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ABSTRACT: The focus of the photovoltaic industry is a continuous reduction of the cost of solar energy. Lowering 
the wafer thickness during the processing by means of multi-wire slurry saw technology is one of the key issue to 
reduce these costs. However, reducing the wafer thickness without increasing the wafer strength leads to a larger 
breakage rate during the subsequent fabrication steps. Hence, recent studies have been carried out to enhance the 
sawing process by minimizing the sub-surface defects. Nevertheless, little efforts have been made to determine at 
which stage in the wafering process, the most dangerous defects are created for solar cells processing. Are they made 
during the shaping of the silicon bricks from cast ingots, or during the slicing operation into wafers, or else? State of 
the art consists in polishing the bricks prior to wafering by multi-wire slurry saw. The goal of this paper is to bring 
some insights on the importance of the edge defects on the wafer strength. Results using various methods such as 
roughness measurement, wafer strength measurement with the 4-lines bending tests and finite elements calculations 
are presented. The main conclusion of this study is that the defects made during the shaping of the bricks prior to 
wafering can be of high importance with respect to wafer strength.  
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1 INTRODUCTION 

In recent years, photovoltaic industry (PV) has been 
under commensurable pressure at every stage of the 
manufacturing chain to reduce costs. This has led to 
thinner wafer slicing and so new challenges arose. In 
particular, the handling and cleaning of thin wafers 
(< 200 μm) as well as the overall downstream solar cells 
manufacturing processes to avoid breakage. Breakage is 
a consequence of the brittleness of silicon once a 
microscopic crack is present. Without taking into account 
the probable defects generated during the ingot casting 
process, these microscopic cracks originating at the 
silicon surface mainly occur during the shaping of the 
silicon (Si) bricks and during the wafering/slicing 
process. Recent studies have focused on the state of the 
art slicing technology by means of multi-wire slurry saw 
(MWSS) in order to (a) understand the fundamental 
mechanisms [1-8] and (b) minimize the influence of sub-
surface defects on the overall wafer strength [9]. Others 
focused on the modeling and development of wafer 
strength measurement methods to determine the 
mechanical stability of the wafers [10-18]. Actually, 
based on these later studies, it is obvious that there is a 
lack of international standards for PV silicon wafer 
strength measurements testing (such as the well known 
Deutsches Institut für Normung (DIN), International 
Organization for Standardization (ISO) and American 
Society for Testing Materials (ASTM)). The main results 
of these studies can be summarized in four points. First, 
(a) point bending tests the wafer at the vicinity of the 
force locus, (b) the ring-on-ring bending assesses the area 
within the smallest ring and must be used to study the 
influence of the sawing parameters and (c) the 4-lines 
bending allows to assess the wafer edges and the area 
between the force lines, and is so more adapted to 
establish the overall wafer strength. Second, large 

experiment sample (> 30 wafers) has to be performed to 
statistically analyze the data. Then, the crack geometry 
and location due to the processing has a significant 
impact on the wafer mechanical stability. Finally, the 
wafer thickness must be considered for strength 
evaluation, especially for wafers thinner than 200 μm as 
the strength is related to the square of the thickness. Yet, 
little effort has been put on quantifying the influence of 
the edge defects as a result of the brick shaping compared 
to the wafering process by MWSS and this is the main 
focus of this contribution. The results were obtained 
using four complementary methods to inspect the surface 
defects from the two different processes. First, roughness 
measurements were carried out. Then, near InfraRed (IR) 
pictures were made to measure the edge defect sizes. 
Third, 4-lines bending tests were performed to determine 
the overall wafer strength. Finally, Finite Elements (FE) 
simulations were run to validate the analytical solution 
for calculating the maximum stress in a 4-lines bending 
test, as the thickness of the wafer is drastically smaller 
compared to the general size. 

 
 

2 BREAKAGE BEHAVIOR OF BRITTLE 
MATERIALS 

Silicon wafers are known to have a very high failure 
strength when no defects exist whereas they become very 
brittle when a crack is present. Indeed, when geometrical 
defects are present inside a wafer, i.e. cracks, sharp edges 
or steps, the fracture strength is highly reduced and only 
a moderate stress may cause its rupture. The linear elastic 
fracture mechanics (LEFM) theory explains this 
phenomenon by a dramatic increase of the local stress in 
the region of the crack tip. Using the tensor notation, the 
stress field in its vicinity, σij, may be written in a simple 
form as [19]: 
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where K is the linear elastic stress intensity factor, r is 
the radial coordinate from the crack tip and fij is a non-
dimensional function of the azimuth θ [19]. 

As the body is linear elastic, K must be directly 
proportional to the applied load. K also depends on the 
geometry and crack depth, a. The solution for a sharp 
crack in a finite body is often written as: 

aYK ⋅⋅= σ  (2) 

where Y is a non-dimensional function of the crack size 
and component dimensions. Analytical solutions are 
widely available in handbooks [20-23].  

The question whether a crack in a loaded component 
remains constant or starts to propagate depends on the 
resistance of the material against crack growth. In fact, 
according to the LEFM theory, a crack starts propagating 
when the stress intensity factor KI reaches a critical 
value, or fracture toughness, KIC, where the subscript I 
indicates the type of loading condition, in this case in 
Mode I or opening mode. KIC is also often used as the 
failure criterion for brittle materials such as Si. Thus, for 
a sharp crack located in an area of tensile stress in a 
plate, the onset of crack propagation will take place if:  

ICI KaYK ≥⋅⋅⋅= πσ  (3) 

Based on Eq. (3), it is obvious that the start of crack 
growth is controlled by three parameters. They are a) the 
fracture toughness KIC of the material, b) the geometry of 
the initial crack and c) the magnitude of the applied load. 
  
 
3 MATERIALS AND EXPERIMENTS 
 
3.1 Materials 

In this investigation, three monocrystalline silicon 
blocs were used from the same ingot. The blocs were first 
shaped into silicon bricks of 125x125 mm2 with a 
thickness of approximately 50 mm using an Applied 
Materials Switzerland squarer. To investigate the 
influence of the edge defects due to this operation, two 
bricks received different post-treatments to eliminate the 
defects. One brick was left as squared. One was 
immerged 8 hours in a etching CP133 solution, which is 
constituted from 1 part HF 50%, 3 parts CH3COOH 
100%, and 3 parts HNO3 smoking (so 100%). This 
operation dissolved around 200 μm from all surfaces. 
With regards to the last brick, approximately 200 μm 
were polished away on all four sides with diamond 
particle sizes up to 0.25 μm so that a mirror-like surface 
was achieved. The three conditions are hereafter defined 
as as-squared, polished and etched. Then, for each 
condition, wafers with a nominal thickness of 0.25 mm 
were sliced with an Applied Material Switzerland multi-
wire slurry saw, described in the next sub-section.  

Figure 1 shows the four positions on the wafer at 
which measurements were made as well as the motion 
direction of the wire and table. Figure 2 defines the 
various parts of the wafers which are the edges, the 
corners and the bulk. The bulk is in fact the edges 
without the corners. 

 
 

On the one hand, silicon has a very high fracture 
strength when no structural defects exists. Actually, the 
fracture strength for bulk silicon is approximately 
6.8 GPa [24] and a fracture strength higher than 9 GPa is 
reported for silicon micro-pillars [25]. On the other hand, 
Si is extremely brittle at room temperature once a 
microscopic crack is present. Its preferred cleavage 
planes are along {111} faces with a fracture toughness 
KIc as low as 0.83 – 0.94 MPa·m1/2 depending on the 
crystallographic direction [26]. Silicon has a brittle 
behavior and the material is often assumed to deform 
elastically up to fracture. Assuming a simplified model 
for a semi-infinite crack in a plate where in Eq. (3), 
Y = 1.12, KIC = 0.90 and a = 10 μm, the fracture stress is 
reduced down to more or less 143 MPa. 

 

  
Figure 1: Positions of the measurements on the wafers  

 
 

  
Figure 2: Definition of the wafer parts : in grey are the 

edges, in red the corners and in green the bulk 
 

3.2 Multi-wire slurry saw  
The mutli-wire slurry saw consists of a steel wire 

moving at the surface of the silicon ingot. The single 
wire is wound on wire-guides carefully grooved with a 
constant pitch forming a horizontal web of parallel wires. 
The wire-guides are rotating causing, the entire wire-web 
to move at typically 11-13 m/s [6]. The abrasive slurry, 
constituted by hard grinding SiC particles, is brought to 
the moving wires through high flow-rate nozzles. These 
abrasive particles are carried by the wire into the sawing 
channel where it produces a cut. The silicon ingot is 
moved vertically. The wafering parameters used in this 
work are given in Table I. 

 
Table I: Sawing parameters 
 
Sawing parameters  
Wire tension [N] 22 
Wire speed [m/s] 11.50 
Table speed  [µm/min] 450 
Abrasive / coolant [kg/l] 0.85 
Grit Size [µm] 6.50 
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3.3 Roughness measurements 
The wafer surface roughness was measured on the 

bulk of the wafer edges defined in Fig. 2 and was 
determined via a contactless visible light profilometer 
from COTEC AltiSurf 500. In this work, the length was 
1.25 mm according to the norm ASME B46.1. For each 
edge condition (as-squared, polished and etched), three 
wafers were measured. For each wafer, three 
measurements were taken along each side. From these 
data, the mean roughness and the maximum height of the 
profile parameters, Ra and Rz, respectively, were 
calculated according to Eqs (4) and (5). The average 
result over the three equivalent measurements was finally 
calculated for each position.  

∑
=

⋅=
n

i
iy

n
Ra

1

1  (4) 

[ ] [ ]{ }iiii yyRz minmax −=  (5) 
where n is the number of sample length and yi is the 
height of the peak at location i. 
 
3.4 Near-infrared transmission microscopy  
The main goal of the near infrared measurements was to 
have a setup able to detect cracks on as-sawn wafers. The 
method consists of using the optical property of silicon 
which is known to only absorb nearly 10% of the entire 
light signal around 1050 nm. Hence, a digital camera (or 
any detector, which works until 1080 nm), acquires the 
infrared signal that passes through the sample. When the 
wave meets a crack, it is deflected and a contrast appears 
on the picture. This principle can be applied to two 
different setups defined as “scanner based setup” and 
“near-infrared transmission microcopy”. In both cases, an 
infrared light, generated by a halogen lamp, was applied 
to the sample and the output signal was acquired with a 
standard charge-coupled device (CCD) detector. Figure 3 
shows a result of this method for a mono-crystalline Si 
wafer scratched by a Vickers diamond tip. 
 

 
Figure 3: Near-infrared microscopy images on 

monocrystalline as-sawn Si wafer scratched by a diamond 
Vickers indenter tip. (a) Picture in reflection mode and  

(b) in transmission mode  
 

3.5 Fracture strength tests 
The fracture strength tests were carried out on a UTS 

TESTSYSTEME apparatus. This machine is designed for 
tension and compression tests with forces up to 100 kN. 
The measurement precision of the force and displacement 
are in the range of 0.005 N and 1 μm, respectively.  

In the literature, several tests are employed to 
measure the fracture strength of sawn wafers [10-18]. 

The most common are flexure tests such as the 4-lines, 
the twist, the biaxial and the ring-on-ring tests. In this 
work, the 4-lines bending test was selected as it gives the 
opportunity to compare the edge defects of the wafers 
made during the shaping of the Si bricks with the ones 
created during the wafering process. 

The tests were performed to all intents and purposes 
according to the ASTM standards, ASTM D 790 [27]. 
The schematic of the 4-lines fracture test is shown in Fig. 
4, where F is the applied force, b is the width of the 
wafer, h is its thickness, L and l are the distance between 
the lower and upper supports, respectively and are given 
in Table II. The tests were made along the wire direction 
as it is known to have the lowest fracture strength [17]. In 
the 4-lines flexure test, the maximum stress is localized 
at the top and bottom surfaces of the rectangular samples, 
which are given, in absolute values, by: 

( )
⎥⎦
⎤

⎢⎣
⎡

⋅
−⋅

⋅= 22
3

hb
lLF

Maxσ  (6) 

 
From this equation it is obvious that the overall wafer 

strength assuming identical defects and a constant force, 
is related to the wafer thickness according to σ ≈ 1/h2. 
One limitation of the ASTM D 790 is that the deflection 
must not be larger than the thickness of the wafer. This 
condition is not fulfilled in our experiments and, 
therefore, to verify whether Eq. (6) is still valid, FE 
simulations were carried out.  
 

 
Figure 4: Schematic of 4-lines flexure test (taken from 

[28]) 
 

Table II: Data for the 4-lines flexure test 
 
Parameter definitions Size  

[mm] 
b 125 
h 0.25 
l 50 
L 100 
 
3.6 Finite element simulations  

The finite elements simulations were run with the 
commercial software ABAQUS/CAE Version 6.5-4. Due 
to the symmetry of the problem, only half of the 4-lines 
test was implemented. The wafer was modeled as a 2D 
Deformable body having its symmetry axis in the middle 
of the wafer, as in Fig. 8. The dimensions of the width 
and thickness were 62.5 x 0.25 mm. The wafer was 
meshed with 30.000 linear quadrilateral elements type 
CPS4. The supports were considered as 2D Analytical 
Rigid. The force applied on the upper support was 8.3 N, 
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which is half of the applied load to obtain the mean 
maximum stress for the polished and etched experiments 
that is σMax = 160 MPa for a 0.25 mm thick wafer. The 
Poisson's coefficient was taken as 0.28. The Young's 
modulus was assumed for a (100) wafer and testing either 
in the x- or y-directions, E110 = 169 GPa [29].  
 
 
4 RESULTS AND DISCUSSION 
 
4.1 Roughness measurements  

The results of the roughness measurements are given 
in Table III and are shown in Fig. 5. Table III 
demonstrates that the roughness measured in the bulk of 
the wafer edge of is 10 and 100 times lower, respectively, 
for etched and polished bricks compared to the as-
squared. This is corroborates by the SEM pictures shown 
in Fig. 5. These results indicate that polishing is the best 
technique to reduce the roughness and that the slicing 
process does not influence the roughness in the bulk of 
the wafer edges. 

 

 
Table III: Results from the roughness measurements 
(see Fig. 1 for the position) 
 
Edge 
condition Position Mean Ra 

 [μm] 
Mean Rz 

 [μm] 
Wire-in 1.5 22.3 
Table-in 1.2 15.0 
Wire-out 1.6 16.1 

As-squared 

Table-out 1.3 18.3 
Wire-in 0.01 0.10 
Table-in 0.01 0.16 
Wire-out 0.02 0.34 

Polished 

Table-out 0.02 0.24 
Wire-in 0.10 1.41 
Table-in 0.11 1.10 
Wire-out 0.10 0.85 

Etched 

Table-out 0.11 1.88 
 
4.2 Near-infrared reflection microscopy  

Three wafers of each condition (as-squared, polished 
and etched) were selected for this investigation. Along 
each side of the selected wafers, three defects depth 
measurement were made. An example of measurements 
in Wire-in position for each condition is shown in Fig. 6, 
and Table IV summarizes the minimum - maximum 
values of the average and longest defects sizes. Four 
statements become obvious from this figure and Table 
IV. To start with, no crack could be seen in Table-out 

position due to the glue still attached to the wafer, as the 
glue was not taken away to avoid any handling that may 
cause crack propagation. Second, the average defect sizes 
in Wire-in position are larger than in Table-in and Wire-
out positions from 20 to over 50%. With regards to the 
deepest crack, this behavior is also valid but to a larger 
variation between approximately 10 to over 50%. This is 
explained by the fact that the deepest defects are 
subjected to a highly random behavior whereas for the 
average defect size, a smoothing between all defects is 
made. Finally, as expected, as-squared wafers have the 
largest average and deepest sub-surface defects compared 
to polished and etched wafers. 

 

 
Figure 6: Crack depth measurement in “Wire-in” Position 

using near-infrared reflection microscopy 
 
Table IV: Results from the near-infrared microscope 
 

Edge 
condition Position 

Average 
defect size 

[μm] 

Deepest 
defect size 

[μm] 
  Min Max Min Max 

Wire-in 24 31 35 48 
Table-in 17 19 34 43 
Wire-out 15 20 25 37 

As-squared 

Table-out N/A N/A N/A N/A 
Wire-in 18 20 33 34 
Table-in 15 17 24 29 
Wire-out 13 15 20.0 21 

Polished 

Table-out N/A N/A N/A N/A 
Wire-in 19 23 33 34 
Table-in 14 19 22 30 
Wire-out 10 13 21 28 

Etched 

Table-out N/A N/A N/A N/A 
 
 
 
 
 
 

 
Figure 5: SEM pictures of the wafer edges for the 

different conditions at the "Wire-in" position 
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4.3 4-lines bending experimental test  
The wafer strength results obtained from the 4-lines 

tests are presented in Fig. 7 and Table V for each test 
condition. These results show that the fracture strength 
for as-squared wafers (120 MPa) is lower by ≈ 33% 
compared to the one obtained from the polished and 
etched wafers (160 MPa). Based on the roughness 
measurements, these results came not as a surprise. The 
values obtained from as-squared are consistent with the 
results from Funke et al. [15], although, no mention is 
made about the edge conditions. The main conclusion 
from this study is that the edge defects and so the edge 
conditions have a major influence on the overall wafer 
strength. 

  

 
Table V: Results of the 4-lines tests for the different 
edge conditions 
 
Edge condition Fracture strength 

[MPa] 
As-squared 120 
Polished 160 
Etched 160 
 
4.5 Finite elements simulations 

Unfortunately, no national and/or international 
standards for PV silicon wafer strength measurements 
testing exist for the specific needs of the PV industries. 
Therefore, as mentioned previously, the validity of 
Eq. (6) has to be verified by FE simulations since the 
deformation at rupture is more or less 30 times larger 
than the wafer thickness. This behavior is well known to 
the photovoltaic industry [10-18]. In this work, the 
maximal principal stress, σMax, is calculated, since the 
maximal principal stress theory states that failure will 
occur when σMax in a system reaches the value of the 
maximum stress at elastic limit in simple tension and it is 
defined by: 

 

2
2

2121
Max 1222

σ
σσσσ

σ +⎟
⎠
⎞

⎜
⎝
⎛ −

+
+

=  (7) 

 

The total force for the FE simulation on the lines was 
chosen to be 16.6 N giving a theoretical stress of 160 
MPa obtained from Eq. (6). This stress value was, in fact, 
taken from the experimental data for polished and etched 
wafers in Table V. Table VI resumes the FE results and it 
is evident from this table that the maximum stress given 
by Eq. (6) is valid as the discrepancy between Eq. (6) and 
the FE simulation is less than 3%. In contrast, the FE 
calculations give a displacement larger by 7% compared 
to the experimental values. This may be explained by the 
assumption made on the orientation of the silicon wafer 
and the direction in which they were tested.  

 

 
Figure 8: FE calculation for the 4-lines bending test 

 
 
Table VI: Comparison between the facture strength and 
displacement obtained for the 4-lines bending tests 
between the theory, the experimental results and FE 
calculations 
 

Type of results Force at 
Rupture  

[N] 

Fracture 
Strength  
[MPa] 

Displ. 
 

[mm] 
Experimental 16.7 N / A 6.9 
Theory (Eq. (6)) 16.7 160.0 N / A 
Finite Elements 16.7 158.0 7.4 
 
 
5 CONCLUSIONS 

Reducing the thickness of the silicon wafers can lead 
to an increase in the breakage rate. This work focused on 
the influence of edge defects due to the shaping of the 
silicon bricks prior to the wafering process. Five main 
conclusions can be drawn from this contribution. 

(1) Compared to as-sawn bricks, etching or polishing the 
sides of the bricks improves the surface quality of the 
edge of the wafers by a factor 10 and 100, 
respectively (see Table III).  

(2) The surface roughness in the bulk of the wafer edge 
is not altered by the wafering process. The wafering 
process induces defects only on the corners of the 
edges. 

(3) A classification of the corner defects indicates, not 
surprisingly, that the entry of the wire induces the 
most important damages.  (See Table IV). 

(4) The finite element calculation demonstrates that the 
ASMT analytical model is still valid for the 4-lines 
tests within the range of this study. 
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Figure 7: Influence of the edge defects on the stress-to-

rupture for the 4-lines bending test 
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(5) The last but not the least, the edges defects play a 
major role on the overall wafer strength. The 
detrimental role of the defects generated during the 
brick shaping process can be strongly reduced by 
polishing or etching the silicon bricks prior to slicing. 
This process increases the wafer strength by over 
33%. 
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