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ABSTRACT: In this work, we summarize the basic results of two studies investigating the detection of micro-cracks
in as-cut wafers, their impact on fracture strength after texturing (criterion 1) and finally the electrical quality after
solar cell production (criterion 2). As a key parameter for quality assessment, the morphology of the artificially
induced cracks is reconstructed and quantified in photoluminescence (PL) images of as-cut wafers. As expected, the
crack-related sorting parameter showed high correlation to both quality parameters. This enables us to define
classification criteria to rate the measured crack morphology in the as-cut stage in terms of the expected fracture
strength of the wafer and the expected parallel resistance of the cell, respectively. Based on the presented studies,
sorting criteria are evaluated via a receiver operating characteristic (ROC) analysis assuming a specific production
load. Moreover, requirements for a PL detection algorithm are derived to achieve the optimal sorting quality
according to specific limits for fracture strength and parallel resistance. Cost of Ownership calculations show, that
sorting out as-cut wafers prior to cell production can be beneficial if the crack detection system’s sorting quality is

sufficient.
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1 INTRODUCTION

As micro cracks increase mechanical wafer breakage and
can affect the shunt behaviour of cells, micro-crack
control is essential to increase production yield and can
be performed on as-cut mono-crystalline Czochralski
(Cz) Si wafers and multi-crystalline (mc) Si wafers. In
spite of the control need and the availability of detection
techniques, such as the infrared-transmission (IR) or the
photoluminescence (PL) technique, micro crack control is
often not applied consequently in cell production due to
the lack of (i) robust classification criteria and (ii) robust
detection algorithms, especially in the case of PL
imaging.

For the automatic detection and reconstruction of
cracks in PL- but also IR-images various additional
defect structures like grain boundaries and saw-marks
have to be handled. To this end, a complex machine
learning algorithm was extended to crack detection. Our
approach is based on a machine-learning algorithm as
proposed in [1] on wafer level. We enhance the algorithm
by incorporating additional grain boundary information
to avoid false positive detections of grain structures as
cracks.

On a comprehensive set of artificially damaged
wafers we will derive sorting criteria to rate cracks with
respect to the expected fracture strength of the wafer
based on the measured crack morphology. Since previous
studies [1-4] on solar-grade silicon could not reveal the
theoretically expected dependency of crack length and
fracture strength unambiguously, we try to avoid
additional confounding factors. Therefore, the fracture
strength of the wafers is determined within a 4-point
bending test, which allows a homogeneous stress field in
the inner part of the test setup [5] with cracks inserted in
the centre region of the wafer. Another influencing factor
of inhomogeneous surface is avoided by measuring the
wafers after wet chemical texturing.

The impact on cell or module performance of crack
structures induced after emitter formation has been

analysed in various studies [6-8]. Hereby, a reduction of
electrical quality has been ascertained due to cracks with
a large spatial extension. Moreover, it has been observed
that cracks which are induced in an early process step
may lead to shunts [9-11]. Being an additional relevant
criterion for the rating of cracks, we investigate the
impact of crack morphology measured in the as-cut stage
on the electrical quality of the finished solar cell.

In the following sections, we give an overview of our
approach to detect cracks and to derive sorting criteria for
cracks in terms of fracture strength and electrical quality.
A more precise description of approach and experimental
details concerning fracture strength is given in [12].
Further information on the rating of the electrical quality
is presented in [13]. Additionally, the derived
dependencies are analysed with respect to exemplary
critical values of fracture strength and parallel resistance,
which allows defining the optimal rating criteria of crack
morphologies to fulfil the corresponding limits.

2 THEORY AND APPROACH

2.1 Detection of micro-cracks

The detection algorithm is based on a classification of
cracks due to a comparison of the crack descriptions with
previously trained crack data. An overview of the
algorithm is presented in Figure 1. In the first step, the
so-called “feature detection”, a sparse set of possible
crack centres is identified by detecting features, which
appear as star or line-like structures. Typically, also
recombination-active grain boundaries, which are visible
in PL image, may be added to the set of interesting
points. To avoid these false detections, the information
about grain boundaries is extracted from additional
images in the visible range. A key point is excluded from
the list of potential crack centres if its position
corresponds to the position of a grain boundary. Second,
the shape of the remaining cracks are described with a
gradient location and orientation histogram (GLOH) -
descriptor as introduced in [14]. Hereby, the amplitudes
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of the gradients are combined in a histogram which
considers the location and gradient orientation. Third, the
data were labelled based on the well-known crack
positions. A prediction model is trained on the labelled
data to classify cracks and non-crack structures using a

support vector machine [15]. In case of a positive
detection result, the crack is reconstructed by tracing all
structures which are following a star-structure beginning
from the crack centre. Further details concerning the
algorithm are described in [12].

Exclude
grain boundaries

Identify potential
cracks

Create GLOH
descriptors Phase 2:

Phase 1:
Learn prediction

with labelled data )
Reconstruction

* Test prediction
of unknown data

PL-image and ;?
Grain boundaries |§

!
ol

Crack structure?

%.: Grain boundary

o Crack structure?

Descriptor

. feature space
‘I'H-I\I A 4
B 4 el

Descriptor v
Describe region by

orientation and spatial & Crack
distribution of gradients & No crack

High dimensional

A) a e

Labelled data

Figure 1: Simple overview of the detection algorithm: After the prediction model is trained on labelled data, a set of
“unknown” data, which are not in the training set, can be predicted based on the description of the surrounding region with a

GLOH-descriptor.

2.2 Fracture strength

We want to create a link between the morphology of
the reconstructed cracks and wafer breakage. Therefore,
the fracture strength of the wafers is determined as
quality parameter in a 4-point bending setup [5] after the
texturing process and compared to the crack length.
According to [16, 17], the relation between crack length
aand fracture strength o for line-like cracks in the
infinite plate is given by

0'=K[E/(«/a/_2cosz((p)). (1)

The critical fracture toughness K;. is a material
parameter, which depends in crystals on the cleavage
planes and thus on grain orientation and varies between
0.89 and 0.92 MPa m™? [18]. The influence of crack
length onto fracture strength also depends on the
orientation ¢ of the crack perpendicular to load direction.
As the crack prefers to propagate along the {110} and
{111} plane [19], the crack orientation and shape of the
crack segments varies in mc-Si wafers, whereas the
cracks show a constant line or x-shaped structure in Cz-Si
wafers following the {110} or {111} plane with segments
in the direction of @=n/4 referring the edges of the wafer
where the load is applied. We simplify the complex
structures of cracks in multi-crystalline wafers by
considering the length and orientation of the major-axis
&, and minor-axis &, of the corresponding ellipse
with the same normalized second central moments.
Therefore, the orientation of the major axis @mor iS
computed for mc-Si wafers and the orientation of the
minor axis is given by Quinor=@majort /2.

‘minor

2.3 Electrical quality

Due to the high breakage rates of crack-affected
wafers, it is difficult to evaluate sorting criteria based on
crack data of as-cut wafers, which indicate the resulting
electrical quality of the solar cell. Within our approach of
controlled crack introduction, it has been achieved to
induce cracks in the dimension of about 1 to 50 mm in
mce-Si as well as Cz-Si wafers measured in PL-images,
which are on the one hand big enough to be detected by
the available system for inline wafer inspection and on
the other hand small enough to allow the production of
solar cells with low breakage rates. Being a typical
indicator for shunts, the parallel resistance R, is
investigated as quality label for a crack sorting criterion
which reflects the expected electrical quality. Further cell
parameters as the reverse current density can be
considered as well as quality label as shown in Ref. [13],
but are not presented in this work.

3  EXPERIMENTAL OVERVIEW

3.1 Experimental flow

This section gives a brief overview of the
experiments as depicted in Fig. 2. For further details and
parameter settings and for issues concerning image
acquisition and fracture strength we refer to [12]. For
details concerning electrical measurements and solar-cell
processing, we refer to [13].

The study has been performed on Cz-Si wafers and
mc-Si wafers, which were investigated in sets of different
wafer thickness. Primarily, the wafers are marked with an
alphanumeric code to be able to identify the samples. The
wafers are artificially damaged in the as-cut stage (step 1)
by dropping an adjustable punch from a fixed height
which allows inducing cracks of macroscopic dimensions
in a very controlled manner with the required throughput
to generate sufficiently large wafer sets for the test. In
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this setup, the wafers were fixed by polyethylene rings in
order to avoid air pads between wafer and ground plate,
which is necessary to achieve a reproducible damage on
both material types. All wafer sets (material type / wafer
thickness) are damaged with three different energies. Due
to the observed differences in crack length between the
two material types, a group with low impact energy was
added for Cz-Si wafers and a group of strong impact
energy for mc-Si wafers, respectively. The crack position
was recorded for the later labelling of the images.

The damaged wafers are inspected in the as-cut stage
by means of the PL and IR technique using state-of-the-
art wafer inspection systems to create representative
control data also available in a manufacturing line. The
image processing (step 2) to detect the intentionally
induced micro-cracks is accomplished according to the
scheme depicted in Figure 1 (see section 2.1). The
evaluation and training of the algorithm was based on the
labelled data. The morphology of all cracks was
determined in PL- images of as-cut wafers with the
reconstruction algorithm proposed in [12] based on the
well-known crack position. As etching processes are
known to be beneficial for the mechanical strength, the
Cz-Si and mc-Si samples are subjected to a standard
alkaline and acid texturization process, respectively. As a
rating label for the measured crack lengths, the fracture
strength (step 3) of the wafers has to be determined,
which has been performed within a 4-point bending test
[5], with the artificial cracks being placed in a
homogeneous bending stress field, after wet-chemical
texturing of the wafers.

To investigate the impact of cracks onto the electrical
quality (step 4), a second set of wafers with varying crack
lengths is processed to solar cells using an industrial cell
process with aluminium back-surface field in the PV-
TEC research line at Fraunhofer ISE [20]. The current-
voltage characteristics are determined for all cells.

Material type (thickness) and damage energy (step 1)
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[ Reconstruction and measuring of crack morphology ]
bl

|
[ Texturing: Isotropic for mc-Si and alkaline for Cz-Si ]

Measuring of fracture strength

[ Production to solar cells with Al-BSF ]

[ Measuring of IV-characteristics ]

Fig. 2: Overview of the experiment. The dashed lines
indicate the evaluation steps.

3.2 Fracture strength from crack morphology

The dependency between crack morphology in the
as-cut wafer and fracture strength after wet-chemical
etching is investigated based on the reconstruction result
of crack structures around the well-known crack positions
in the PL-images. Due to complex crack morphologies
the major-axis length a  and minor-axis lengtha,_,, are
selected as basic parameters to describe the crack lengths.
The lengths of the cracks are corrected by subtracting
0.5mm at each side of the crack to prevent an
overestimation of crack lengths due to charge carrier
diffusion and image blurring. The data were evaluated
according to eq.l assuming a fixed critical fracture
toughness for both materials with K, =0.92 MPa m'2
The expected fracture strengths Gpjor and Opiner are
calculated for both axis of the crack considering the
orientations Qpajor aNd Prinor respectively. Depending on
the orientation of the crack, the minor-axis length may
lead to more critical fracture strength. In this case, the
crack axis with the most critical fracture strength
Gpred =MIN (Gingjor» Ominor) Was selected as dominating
structure.

4 EXPERIMENTAL RESULTS

4.1 Fracture strength and crack morphology

The plots in Fig. 3 show the measured fracture
strength as a function of predicted fracture strength from
crack length of PL-images for Cz-Si wafers (a) and mc-Si
wafers (b). The colour indicates the projected crack
lengths a,,;.., Of the crack segment onto the line
orthogonal to the load direction with
Aprojected = min(amajor COS(¢major)3ammor COSWyinr) » which  turns
out to be a relevant quantity as discussed in detail in [12].

The results show a strong correlation for Cz-Si
wafers. The measured fracture strength varies
corresponding to the predicted fracture strength.
Prediction quality decreases for very small cracks and
high fracture strengths, respectively. This is expected
from functional dependency between crack length and
fracture strength in equation 1 which exhibits a steep
slope for small crack lengths. Although the correlation is
lower for mc-Si wafers, samples with reduced fracture
strength can be identified based on to the predicted
fracture strengths.

4.2 Sorting crack morphology by fracture strength

The correlation between fracture strength and crack
length can be used to define sorting criteria for a given
manufacturing equipment or production line, as well as to
define demands onto the crack detection algorithm. First,
sorting criteria can be evolved for different machine
capabilities to handle wafers down to critical fracture
strength Giea- We assume that wafers with a fracture
strength lower G;ica1 break during solar cell production.
As a scatter can be observed in the measured fracture
strength o and the predicted fracture strength Gp.q @ more
accurate threshold can be determined by optimizing the
relation between the ability to detect critical samples by
considering the sensitivity (true positive rate TPR) of the
classification on the one hand and the ability to avoid
falsely as critical classified samples by considering
parameters of the false positive rate or the precision on
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the other hand. The values are defined as
TPR = Sensitivity =#(D N C)/#C

FPR =1-Specificity =#(D N C)/#C
Precision =#(D N C)/#D

2

with the cardinality # of the set of detected samples D,
which are classified as critical, the set of truly critical
samples C and the set of non-critical samples C .

The combinations of sensitivity and specificity are
illustrated by the receiver operating characteristic (ROC
curve) [21] in Fig. 3 (c¢). Each line indicates the resulting
quality of the classifier with varying threshold for a
specific material class and critical fracture strength
Geitical- 1he diagonal black line indicates the ROC curve
of a random guess with a ROC area of 0.5. The area
beneath the curve is an indicator for the quality of the
binary classifier. Optimally, these values are very small
(ROC area=0) or near the maximum value (ROC area=1).
Exemplary values for critical fracture strength were
selected according to the distribution of fracture strength
of given data. Due to the increased range of fracture
strength in the Cz-Si material group, critical fracture
strengths of Gitical, =75 MPa and Ggigicain.c,=100 MPa
were selected for the ROC analysis. Since all me-Si data
show a reduced fracture strength, the ROC analysis is

Fracture strength of Cz-Si wafers

Fracture strength of mc-Si wafers

performed for critical fracture strengths
Criticall,me=0 MPa and Giticaiz me=65 MPa. According to
the critical value the data are split into samples, which
will withstand the mechanical stress and samples which
will break during solar cell production. Based on the
crack related parameter cp.4 the wafers can be classified
to predict the breakage of the wafer. The decision value
for opeq is varied and the related sorting parameters
sensitivity and specificity are computed to determine the
best threshold. The characteristics of the ROC curves are
listed in Table I. For Cz-Si wafers, the area of the ROC
curve is nearly 1 for a threshold value for critical fracture
strength Geritical ¢, and decreases with increasing critical
fracture strength. The threshold value with the highest
product of sensitivity and specificity Gprqop and the
corresponding crack length @pq,, are also indicated
assuming a crack orientation of @preqop=n/4. The results
in the table can be interpreted as following: A crack in a
Cz-Si wafer with length a>3.4mm and orientation of
¢ =n/4 should be sorted out, since the ROC analysis
indicates that the wafer will break with high confidence
when a load of 75MPa is applied. For smaller cracks the
quality of the rating reduces as the false negative rate
increases.

ROC: Rate crack length (criterion 1: ogigca)
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Fig. 3: Comparison of crack-related quality data measured on as-cut wafers to fracture strength (upper row) and parallel
resistance (lower row) of Cz-Si (left column) and mc-Si (middle column) wafers and solar cells. The right column displays
the combined ROC curves of both material types according to the quality data in each row. Each ROC curve analyses the
classification quality considering a specific quality limit by varying the crack related parameter measured in the as-cut stage
as discrimination threshold. The blue line in the ROC curves represents an exemplary quality limit for crack detection
systems for Cz-Si material based on a cost of ownership analysis [22]. If the crack detection system achieves quality

parameters placed on the left side of the line the system wo

rks profitable.
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Table I: Receiver operating characteristics: The column
‘criteria’ indicates the range of critical o or R;-values
which should be sorted out. The ROC-area is the area
under the ROC curve which reflects the quality of the
sorting parameter in general. For investigations on
fracture mechanics Gpeqope 1S the threshold for the
predicted fracture strength oGp,q Wwith the maximum
product of sensitivity and specificity and a,,,,, the
corresponding crack length for cracks with orientation of
¢ =mn/4. The area A of the crack was selected as most
important parameter to rate the crack morphology with
respect to R, values and the optimum sorting criteria A,
was computed.

Criteria ROC-area  Opredopt  @predop

Cz-Si o <75MPa 0.99 53.4MPa  3.4mm
o <100MPa 0.85 63.7MPa  2.7mm
mc-Si o <50MPa 0.92 35.7MPa  6.3mm
o < 65MPa 0.77 47.5MPa  4.0mm

Criteria ROC-area A
Cz-Si 130pm R <3kQem®  0.71 2.1mm?
Cz-Si 160pm R, <3kQcm® 097 3.8mm?

me-Si 155um R < 3kQcem’® 0.95  2.5mm?” or 4mm’

4.1 Electrical quality and crack morphology

A major set of pre-damaged wafers could be
processed to solar cells despite the artificially induced
cracks. Efficiencies of the damaged solar cells ranged
between 18.2% and 9.6% for the Cz-Si wafers and 16.2%
and 14.0% for the mc-Si wafers. As expected, the
analysis of current-voltage characteristics revealed that
losses in wafer efficiency follow the reduced values of
the parallel resistance according to the two-diode model,
as shown in [13]. To analyse the impact of the crack onto
the parallel resistance the area A of reduced luminescence
intensity surrounding the crack centre was quantified as
crack-related sorting parameter in the as-cut stage. The
correlation of crack area and parallel resistance is
depicted in Fig. 3(d) and (e) for Cz-Si and mec-Si
material, respectively. Large micro-cracks tend to lead to
stronger shunts. Nevertheless, for Cz-Si material also
small cracks strongly affect the electrical quality of the
cell. An explanation is given in the thickness-dependent
analysis. Micro-cracks in Cz-Si wafers with thickness of
130pum lead to reduced R;-values. Unfortunately, thin Cz-
Si wafers broke during solar cell production due to the
large micro-cracks. For mc-Si cells, the R-related
decrease in cell efficiency is weaker.

4.2 Sorting crack morphologies by parallel resistance

To classify the electrical quality of the damaged
wafers, a parallel resistance below 3 kQcm’® can be
identified as very critical value. Following the two-diode
model for the given data set a reduction of the parallel
resistance from 100 kQcm? to 3 kQem? will lead to losses
in efficiency of about 0.5%. The ROC-curves in Fig. 3
depict good classification results for mc-Si wafers as well
as for Cz-Si wafers with thickness of 160pum. Cracks with
area A greater than approximately 3.8 mm’ should be
sorted out to avoid strong shunts. The group of thinner
Cz-Si wafers could not be classified accurately, as even
small cracks can result in severe shunts and low parallel
resistance.

4.3 Detection results

Micro-cracks in PL-images were analyzed according
to the algorithm depicted in Figure 1. As an enhancement
to the algorithm published in [1], spatially resolved
information about the grain boundaries was added to the
classification scheme. The additional data have been
gained from surface inspection in the visible range in
reflexion mode. The approach was evaluated with a set of
multi-crystalline wafers. The algorithm was analysed
applying a 10-fold cross validation. Hereby, the wafer
data was split into 10 groups. Each group of wafers is
evaluated by training the classifier based on the
remaining 9 groups. Despite disturbing dislocations and
grain boundaries, cracks could be detected with a
precision of 91.1% and sensitivity of 80.4% for small
cracks with crack length a>3mm. By this means, we
achieved an increase in precision of 18.6% compared to
72.5% and an increase in sensitivity of 15.4% from 65%
which could be achieved evaluating the same set of small
cracks without additional grain boundary information.
The optimum relation of sensitivity and precision can be
adjusted by means of parameter settings with respect to
economic considerations. In this case, the prediction was
optimized by maximizing the F-measure, which is the
harmonic mean of precision and sensitivity. The
presented approach can also be extended to detect cracks
in electroluminescence images of solar cells.

5 DISCUSSION

5.1 Quality rating of fracture strength

The length of the micro-cracks and the fracture

strength follow the functional dependency expected from
theoretical crack mechanics, which is shown in detail in
Ref. [12] and, to our knowledge, has not yet been proven
experimentally in solar grade silicon, especially not for
such a broad range of crack lengths.
The ROC curves in Fig. 3 (c) illustrate the high
performance of the classifier for critical fracture strength
of 75MPa. However, this classifier performance
decreases as the critical fracture strength increases which
corresponds to a decreasing critical crack length.

For Cz-Si wafers with comparatively small crack
lengths a < 2mm a large scatter can be observed, which
can be related to the limited spatial resolution of the PL-
imaging system or inhomogeneous crack structures. The
classification schemes can be improved by increasing the
sharpness of the PL-images using a stronger but shorter
duration of excitation. Imaging techniques with higher
resolution can be evaluated, but may also fail to
reconstruct the cracks precisely, as shown for an infrared
transmission setup in Ref. [1]. The sorting criterion with
the largest product of sensitivity and specificity is a good
setting for a specific loading scheme. The corresponding
critical crack lengtha,,,,, (see Table I) indicates that
samples with smaller crack lengths should pass the
breakage criteria and should not be sorted out. Therefore,
the PL-detection should at least identify cracks with a
length of a,,,, to achieve optimal rating values for the
applied loading scheme.

The results of fracture strength for mc-Si wafer show
a larger scatter, as shown in Fig. 3 (b). This makes the
definition of a sorting criterion for mc-Si wafers more
complex. The ROC area is decreased for mc-Si wafers
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compared to the results for Cz-Si wafers. The increased
scatter can partly be explained by the variation of critical
fracture toughness due to grain orientation and crack
propagation [18]. Second, the morphology of the cracks
shows different characteristics in mc-Si wafers, as the
shape and the orientation of the cracks differ. Third, the
reconstruction may fail due to cracks near dislocations.
Furthermore, the dislocation density influences the
fracture strength [23]. In spite of these challenges, a
classification for critical fracture strength of 50 MPa is
applicable. For higher loadings within the solar cell
process, classification becomes difficult as shown in Fig.
3 (b).

5.2 Quality rating of parallel resistance

Considering the electrical quality of the wafers, the
Cz-Si samples showed higher shunt values than the mc-Si
wafers. The classification of wafers based on the crack
area (the region of reduced luminescence intensity) to
rate the parallel resistance Rp<3kQcm?of the solar cells
could be accomplished for wafers with thickness greater
150um. For the Cz-Si wafers with thickness of 130um,
even samples with very small cracks showed a reduced
parallel resistance. As shown in [13], the shunt strength at
a crack can be related to the width of the crack channel,
as aluminum paste can be squeezed through enhanced
crack channels and is discussed in more detail.

5.3 Economic considerations

The requirements of a crack detection system can be
rated economically by applying a cost of ownership
analysis. Hereby, different parameters like the input
wafer cost, cell production cost and breakage induced
yield loss have to be considered. A model to evaluate the
requirements of a crack detection system was published
in [22]. For specific circumstances, the specification of a
system can be derived as a function of sensitivity and
specificity of the detection quality. The blue line in Fig. 3
(c) represents an exemplary requirement specification
based on the cost of ownership analysis in [22]. It can be
interpreted as quality limit of the detection algorithm.
Under the assumption that the cracks of the specific size
can be detected, the specificity and sensitivity of the
rating scheme should be located above the requirement
specification. In our example, the rating scheme
developed in this work is beneficial to rate critical
fracture strength of 75 MPa for Cz-Si wafers (solid green
line) and 50 MPa for mc-Si wafers (solid read line). If the
critical fracture strength is further increased to 100 MPa
for Cz-Si wafers (dash-dotted green line) and 65 MPa for
me-Si wafers (dash-dotted red line) the range of
economic beneficial thresholds is more restricted. Thus,
the choice of the sorting criteria has to be met more
carefully.

6 CONCLUSION

We briefly summarized the experimental results of
two studies related to the sorting of wafers based on
crack data measured in PL-images of as-cut wafers. The
analysis of the elaborated correlations via ROC curves
illustrated the capabilities to derive sorting criteria based
on morphological crack information in early process
steps regarding the fracture strength of textured wafers
and the parallel resistance of the processed solar-cells.
Hereby mc-Si as well as Cz-Si wafers and solar cells with

intentionally induced micro-cracks in as-cut stage have
been investigated.

Our results on fracture strength ¢ and crack length a
follow the theoretical relation for a crack length range
between 1 and 50 mm in textured wafers, and allow us to
derive sorting criteria, which depend on the maximum
stress in the production line. A maximum crack length
around 3.4 mm must not be exceeded to ensure minimum
fracture strength of 75 MPa for Cz-Si wafers. Good
classification criteria with a threshold of 6.3 mm can be
achieved for mc-Si wafers for fracture strength of
50 MPa. A more relevant threshold can be determined
considering the cost of ownership of the crack detection
system for different settings within the ROC analysis.
Furthermore, the classification scheme of micro-cracks
according to fracture strength can be transferred to other
crack detection systems.

Also the electrical cell quality can be predicted from
the crack morphology via a material-dependent rating
scheme: Cz-Si wafers and mc-Si wafers with thickness of
160 um show shunts for crack area greater than about
4 mm®. For thin Cz-Si wafers with thickness of 130pm
small cracks can lead to shunts.

We introduce an enhanced machine learning scheme
to detect cracks in PL- images of mc-Si wafers. The
detection algorithm yields good performance in PL-
images with a precision of 91.1% and sensitivity of
80.4% for crack length greater than 3 mm. The additional
grain information reduces the amount of false positive
detections in mc-Si wafers significantly. The machine
learning approach is also applicable for IR-Transmission
systems.
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