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a b s t r a c t

In the present paper, we study the influence of defects through their stress fields on the electrical

activity and residual stress states of as-grown edge-defined film-feed (EFG) multicrystalline silicon

(mc-Si) ribbons. We apply a combination of micro-Raman spectroscopy, electron beam induced current,

defect etching and electron backscatter diffraction techniques that enables us to correlate internal

stresses, recombination activity and microstructure on the micrometer scale. The stress fields of defect

structures are considered to be too small (several tens of MPa) to influence directly the electrical

activity, but they can enhance it via stress-induced accumulation of metallic impurities. It is commonly

found that not all recombination-active dislocations on grain boundaries (GBs) and within grains are

accompanied by internal stresses. The reason for this is that dislocations interact with each other and

tend to locally rearrange in configurations of minimum strain energy in which their stress fields can

cancel partially, totally or not at all. The outcome is a nonuniform distribution of electrical activity and

internal stresses along the same GB, along different GBs of similar character as well as inside the same

grain and inside different grains of similar crystallographic orientations. Our work has implications for

developing crystal growth procedures that may lead to reduced internal stresses and consequently to

improved electrical quality and mechanical stability of mc-Si materials by means of controlled

interaction between structural defects.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

EFG silicon ribbon growth technology has been developed as a
cost-effective alternative to ingot- and block-cast crystal growth
technologies due to its low silicon consumption. The silicon
ribbons are grown directly from the melt at the desired thickness
and cut in wafers by a laser without saw-induced kerf losses [1].
Future directions towards even a more cost-efficient EFG technol-
ogy include a reduction in the tube thickness t, an increase in the
tube face width w and in the growth speed [1–3].

These developments are hindered by the thermally induced
stresses characteristic for the EFG silicon growth. They are
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produced by (1) the steep vertical temperature gradients of
�1000 1C cm�1 at the melt–crystal interface needed to accom-
modate the latent heat of crystallization, (2) the curvature of the
crystallization front, (3) the mechanical constrains due to con-
tinuity of displacements imposed at the tube edges, and (4) the
rapid cooling [1,2,4]. Since the temperature gradients vary as t�2,
they increase with decrease in tube thickness leading to an
increase in the thermal stresses acting on the tube [2]. Above
the brittle–ductile transition temperature of silicon, these stresses
can relax partly or totally during ribbon growth by plastic
deformation including in-plane creep, out-of-plane buckling and
the formation of extended lattice defects such as dislocations,
low-angle grain boundaries, cracks and their combinations. Below
this temperature, the remaining thermal stresses are incorporated
as thermally induced residual stresses in the EFG tube [2,3,5].
In particular, the critical stress for buckling, which is proportional
to (t/w)2 limits both the decrease in the tube thickness and the
increase in the tube width [2,5]. Thermal stresses are also limiting
the growth speed [2]. Another important constraint in the EFG
growth of stable thinner silicon tubes is the thickness variation of
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up to730 mm across the face width as a result of small horizontal
temperature differences of the order of 1–2 1C along the meniscus
region [2,6].

Moreover, the grown-in thermally induced residual stresses
combined with an unfavorable arrangement of crystal defects
having their own stress fields, their superposition is referred to as
internal stresses, may couple critically with external mechanical
and thermal loads. This may happen during production and
handling of wafers/cells and modules leading to unpredictable
breakage and additional defects [7–9]. Therefore, understanding
and controlling the internal and external stresses are crucial to
ensure the mechanical integrity of the EFG wafers/cells as well as
to reduce the density of stress-induced defects, which are
commonly recombination active, thus improving both process
yields and solar cell efficiencies.

Internal shear stresses in EFG and string silicon ribbons have
been found mainly at twin and grain boundaries by infrared
photoelasticity method known also as infrared birefringence
imaging with a spatial resolution of 5 mm/pixel and a sensitivity
of71.5 MPa in the best case [8,10–13]. The micro-Raman tech-
nique used in the present study is able to probe very concentrated
stress distributions originating from structural defects by scan-
ning point-by-point spectra that can be averaged over larger areas
if needed [14,15]. Its depth and lateral resolutions depend on the
laser excitation wavelength ranging from mm to nm, while its
sensitivity is better than 712.5 MPa [16,17]. By comparison,
photoelasticity is not able to resolve such stress concentrations
but it is much better in probing small thermally induced residual
stresses since it integrates the signal over the entire thickness of
the sample.

It has been observed that high stressed areas show high
electron–hole lifetimes [8,12]. So far such correlated investiga-
tions have been performed at large scales. However, our previous
studies as well as other studies demonstrate the importance of
the local variations in properties for a deeper understanding of
the solar silicon materials for higher mechanical stability and
solar energy conversion efficiencies [16,18–21].
Fig. 1. (a) Schematic of the EFG crystal growth process (not to scale). (b) Optical imag

positions indicated by arrows have been chosen to illustrate the correlation between in

that typically occurs between two adjacent grains of {0 1 1} and {1 1 2} orientations ch
In this work, we correlate mechanical, electrical, and structural
properties of as-grown EFG silicon ribbon material on the micro-
meter scale. For this purpose, we combine at identical positions
micro-Raman spectroscopy for measuring mm-scaled internal
stress fields, electron beam induced current (EBIC) for evaluating
the recombination activity, defect etching for the optical visuali-
zation of surface defects, and electron backscatter diffraction
(EBSD) for determining the grain orientations and grain boundary
types. Our results are discussed in relation to the EFG crystal-
lization process and the existing studies.
2. Experimental details

Commercially available p-type EFG mc-Si material showing
about 15.2% cell efficiency after in-line processing has been
investigated in this work. Four pieces were cut from different
as-grown wafers (125�125 mm, mean wall thickness of 200 mm)
originating from various heights or faces of an octagonal EFG tube
(see Fig. 1(a)) grown under optimal conditions with a speed of
1 cm/min [3]. Prior to the Raman measurements, the samples
surface was evened out by mechanical polishing to ensure stress
measurements that are not affected by uncontrolled reflections at
rough surface facets. We applied a standard polishing procedure
changing gradually from larger to smaller diamond particle sizes
with the final polishing step removing most of the previously
damaged surface layer and thus leaving the samples in a negli-
gible polishing-induced stress state. After polishing, the samples
were Secco-etched [22] for 5 s to make the grain boundaries and
dislocations visible. The results presented in this paper are
representative for the investigated samples being obtained on a
piece of 18�20 mm shown in Fig. 1(b), which was cut from the
center of an as-grown EFG wafer.

The Raman stress measurements were performed at room
temperature in the backscattering configuration using a LabRam
HR800 spectrometer from Horiba Jobin Yvon. A He–Ne laser with
an excitation wavelength of 633 nm was employed resulting in a
e of a piece cut from the center of an as-grown EFG wafer. Three representative

ternal stresses, electrical activity and microstructure. They are situated along a GB

aracteristic for steady-state EFG growth. The buckling deformation is visible.
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penetration depth of a few mm in silicon. For the 100� objective
(numerical aperture 0.9) used in our study, the diameter of the
incident focused laser beam and the laser power onto the
sample’s surface were �1 mm and 2.3 mW, respectively. No shift
due to the local heating of the sample by the laser beam was
observed. Raman spectra were acquired while moving the sample
stage with 0.8 mm steps in x- and y-direction, resulting in a
complete mapping of the investigated areas. The exposure time
was 200 ms per spectrum. By fitting these spectra with a Gauss–
Lorentzian function, maps of the shifts of the first-order silicon
Raman peak corresponding to internal stresses were obtained
with a resolution of 70.05 cm�1 [16,18,19]. To ensure correct
interpretation of the Raman data as well as to be able to visualize
small mechanical stresses, the effect of the environmental ther-
mal variations on the silicon peak position was corrected [17].
This was done using one of the plasma lines of a Ne lamp located
close to the spectrometer’s entrance hole [18,23].

After the Raman measurements, the grain orientations and
grain boundary types were determined by EBSD using an EDAX
system attached to a TESCAN LYRA XMU scanning electron
microscope (SEM). The crystal orientation is given in the
{h k l}ou v w4 representation where {h k l} is the crystal plane
perpendicular to the sample normal direction (z axis) and
ou v w4 is the crystal direction aligned with the transverse
direction of the sample (y-axis) (see Figs. 2–4(b)). The inverse
pole figure (unit triangle) shows the sample normal direction
relative to the axes of the measured crystal. The misorientation
Fig. 2. Position (1) (a) SEM image of the as-grown EFG wafer before mechanical polis

orientation triangle and the sample reference frame. (c) EBIC image taken at 80 K whe

attributed to dislocations decorated with metallic impurities. (d) Not all dislocations

accompanied by internal stresses as probed by micro-Raman. The dashed rectangle i

current corresponds to the largest (tensile) stress.
between adjacent grains is given in the angle/axis notation, that
is, the rotation angle about the axis common to both lattices to
bring them into coincidence, and in terms of S-value, which
denotes the fraction of atoms in the GB plane coincident in both
lattices [24].

Finally, EBIC measurements at 20 keV beam energy were done
with an EVO 40 SEM at 80 K to image most of the electrically
active defects. Before the electrical characterization, the sample
was chemically polished in 1 HF:2 HNO3:1 C2H4O2 solution for
5 s. The top Schottky contact consisting of a 30 nm thick Al layer
was evaporated onto the sample surface, while the back ohmic
contact was prepared by rubbing InGa alloy homogeneously over
the back side of the sample. In order to render the inhomogene-
ities of recombination clearly visible, a color scale is used for the
EBIC maps (see Figs. 2–4(c)). The maps represent the local EBIC
signal normalized by the maximum EBIC signal.
3. Results

In order to illustrate the correlation between internal stresses,
defect structure, and electrical activity in the EFG material, we
show here three positions that contain representative examples
of this correlation for the four measured samples grown under
similar conditions (about 5–10 positions on each sample). These
regions indicated by arrows in Fig. 1(b) are located along a typical
GB that forms between two adjacent grains of {0 1 1} and {1 1 2}
hing. (b) EBSD map showing the grain orientations and GB types along with the

re the inhomogeneous recombination activity inside grains and at GBs is mainly

visible in the defect etching image shown in the inset or measured by EBIC are

n the inset represents the Raman mapped area. At this position, the lowest EBIC



Fig. 3. Position (2) (a) SEM image of the as-grown EFG wafer before mechanical polishing. (b) EBSD map. (c) EBIC image where the same left hand side grain like in Fig. 2

shows at this position no electrical activity. The S3 GBs are either recombination-free (S3) or recombination-active (S3*), while being virtually stress-free. (d) The defect

etching image in the inset indicates that the presence of dislocation etch pits on S3* GBs leads to electrical activity provided the dislocations are decorated with metallic

impurities. Here, the highest recombination activity corresponds to the largest (compressive) stress.
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orientations. They are the preferred orientations under steady-
state EFG growth conditions: {0 1 1} minimizes the surface
energy, while {1 1 2} occurs from the twining of {0 1 1} [25].
SEM images of the as-grown EFG wafer before mechanical
polishing show no significant out-of-plane buckling at these
positions, as seen in Figs. 2–4(a). Moreover, the defect configura-
tions at these positions displayed in Figs. 2–4 including large-
angle random GBs, coincidence-site lattice GBs, GB triple points,
and high dislocated areas are characteristic for the typical micro-
structure of the EFG material.

Our defect etching experiments shown in the insets of
Figs. 2–4(d) reveal, besides GBs, typical distributions of etch pits,
which are formed where dislocations intersect the surface of the
silicon wafer due to enhanced removal of atoms from the
defective regions. The dashed rectangles in the insets as well as
in Figs. 2–4(a) correspond to the Raman mapped areas. Thus, we
discuss our results based on the presence of dislocations [26–28].

The EBSD, EBIC, and micro-Raman measurements at position
(1) are displayed in Fig. 2. The Raman stress map shows
concentrated tensile (in blue) and compressive (in red) stresses
close to a large-angle random GB described by a misorientation
angle/axis of 501/[5 1 8]. Except these areas, nearly no stresses are
found neither along the GB nor inside the two adjacent grains of
{0 1 1}o1 1 14 and {1 1 2}o1 4 54 orientations. By comparing
the stress map with the corresponding EBIC map enclosed by the
rectangle in Fig. 2(c), it can be seen that not all recombination
active dislocations visible at 80 K are accompanied by stresses.
That is because dislocations interact with each other and tend to
locally rearrange in configurations of minimum strain energy
that can result in stresses or virtually no stresses [18,19,25,29].
The EBIC image in Fig. 2(c) shows an inhomogeneous electrical
activity along different types of GBs as well as inside grains of
different crystallographic orientations indicated in Fig. 2(b). The
recombination-active S3 GBs {601/[1 1 1]} in Figs. 2–4 are marked
with an asterisk to distinguish them from the recombination-free
S3 GBs in Fig. 3. All these are considered to originate from a
nonuniform distribution of dislocations on GBs and inside grains,
with the recombination activity strength depending on the
metallic impurity decoration, intrinsic structure, type, density,
and distribution of dislocations [18,21,25,30].

Fig. 3 shows the EBSD, EBIC, and micro-Raman results obtained
at position (2). Like in the previous case, we did not find a one-to-
one correspondence between electrically active dislocations and
stresses, both exhibiting inhomogeneous spatial and magnitude
distributions. Different at this position is the presence of tensile
(in blue) and compressive (in red) stresses concentrated close to a
GB triple point where a S5 GB {36.861/[1 0 0]}, a S3 GB, and a
large-angle random GB {451/[1 1 2]} meet. It is worth noting that
GBs of the same type, here S3 GBs, can be either recombination-
free (S3) or recombination active (S3*), while both being nearly
stress-free. Essentially, independent of the GB type, such large
differences in electrical activity originate mainly from the absence
or presence of recombination-active dislocations on or very close
to the GB [22,26]. On the other hand, Raman measures only those
configurations of dislocations (including the recombination-free
dislocations) that lead to stresses. In contrast with the positions



Fig. 4. Position (3) (a) SEM image of the as-grown EFG wafer before mechanical polishing. (b) EBSD map. (c) EBIC image where the same left hand side grain like in

Figs. 2 and 3 shows recombination activity. (d) The lowest EBIC current is not accompanied by stress at this position.
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(1—Fig. 2) and (3—Fig. 4), the {0 1 1}o1 1 14 left hand side
grain shows no reduction in the EBIC signal at position (2). This
indicates that the thermally induced stresses present during the
EFG growth relaxed not through the generation of dislocations
but through the formation of twins found at position (2) by EBSD
[12,31].

Similar to the previous two cases, we observe nonuniform
distributions of electrical activity and stresses along GBs and
inside grains at position (3), as displayed in Fig. 4(c and d).
However, we choose this position to show that the largest
recombination activity is not always accompanied by the largest
internal stresses as in the case of positions (1) and (2).
4. Discussions

The inhomogeneous distributions of electrical activity and
internal stresses in Figs. 2–4(c and d) are discussed in detail in
the following. Internal stresses are the result of the superposition
between the thermally induced residual stresses, that is the
thermally induced stresses at the end of crystallization and
cooling processes, and the defect-related stresses. Since the EFG
tubes are cut into wafers and then into small pieces as those
investigated here, the thermally induced residual stresses are
expected to relax to a large extent due to the creation of free
surfaces [12]. Thus, in this paper, we measure mainly the internal
stresses produced by defects.

Dislocations are considered to be among the most detrimental
type of defects controlling not only the electrical but also
the mechanical properties of silicon and other materials
[18,20,26–28]. First, for the sake of simplicity, we address the
spatial variation in the EBIC and micro-Raman measurements
without taking into account the impurities. Dislocations are the
result of plastic deformation taking place to relax thermally
induced stresses. This occurs as long as plasticity is allowed by
temperature and the thermal stress level is above the yield value
[5,12,32]. These stresses are produced by temperature gradients,
which in turn are due to nonlinear cooling and temperature
dependent thermal expansion coefficients. Both are intrinsic to
all silicon crystal growth methods [5,20]. In the case of EFG ribbon
growth, there are two nonlinear temperature profiles: one vertical
along the tube length and one horizontal along the tube width
(see Fig. 1(a) and Ref. [6]).

Once dislocations are created, they can move on glide planes if
the thermal activation energy (temperature above 600–700 1C in
silicon) and the effective stress for dislocation motion are pro-
vided. The latter is given by the difference between the thermally
induced stresses produced by the nonlinear external temperature
profiles and the stresses due to short- and long-range elastic
interactions between dislocations [29,33–35]. The movement of
dislocations leads to further plastic deformation through their
multiplication up to the point when, because of an increased
dislocation density, the lattice friction overcomes the effective
stress needed for moving dislocations. This state corresponds to
the hardening state of the material [20,33]. Dislocations can also
be removed by out-diffusion and pairwise annihilation at high
temperatures [27]. In the case of EFG mc-Si material, the grain
structure including the orientation, size, and geometry of the



Fig. 5. Point-by-point correlation of internal stress and electrical activity from all

micro-Raman and EBIC measurements. The lower the EBIC signal, the higher the

recombination activity. The numbers inside the figure represent the percent of

the data points for particular combinations of stress and EBIC values based on

double histogram analysis. The sums of the percentages for the same EBIC and

stress value bins are shown on right and top of the figure, respectively.
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grains as well as the kinematic constraints at GBs influence locally
the nucleation, motion, multiplication, and annihilation of
dislocations [3,20,34,35]. Furthermore, these mechanisms vary
significantly with temperature changing continuously the density
and distribution of dislocations through the change in the
effective stress fields acting locally on them [33]. Consequently,
in the EFG mc-Si material, there is strong local variation
in intragranular and GB decorating dislocations, resulting in
spatially nonuniform recombination activity and dislocation-
related stresses, as shown in Figs. 2–4(c and d).

Second, we focus on the magnitude variation of the EBIC and
micro-Raman measurements. In addition to the temperature and
microstructure dependent interaction between dislocations in
order to minimize the strain energy, their type also affects the
electrical activity and residual stress states [18,21,25,33].
Typically, the so-called mixed dislocations consisting of both
edge and screw segments are found in real materials [29,33]. In
the isotropic elasticity theory, the elastic distortion around an edge
dislocation produces both normal (compressive stresses above
the slip plane and tensile below) and shear stress components,
while only shear stresses occur in the case of a screw dislocation.
The stress components that are zero in the isotropic approxima-
tion may become finite in elastically anisotropic materials such as
silicon [18,29]. Thus, the measured micro-Raman signal is mainly
the superposition of the stress fields of dislocations including all
stress components. Besides the dislocation type, there are other
factors that can influence the stress states such as impurity
decoration, intrinsic structure, density, and distribution of
dislocations [18,21,25,30]. We found stress concentrations includ-
ing both tensile (in blue) up to 40 MPa and compressive (in red)
up to 25 MPa (712.5 MPa), as displayed in Figs. 2(d) and 3(d),
respectively. These local variations in the sign and values of the
dislocation-related stresses in Figs. 2–4(d) are attributed to the
cumulative effect of all the aforementioned factors.

These factors are also considered to be responsible for the
differences in the strength of recombination activity seen in
Figs. 2–4(c). We observed quite strong reduction in the EBIC
signals at room temperature up to 70% (not shown), which
increase with decreasing temperature. Such EBIC behavior can
be explained by the interaction of shallow levels related to the
strain fields of dislocations with deep levels due to metallic
impurity decoration and/or intrinsic core defects at dislocations
[18,28,36,37]. In this context, it is interesting to elaborate on the
reasons for the EBIC signal variability at GBs of the same type as
well as inside grains of similar crystallographic orientations
determined by EBSD. By comparing the defect-etched optical
images with the EBIC maps (see, for instance, inset of
Fig. 3(d) and (c) corresponding to position (2)), we found that
S3 boundaries decorated by dislocation etch pits (denoted S3*)
also show increased electrical activity. By contrast the S3 GBs
without dislocation etch pits show no recombination activity. It
can be seen that despite the same GB type assignment by the
EBSD software, the S3* and S3 GBs are formed between adjacent
grains of different crystallographic orientations. This fact suggests
distinct kinematic conditions at these S3 GBs that can lead to
dissimilar thermally induced stress levels resulting in the gen-
eration or absence of dislocations. Different electrical activities
can be largely explained by the presence of different amounts of
metallic impurities in the form of atoms or submicron precipi-
tates in the dislocation cores or/and in the strain fields of
dislocations [28,37,38]. Such decorated dislocations are also
invoked to account for the very different electrical activity of
the {0 1 1}o1 1 14 left hand side grain, as seen in Figs. 2–4(c).
Only few of them are visible in the insets of Figs. 2–4(d) because
of the short etching time. The EBSD maps in Figs. 2–4(b) show
that the adjacent right hand side grains exhibit similar
orientations and quite similar geometries at the displayed posi-
tions. This indicates comparable kinematic constraints at these
GBs. Therefore, we attribute the presence (Figs. 2(c) and 4(c)) or
absence (Fig. 3(c)) of electrical activity (recombination active
defects) inside the {0 1 1}o1 1 14 left hand side grain to locally
different thermally induced stresses resulting in different relaxa-
tion mechanisms (dislocation or twin formation) [3,6,31].

Third, we examine the correlation between internal stresses
and electrical activity at the micrometer scale in the EFG material.
From the Raman and EBIC maps, it is observed that the largest
stresses coexist with the largest recombination at positions
(1) and (2) but not at position (3). These observations can be
explained as follows. It has been shown that impurity accumula-
tion in silicon can be enhanced due to the presence of stresses
[12,39]. This happens at temperatures where both impurities and
dislocations are mobile, while the driving force is the super-
position of thermal stresses and the stress fields of dislocations.
The degree of thermal stress relaxation by dislocation formation
varies locally affecting the dislocation density and the amount of
thermally induced residual stress. The final result can be an
increased electrical activity at regions of higher dislocation
densities and stresses (thermal or/and from dislocations), as at
positions (1) and (2). Here, dislocations are spatially distributed in
such a way that their stress fields cancel partially or not at all so
that an overall long-range stress field from these dislocations is
measured by micro-Raman. The dislocations arranged in config-
urations in which their stress fields cancel totally (or below the
detection limit of our Raman spectrometer of 712.5 MPa) are
only visible by EBIC (when recombination-active) but not by
micro-Raman, as at position (3). Our results indicate that internal
stresses of several tens of MPa do not influence the minority
carrier recombination in EFG mc-Si, which is consistent with
reports on block-cast mc-Si [18,32]. Indeed, comparably high
stresses of up to 1.2 GPa are necessary in silicon in order to
enhance the carrier mobility in the transistor channel through the
band structure modification and the effective mass reduction
[40].

The results presented above along with those obtained from all
not show measured samples and positions are displayed in Fig. 5
in the form of point-by-point correlation and double histogram
analysis of the micro-Raman and EBIC measurements. It is found
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statistically based on the data in Fig. 5 that the sample/position to
sample/position variations in internal stresses and recombination
activity on the micrometer scale are mainly caused by the locally
different defect structure and defect impurity decoration in
agreement with photoelasticity and photoluminescence measure-
ments on the macro-scale (wafer level) [2,8,10,12]. These struc-
tural variations on the micrometer scale result in efficiency
variations on the macro-scale of 70.2% after solar cell in-line
processing of wafers cut from the same 6.5 m long EFG octagonal
tube. The difference in electrical activity (y-axis) for a fixed
internal stress level (x-axis) indicates dissimilar impurity accu-
mulation due to locally different internal stresses at temperatures
allowing the stress-induced motion of impurities.

Although we focus here only on the EFG mc-Si ribbons, the
combined application of the complementary analytical methods
used in this paper (micro-Raman, EBIC, defect etching, and EBSD)
can be extended to other types of silicon wafers cut from, e.g.,
directionally solidified ingots or string ribbons. The current
observations about the correlation between internal stresses,
recombination activity, and microstructure are similar to our
previous reports on block-cast mc-Si wafers [15,18] and consis-
tent with other works involving various mc-Si materials and
experimental approaches [2,8,12,32]. Recently, we demonstrated
the combined application of micro-Raman and photoelasticity
methods for characterizing internal stresses and their relation to
defects at different length scales in block-cast mc-Si [15]. This
approach will also be applied to the EFG ribbon material to study
separately the concentrated stress fields of defects and the
extended thermally induced residual stresses in relation to the
electrical activity.

Finally, we discuss the practical impact of our study on
increasing the mechanical stability and conversion efficiency of
solar cells. We have found that the interaction between disloca-
tions can lead to the reduction in internal stresses. This finding
has two important implications. From the mechanical yield point
of view, the lower the internal stress levels, the lower the fracture
rates during manufacturing and manipulation of wafers, solar
cells, and modules. From the perspective of electrical perfor-
mance, low stressed or stress-free defect configurations are less
likely to promote the gathering of metallic impurities at single
dislocations as well as to generate new recombination active
dislocations under external mechanical and thermal stresses.
Therefore, it is worth exploring temperature profiles that facil-
itate the interaction between structural defects during the
crystallization process and/or during the high temperature solar
cell processing steps. This applies not only to the EFG ribbon
growth but also to other crystal growth procedures, e.g. direc-
tional solidification or string ribbon. The understanding and
control of the interplay between stresses and defects and their
effect on impurities represent also a topic of fundamental
research having potential for increasing the electrical perfor-
mance of solar cells [41].
5. Conclusions

The interplay between internal stresses originating from dis-
locations, recombination activity, and microstructure has been
studied at identical positions in as-grown EFG mc-Si ribbon
material by combining micro-Raman, EBIC, defect etching, and
EBSD techniques. The distributions of internal stresses and
electrical activity are found to vary both spatially and in magni-
tude. They are inhomogeneous along the same GB, along different
GBs of similar character as well as inside the same grain and
inside different grains of similar orientations. These variations are
attributed to the presence of dislocations, namely to the
cumulative effect of their impurity decoration, intrinsic structure,
type, density, and spatial arrangement on GBs and inside grains.
Internal tensile or compressive stresses of several tens of MPa are
considered not to affect the electrical activity by band structure
modification but they can enhance the accumulation of metallic
impurities and consequently the minority carrier recombination.
By tuning the crystallization process, wafer manufactures can use
the interaction between dislocations driven by the strain energy
minimization to produce mechanically stronger wafers and cells
and to prevent impurity precipitation at dislocations that should
lead to improved energy conversion efficiencies.
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