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STRENGTH OF S| WAFERS WITH MICROCRACKS: A THEORETICAL MODEL

Przemyslaw Rupnowski and Bhushan Sopori
National Renewable Energy Laboratory, Golden, CO 80401, USA

ABSTRACT

Wafer breakage is a major problem in the photovoltaic
industry and becomes more serious as the industry
attempts to use thinner wafers. It is well established that
the poor strength of PV wafers is primarily due to the
presence of residual microcracks, which are generated by
cutting and wafering procedures and are not removed by
subsequent etching of the wafers. This paper addresses
fracture mechanics modeling of the strength of silicon PV
wafers. We are showing that the surface damage, which
includes the subsurface microcracks, determines the
ultimate strength of the PV wafers. The modeling of PV
wafers consists of Monte Carlo simulations and finite-
element analysis that is supported by the fracture energy
theory for curved cracks. As an example, a virtual
experiment on a statistical set of 100 wafers subjected to
uniaxial tension is performed. The predicted strength
distribution is shown to match well with the experimental
results available in the literature.

INTRODUCTION

In a typical manufacturing facility, production yield losses
resulting from cracking can be as high as 5%-10%. The
problem of fracture strength becomes even more
important when the new thinner and large-area wafers
are produced. To successfully reduce silicon usage and
maintain high production yield, one needs to understand
the fracture behavior of silicon wafers. This paper
concentrates on the modeling of the strength of
photovoltaic (PV) wafers. First, a general description
based on a multimodal Weibull distribution will be
presented for the strength of a silicon specimen with
bulk, surface, and edge imperfections. Next, a specific
case is analyzed of a PV wafer with surface damage that
takes the form of subsurface microcracks.

STRENGTH OF BRITTLE MATERIAL

The classical approach (e.g., Ref. [1]) relates the strength
of a brittle specimen to its volume. According to this
approach, the probability Fv(c) that the specimen
survives load cis given by:
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where w, av, and wv are the three parameters of the
Weibull distribution. In the case of the multiaxial stress
state, we need to regard o as a position-dependent
effective stress [2].

To accurately describe the distribution of strength within a
given set of wafers with more than one failure mode, a
multi-modal (mixed) Weibull [3,4] distribution should be
employed. For a typical brittle material like silicon, the
following three failure modes can be distinguished: bulk,
surface, and edge mode (see Fig. 1). By surface failure
mode, one should understand a mode in which a failure
initiates at a surface or subsurface defect and causes
fracture of a specimen. Similarly, the edge mode and bulk
mode represent cases when the failure is caused by
imperfections in the bulk and at the edge of a wafer,
respectively.

Let's now assume that the probability of survival for a
wafer in which only the surface damage is present is
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Likewise, let's define the survival probability of a wafer
without any defects on the surface or in the bulk (only the
edge damage is present) as

volume

Brittle material with
surface damage,
edge damage and
bulk imperfactions
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Fig. 1. Volume, surface, and edge zones for a
general silicon specimen
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In the above two expressions, A represents the surface
area, L stands for the edge length, and ya, 7, aa, a, wa,
w. are Weibull parameters, which are different from the
parameters in expression (1). The other significant
difference is that in expressions (2) and (3) the integration
is performed over the surface area and edge length,
instead of over the sample volume.

Formulas (1)—(3) describe the three failure modes of a
silicon specimen that represent the volume (bulk), area,
and edge components. Based on the weakest-link
property, they can be combined to yield the effective
probability of survival for the entire wafer:
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Combining all the above expressions gives:
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STRENGTH OF CAST UNPOLISHED PV WAFER

®)

A majority of silicon substrates for PV applications are
manufactured by casting of a multicrystalline silicon (mc-
Si) ingot followed by wafer sawing using multi-wire
sawing systems. As was described in detail in Ref. [5],
the material removal during sawing can be regarded as a
series of micro-indentations that lead to subsurface
microcracking. Thus, the surface of a post-sawn wafer is
not only rough, but it contains deep subsurface damage,
as well [6,7]. The maximum depth of microcracks
depends on many parameters such as slurry particle size,
and sawing load and speed, and was reported in the
range of 10-70 pm. It should also be noted that in a
typical manufacturing process, the 10 um of the post-
sawn surface damage is etched off [8]. As a result of
etching, the depth of subsurface microcracks is reduced
and some crack tips can also be blunted. Both of these
effects reduce fracture initiation potential of the
subsurface microcracks. Nevertheless, etching does not
always remove the entire layer with the sawing damage
and the deep subsurface cracks remain in the wafer,
reducing its effective strength.

In the case of a typical cast unpolished mc-Si wafer some
additional valid assumptions can be introduced to the
strength general Equation (5). First, it is reasonable to
assume that due to the large surface area and relatively
small volume, the strength of such wafers is determined

mainly by the subsurface and/or near-edge damage. In
other words, the volume failure mode can be neglected.
The second assumption is related to the effect of edge
defects. The edge damage has not yet been well
quantified, and the appropriate characterization data are
not available in the literature. What we know is that in the
typical industry process, the silicon blocks are polished
before slicing to achieve almost mirror-like smoothness of
the block faces. Block polishing leads to the reduction of
wafer-edge damage and the increase of the ultimate
strength of the wafers. Consequently, in such wafers, the
edge failure mode can be also neglected. What we are
left with is the surface component expressed by
expression (2).

MONTE CARLO AND FRACTURE MECHANICS
SIMULATIONS

The main objective of Monte Carlo (MC) simulations
developed in this study is to predict the strength
distribution of silicon PV wafers. The presented technique
is very general and allows for modeling of wafers of
various sizes and shapes that are subjected to any type
of loading. As an example, simulation results for a 5” x 5”
wafer subjected to uniaxial tension will be presented.
Bulk, surface, and edge defects can be modeled
theoretically using the proposed MC technique; however,
this study focuses on the surface damage.

To perform MC simulations, we go by the following
procedure. First, we generate a set of 100 virtual wafers.
Each wafer contains 100 surface cracks (50 on each
side), which are randomly distributed and oriented. Fig. 2
depicts an example of one 5" x 5" wafer with surface
microcracks used in the MC simulation. For the sake of
legibility, the cracks are magnified 20 times in the figure.
The maximum load for each wafer is calculated
subsequently using the fracture-mechanics method
combined with the weakest-link principle. The next step
includes statistical analyses of the results for all 100
wafers to obtain the strength distribution. Finally, we
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Fig. 2. Example of wafer W|th randomly distributed
surface cracks used in Monte Carlo simulation.
For legibility, the cracks are magnified 20 times.
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Fig. 3. Predicted wafer strength distribution for a
statistical sample of 100 wafers

determine if the Weibull distribution can accurately fit the
obtained results, and we find the corresponding Weibull
parameters.

The computations performed in this study were based on
the following assumptions: a) The surface energy of
silicon, j, is equal to 2475 J/mz, and density of
subsurface microcracks is 0.32/cm2; b) The cracks are
semi-elliptical in shape, and the crack plane is
perpendicular to the wafer surface; c) The size of the
cracks varies randomly within the specified ranges—the
length, L, from 0 to 20 um, and the depth, D, from 0 to
200 um; d) We also assume that the entire wafer
fractures once a single crack starts to propagate; e) The
entire system is linearly elastic; and f) The cracks do not
interact with the wafer edge or with each other. This last
assumption implies that the strength of a wafer is
controlled by one critical subsurface crack for which the
rate of energy release is the highest.

As the interaction between cracks is neglected in our
model, the stability of each crack can be analyzed
separately. To predict the ultimate load for a wafer with
one crack, we apply the fracture-mechanical
computations based on gamma integrals [9] and the
finite-element method.

RESULTS AND DISCUSSION

Fig. 3 depicts the predicted strength distribution for a
statistical sample of 100 wafers (each containing 100
cracks). It can be observed that in our virtual experiment,
the strength of wafers varied from 100 to 125 MPa,
whereas the most probable value was 106 MPa. The
graph in Fig. 3 follows the Weibull distribution very well.
The fitting procedure yielded the following values for the
three Weibull parameters:

an=0.205 MPa m*'“* | wx=2.49, and y =109 MPa.

The obtained strength distribution can be compared with
the available experimental results from the literature.

References [4,5] present experimental data for statistical
samples of PV wafers tested in the as-sawn state, as well
as after the 5-, 10-, and 20-um etch ablation per side. By
comparing (see Fig. 4), one can find that the strength
distribution predicted in this study fits between
experimental distributions for the as-sawn and 5-um
etched wafers.
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Fig. 4. Experimentally [4,5] and numerically
obtained strength distributions for cast PV silicon
wafers

CONCLUSIONS

A new expression, based on the multi-modal Weibull
distribution, that takes into account the surface, edge,
and bulk properties of a wafer has been proposed in this
paper to describe the strength of the silicon wafers. We
have presented a general fracture-mechanics model that
can successfully predict the strength of the cast silicon
wafers used by the PV industry. It has been shown that
even with very limited surface damage data, the predicted
wafer strength distribution agrees well with the available
experimental results.
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