies the Dash neck technique®*
similarly to CZ growth. The growth is continued
from the monocrystalline seed with a small crystal
diameter under 5 mm for at least several centime-
ters, which is achieved by increasing the pulling
velocity to about 10 mm/min. Similarly to FZ and
CZ growth, in most cases, Si-GC crystals showed
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Fig. 6. Inclusions in crystals: (a) infrared transmission map of a longitudinal cut for crystal E45; (b) LST image for a 4 mm-long part of a
longitudinal cut for crystal E43.
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Fig. 7. Structural defects in crystal E45: photo of the crystal indicating the investigated areas (middle); Lang topogram of the thin neck (left);
transmission topogram of a longitudinal cut (right) with microscopic images of etch pits (marked locations 6-8).

four growth ridges (for growth in <100> direction) the thin necks from FZ crystals by looking on the

at least in the first half of the crystal. This usually etched surface under an optical microscope for etch
indicated that the crystal was growing as a single pits, this technique turned out to be unreliable for
crystal, but not necessarily that is was free of Si-GC crystals. It was not possible to distinguish

dislocations. While it is often possible to evaluate etch pits from other defects or impurities on the
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surface. Therefore, the thin neck was cut and
polished to a thin plate with {100} surface orienta-
tion and 0.5 mm thickness. This sample was inves-
tigated using x-ray Lang topography with the 004
reflex and Mo-Ka; radiation, see, e.g., Ref. 25. The
resulting image in Fig. 7 shows a rapid increase in
dislocation density when neck diameter changes
abruptly, followed by a continuous outgrowth of
dislocations in the next section until the crystal
obviously became free of dislocations.

Since the Lang topogram was limited to small
samples, the crystal was investigated using x-ray
transmission topography with a Rigaku XRTmicron
tool using the 004 reflex.?® Again, we consider a
longitudinal cut of 2 mm thickness and {110} sur-
face orientation. While only doping striations can be
distinguished in the first half of the cone (due to
dopant incorporation causing local stress) in Fig. 7,
structural defects create new contrasts in the
remaining crystal. Increased defect density appears
both at the rim of the crystal and in the central part,
creating a W-shaped radial profile (the low-defect
zone is a hollow cylinder in three dimensions). It
should be noted that the XRT image is disturbed by
twinning and by crystal cracking so that only the
top part of the crystal could be evaluated.

A quantitative evaluation of structural defects
was performed by using etching methods and
subsequent investigation with an optical microscope
having differential interference contrast (DIC). On a
longitudinal section with a {110} surface, the best
results were achieved wusing a HNOs;-HF-
CH3;COOH (2:1:4) solution.?” This etch does not
belong to the most popular ones for silicon, but it
revealed distinct etch pit shapes and also worked
well for other surface orientations. The examples
shown in Fig. 7 confirm a higher etch pit density
(EPD) at the rim, reaching 1.5:10* cm 2 (up to
2:10° cm ™2 in the lower part of the crystal). How-
ever, the central part at the chosen location seems
to have the lowest defect density, contradicting the
qualitative impression from the XRT image. Fur-
ther analysis of the etched {110} surface revealed
that there are two distinct types of etch pits:

5127

e Deep pits with a typical pyramidal shape and a
clearly visible bottom point representing a dislo-
cation intersecting the surface. Their size in-
creases with increasing etching time.

e Shallow pits with an elliptical shape without a
bottom point. Already short etching time of
5 min creates a pit size up to 20 um (while the
normal etch pits reach only about 2 ym). How-
ever, their extension over the sample depth is
currently not clear.

While the deep pits most likely can be attributed to
dislocations, the origin of the shallow pits is not
clear. They could be associated with voids, stacking
faults, inclusions, precipitates, etc. (see, e.g., Ref.
28). Such assumptions could be confirmed with
transmission electron microscopy, but this is quite
challenging due to the rather low defect density of
10° cm 2 or less. Both etch pits obviously have
different but overlapping distributions.

Figure 8 gives a closer view on the etch pits.
While {110} longitudinal sections show the presence
of both types of etch pits, we observed on {100}
longitudinal sections mainly the deep etch pits from
dislocations. The picture in Fig. 8b demonstrates
that the shallow pits are obviously independent of
the etching time, while the deep pits are smaller,
and their size is nearly proportional to the etching
time. Analysis of several crystals indicated that the
crystals E43 and E45 show a similar etch pit density
distribution with a W-shaped radial defect density
profile. The crystal E49 did not contain any deep
pits in the upper part of the crystal.

A closer look at the outer surface of the crystal
E49 revealed several positions where small particles
are attached in the bottom part, causing at first slip
lines and then grain boundaries, see Fig. 9a. It can
be assumed that the first half of this crystal was
growing free of dislocations, until a small unmolten
granulate particle on the melt surface got into
contact with the growth interface and induced
dislocations. Figure 9 provides defect maps of both
types of etch pits on a {110} longitudinal cut. These
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Fig. 8. Micrographs of the etch pits for the crystal E43 for longitudinal cuts of {110} and {100} orientations (a-c). In image (b), the etching time of
the sample was 10 times shorter than in image (a). In all cases, positions close to the rotation axis in the bottom part of the crystal were analyzed.

The growth direction in the images points downward.
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Fig. 9. Structural defects in crystal E49: photographs of the crystal surface (a) and maps of both types of etch pits on a {110} longitudinal cut (b,

c).

were obtained with an Olympus MX-61 reflection
microscope equipped with a motorized and auto-
mated sample table. The microscope images were
evaluated using a gray value threshold. The result-
ing dark spots were counted if their geometr,
matched certain specifications (area 8-200 um~,
circularity > 0.7, solidity > 0.7); all other dark
areas were ignored. From the etch pit count, a
density map was generated. It can be seen that both
etch pit types demonstrate a W-shaped radial
density profile in the bottom part of the crystal.
Furthermore, the shallow etch pits are also present
in the upper (dislocation-free) part of the crystal.
Note that the shallow etch pits could be evaluated
only qualitatively.

Carrier Lifetime

Carrier lifetime is not only an essential material
quality parameter for silicon photovoltaics but also
an extremely sensitive indicator of (electrically
active) impurities and structural defects. Carrier
lifetime maps for longitudinal cuts of crystals were
obtained using the microwave-detected photocon-
ductivity (MDP) technique using an MDPmap
device from Freiberg Instruments.?® This method
reaches a penetration depth of 100 um in silicon
with a laser wavelength of 980 nm. To assess bulk
carrier lifetime, the surface recombination was
suppressed by a surface passivation procedure.

The samples were saw-damage etched, RCA-
cleaned, and passivated with Al;O3 by atomic layer
deposition (ALD) and subsequently annealed at
425°C. Details and mechanisms of such passivation
schemes have been reviewed, e.g., in Ref. 30. It
should be noted that simple surface passivation
methods such as an HF dip did not lead to signif-
icantly higher carrier lifetimes in our tests. Fur-
thermore, we did not observe significant differences
in MDP carrier lifetime for various surface prepa-
ration methods such as grinding and mechanical or
chemo-mechanical  polishing before surface
passivation.

Figure 10 shows the results of MDP measure-
ments before and after surface passivation for three
crystals (discussed in detail in the following para-
graphs). The MDP carrier lifetime map of the
passivated FZ crystal shows an upper limit of
20 ms and a minimal value (without edge effects)
of at least 5 ms, which is the expected range of
reachable surface passivation from our experience.
Thus, the MDP maps of crystals E45 and E49 are
expected to show dominantly the bulk -carrier
lifetime because surface recombination is sup-
pressed. The shown unpassivated carrier lifetime
maps in comparison to the passivated ones allow
understanding the possible improvements of good
areas compared to typical unpassivated measure-
ments often used in the literature. Due to the
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Fig. 10. MDP carrier lifetime map on longitudinal sections for various crystals before and after surface passivation with ALD Al,O3. Doping level
of each crystal is indicated in the caption. Note that for crystal E45, the radial position of both longitudinal sections is not identical.

different crystal resistivities, we discuss each MDP
map separately, because crystal doping influences
the carrier lifetime limit of Auger recombination®
as well as the Shockley—Read—Hall (SRH) recombi-
nation statistics due to changing Fermi level.

For the crystal E45, the obtained carrier lifetime
distribution correlates very well with the defect
distributions analyzed in the previous section (see
Fig. 7). The zones with low defect density corre-
spond to a region of higher carrier lifetime. The
maximum carrier lifetime reaches about 100 s in
the passivated sample. The changes in the carrier
lifetime distribution in the central part of both
samples from crystal E45 can be rather attributed to

different radial positions of both longitudinal cuts
because the region of higher carrier lifetime has a
cylindrical shape.

Good correlation between the carrier lifetime
distribution and structural defects is also observed
for the crystal E49 if we compare Fig. 10 to the
dislocation density distribution in Fig. 9. The upper
dislocation-free part of the crystal shows a homoge-
neous carrier lifetime distribution at about 600 us
for the passivated sample. The bottom part of the
crystal reaches a carrier lifetime of about 100 us in
the center and 130 s in the low-defect zone. These
regions correspond to etch pit (dislocation) densities
of about 410* cm™2 and 1-10* em~2, respectively
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Fig. 11. Measurement of the crystallization interface shape with LPS (a) and simulation of the temperature and von Mises stress fields in a

growing crystal with a diameter of 55 mm (b).

(see Fig. 9). Such correlations between carrier life-
time and dislocations have also been analyzed in the
literature for multi-crystalline silicon.>?

A correlation between defect distribution and
growth conditions such as thermal stresses in the
crystal can be expected. The Si-GC process allows
for a low crystallization front deflection compared to
FZ, as can be observed in the maps obtained by
lateral photovoltage scanning (LPS)*® based on
dopant striations, see Fig. 11a. However, as first
numerical simulations demonstrated (Fig. 11b),
increased thermal gradients in the crystal may
occur due to local heat induction near the crystal
surface. Further analysis of thermal conditions and
stress distribution will be addressed in a forthcom-
ing paper.

The observed level of carrier lifetime for Si-GC
crystals from the growth setup lies in the range
from 100 us to 600 us on passivated samples. How-
ever, a comprehensive analysis of carrier lifetime
limits in silicon in Ref. 31 shows values up to 50 ms
for resistivity below 10 Q cm (decreasing to 5 ms at
1 Q cm). Consequently, there are further carrier-
lifetime-limiting defects in Si-GC material. Transi-
tion metals are known to reduce carrier lifetime in
silicon already at concentrations of 10—

102 cm33* ICP-MS results discussed above
showed concentrations up to 10 cm™® in the
crystals; however, a significant fraction of metal
contents may be in precipitates and not electrically
active.?® The electrically active defects were ana-
lyzed using a series of further methods:

e Injection-dependent carrier lifetime on passi-
vated samples was also evaluated with a Sinton
WCT-120 device usin6g the photoconductance
decay (PCD) method.?® A good correlation with
MPD carrier lifetimes was observed within the
uncertainties of each measurement method and
sample geometry. A test after dark storage and
illumination (conditions: 10 min, 0.3 suns)
showed no significant changes in the injection-
dependent carrier lifetime.

e Deep-level transient spectroscopy (DLTS) allows
us to identify and measure deep-level defects for
concentrations 3-4 orders of magnitude below
the doping level, i.e., down to 10** cm 2 for the
crystal E45 (n-type, 1.5 Q cm, dopant concentra-
tion of 3:10'® cm™3). First DLTS results using a
PhysTech FT1230 device indicate that there are
no deep-level defects above this concentration.
The main fraction of metallic impurities is
probably contained in precipitates, i.e., is not
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electrically active.

The potential for decreased metal contamination in
combination with decreased structural defects was
demonstrated using the following experiment. A Si-
GC crystal (similar in quality to E43) was used as a
feed rod in an FZ growth process to obtain a
dislocation-free crystal where the metals have been
segregated once again. ICP-MS measurements in
Sec. 3.3 indicated a decrease in the total concentra-
tion of transition metals from 3-10'*-3-10'* cm 2 in
Si-GC crystals to 2:10'® cm™® in the FZ crystal.
Carrier lifetime measurements of the passivated
sample in Fig. 10 show very high values of up to
20 ms, which is expected to be governed by surface
passivation. The actual bulk carrier lifetime could
not be assessed, but is expected to be even closer to
the Auger limit. It should be noted that carrier
lifetime may have been influenced not only by
changes in metal concentration, but also structural
defects. Furthermore, the resistivity was signifi-
cantly higher in the FZ crystal compared to E45 and
E49. Further studies are necessary to determine the
exact role of these factors.

CONCLUSIONS

Silicon crystals grown from melt in a granulate
crucible have been characterized with respect to
defect contents and material quality. Three crystals
with a diameter of 60 mm and two crystals with a
diameter of 15 mm grown under high-purity condi-
tions were analyzed in detail.

Silicon granulate particles used as feedstock can
be described as microscopically porous nanocrys-
talline material. This structure increases the elec-
trical resistivity of granulate to the level of intrinsic
silicon even at low temperatures (reaching
3:10° Q cm), which is relevant for inductive melting
of granulate. The dopants in granulate are partly
compensated and lead to a resistivity of about
150 Q cm in crystalline samples. Gas doping with
PH3 during crystal growth allows homogeneous
resistivity distributions to be achieved, but an
adjustment of the dopant inflow and further anal-
ysis of the melt flow influence on the radial distri-
bution are necessary.

Impurity analysis of granulate feedstock using
ICP-MS revealed relatively high concentrations of
transition metals, with the sum of 14 analyzed
elements reaching a concentration wup to
210 em 3. In the grown crystals, this value
decreased approximately by one order of magnitude,
leading to an average effective segregation coeffi-
cient of 0.1. This value is much higher than the
equilibrium coefficients in the range of 10 *-10~°
and may be caused by undissolved metallic particles
in the melt or other currently unclear reasons. FTIR
measurements of the crystals showed a low oxygen
content, but a significant contamination with

carbon originating from the graphite susceptor used
during the melting phase of the growth process.
This is the most likely source of inclusions (SiC),
which we assume behind particles (up to 10 yum and
higher) observed in infrared transmission or behind
scatterers (on nanometer scale) in LST images.

It was demonstrated in a single case that dislo-
cation-free growth is possible from the granulate
crucible after successful Dash necking. If disloca-
tions are generated, e.g., by disturbances of the
growth interface with small unmolten granulate
particles, an unusual distribution with a W-shaped
radial profile appears, reaching densities up to
4-10* em~2. This distribution correlates with ther-
mal stresses in the crystal during the growth
process, and hence thermal conditions, which
should be analyzed in more detail. The presence of
a further structural defect in addition to disloca-
tions was indicated by shallow etch pits on longitu-
dinal {110} crystal sections. These show a density
and distribution comparable to dislocations, but also
occur in dislocation-free parts of the crystal. Such
shallow pits can be related to voids, inclusions, or
other defects and could be identified using trans-
mission electron microscopy in further studies.

Bulk carrier lifetime in n-type crystals grown
from the granulate crucible reaches 100 us
(1.5 Q cm) to 600 us (14 Q cm) and demonstrates a
good correlation with the dislocation density distri-
bution having a W-shaped radial profile. The carrier
lifetime is probably limited by the deep-level defects
from various transition metals, but a more exact
identification has not yet been performed. If a
crystal is purified by metal segregation in an
additional FZ growth process, effective carrier life-
times up to 20 ms can be reached on passivated
samples.
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