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ABSTRACT 

fn an effort to improve the reliability and lower the cost of 
solar cel!s, a test program has been developed to determine the nature 
and smirce of the flaw controlling the fracture of silicon solar cells 
and tc? povide information regarding the mechanicar strength of cells. 

This report contains results obtained in the first phase of a 
test program to develop improved method:: for tezting the mechanical 
strength of cells aEd to evaluate the fracture strength of typical 
Czochralski siiicon solar cells 76 mn ( 3  in.) in diameter. 

Significant changes in fracture strengths were found in seven 
selected in-process wafer-to-cell products from a manufacturer's 
production line. 
statistical analysis and can be interpreted in light of the exterior 
flaw distribution of the samples. 

The fracture strength data vere described by Weibull 
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SECTION I 

SUMMARY 

This report  presents  the resu l t s  of  an in-house test program a t  
JPL f o r  t h e  Engineering Area of t h e  DOE/JPL Low-cost Solar  Arrav (LSA) 
P ro jec t  by t\e Materials Research and Technologv Group, Applied 
Mechanics Division of t he  Jet Propulsion Laboratory, Ca l i fo rn ia  
I n s t i t u t e  of Technology. 
evaluate  cell cracking c h a r a c t e r i s t i c s  and f r a c t u r e  s t r eng th  changes 
i n  the in-process wafer-to-cell end items taken a t  d i f f e r e n t  s t ages  of 
a typ ica l  manufacturer's production l i n e .  
information on the nature  and source of flaws con t ro l l i ng  the  f r a c t u r e  
of s i l i c o n  s o l a r  cel ls  can lead t o  enhanced production v i e l d s  and thus 
t o  lower costs. 

The ob jec t ive  of t h i s  test program was t o  

It i s  an t i c ipa t ed  t h a t  t he  

This e f f o r t  involved the design, eva lua t i cn  and assessment of 
several  mechanical s t rength test methods, and study of t h e i r  
l i m i t a t i o n s  f o r  t e s t i n g  s i l i c o n  s o l a r  c e l l s .  
four-point twist ing tes t  was reconrmended as a standard method 
measurement of the mechanical s t r eng th  of s i l i c o n  s o l a r  ce l l s  because 
of its advantageous charac t e r i s t i c s  OVE . other  conventional methods. 

A s p e c i a l l y  designed 
or 

The study was made on tvp ica l  3-inch diameter Czochralski 
s i l i c o n  wafers and c e l l  samp!es a t  seven se l ec t ed  s t ages  i n  t he  
production cycle of a manufacturer. The test  results are sumar ized  
i n  Table 1-1. S ign i f i can t  changes in fractu:e s t r eng th  were found as 
a result of the cell  processing steps. 
polished wafers increased t o  more than twice t h a t  of as-cut wafers: 
however, the chemical poli shing was not s u f f i c i e n t  t o  reduce the 1 arge 
flaws i n  the samples, suggesting t h a t  more chemi-cal pol ishing is 
necessary. A s i g n i f i c a n t  increase i n  the overal l  s t rength of wafers 
from texture  etching was evident when t ex tu re  etched wafers were 
compared with as-sawn wafers. The st rength of completed c e l l s  var ied 
with the l o t  number. 

The s t r eng th  of chemical1.y 

The resul ts  of t h i s  t e s t  program ind ica t e  t h a t  the s t r eng th  of 
s i l i c o n  wafers and c e l l s  is control led by preexis t ing e x t e r i o r  (edge 
and surface)  flaws which were generated during wafering or hand1 ing.  
The large c r i t i c a l  flaws occurring d u r i n g  a c e l l  process s t e p  a r e  
ca r r i ed  on t o  the sabsequept processes. The Fracture strength data 
were described by Weihu l l  s t a t i s t i c a l  a n h l v s i s  and can he  jnterprarad 
i n  l i g h t  of the e x t e r i o r  flaw d i s t r i b u t i o n  o f  the samples. 

A long t a i l  a t  the low s t r e s s  porti.on of the s t rength d is t r ib t ; -  
t i o n  curve was found for several types of samples. The wafers o r  
c e l l s ,  which i n  the low st rength d i s t r i b u t i o n  contain large flaws, a r e  
l i k e l y  t o  be fractured during subsequent c e l l  processing and handling 
o r  i n  the f i e l d  service.  A proof t e s t  would be desirable  t o  e l iminate  
these samples before the subsequent cracking occurs. 
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Table 1-1. Sumnary of Test Results 

CYLINDRICAL BENDING 

Strength (MNm-*) Mean 
Sample D e f l e c t i o n  

Type 50% Fai lure  Pange of 90% at Fa i lure  Or i en  ta t ion  

Probabi l i ty  of Fa i lure  (m) 

As-c*At Wafer < 1 oo> 134 110-138 1.4 

As-cut Wafer <110> 117 11 2-1 32 1.3 

Chem. h l i s h e d  
Waf er <110> 278 132-336 2.8 

C l e m .  Polished 22.5" off 
Wafer <110> 289 136-363 3.0 

BIAXIAL STREXGTH ~. 
Strength ( ~ h - ~ )  Mean 

Def l ec t ion  
50% Fai lure  Range of 90% a t  Fai lure  
Probabi l i ty  of Fai lure  

Sau.?le Type 

As-cut wafer 194 165-246 1.3 

Chern. Polished Wafer 496 186-S4 1 3 .3  

Texture Etched Wafer 379 248-455 2.3 
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Table 1-1. Sumnary of Test Results (Continued) 

FOUR-POINT TWISTING 

Strength (MNm-2) Mean 
Def 1 ec t ion  

50% Fa i lu re  Range of 90% a t  F a i l u r e  
*; 

Sample Type 

Probabi l i ty  of F a i l u r e  (m! 

-.: -cut Wafer 

Chem. Polished k’afer 

Edge Rounded Wafer 

Texture Etched Wafer 
L o t  B 

Texture Etched Wafer- 
Lot - E  

Texture Etched Wafer 

Nesa Etched and A/R 

Pre-Ohmic C e l l  Lot A 

Completed C e l l  Lot A 

Completed C e l l  Lot C 

Completed Ce l l  Lot E 

Lot F 

Coated Wafer 

93 

21 7 

92 

162 

176 

208 

214 

172 

152 

207 

21 4 

45-1 03 

83-326 

58-1 IO 

151-186 

60-1 90 

144-229 

11 0-293 

3 1-248 

55-234 

103-262 

131-296 

2 . 0  

4.8 

2.5 

2.5 

3.5 

3.6 

3.9 

2.9 

3.3 

3.6 

3.4 
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SECTION If 

INTRODUCTION 

The cracking cell is one of the major sources of solar panel 
rejection an2 failure (Seferences 1, 2). 
cellr during field service and testing is believed to result from the 
extension of a critical preexisting flaw umder stress. 
probably generated during silicon wafering and cell processing and 
handling, MY therefore control the rechanicrrl streqth of silicon 
solar cells. 
establishing a standard mechanical testing method for evaluating the 
mechanical strength of cilicon solar cells. m e  data resulting from 
such testing could be used by manufacturers of solar cells to enhance 
production yields, irprove cell reliability and durabilitv, and 
ultiaately to establish mechanical design criteria that vould reduce 
cell cost and support developent of autcnuated production. 

Cracking of siY:'.con solar 

Such flaws, 

This information anphasites the importance of 

A silicon solar cell is an ultrathin disc. Because of various 
lidtations inhereat in this unique configuration, standard mechanical 
te.sting rethods are not readily applicable to stressing a large area 
of the cell specimen uniforaaly. 

A program for mechanical testing of silicon cells was 
impluented at JPL in July 2978. 
present the results obtained froa the first phase of this test 
program, which hcluded the follwing tasks: 

The purpose of this report is to 

(1) Identification of important factors affecting the strength 
of silicon solar cells 

(2)  Determination of a test method to measure cell strength 

( 3 )  Design and fabrication of a test jig 

(4) Procurement of cell samples 

( 5 )  Preliminary test and jig modification 

(6) Gentrrtion of data regarding typical solar cells 

( 7 )  Analysis of test data. 

Strength data resulting from studies of brittle materials 
typicallg show a great deal of scatter. 
conventional methoa of representing observed quantities using the 
arithmetic mean and its standard deviation may not show a meaningful 
characteristic of strength distribution. A statistical method 
commonly used to describe the strength of ,rjttle materials is that 
given by Weibull (Referencts 3, 4). According to this method, a 

For t h i s  reason t':o 
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formula of the form given belm is used to relate the probability of 
failure, G, with stress, S. 

where S,, is :he stress belaw which none of the s q l e s  Vi11 fail, 
So is a norraliting factor, 1 5 s  temed the Ueibull modulus, and V 
is the volrw of material under uniaxial stress &re fracture 
initiates. 
Ueibull par-ters. In Ueibull analysis it is a s s 4  that fracture 
at the most critical flau'uuder a given stress distribution leads to 
total failure. 
Statistics". 

%, So aad I are material properties and are called 

Thus, the *&ibull wthod is also called "Weakest Link 

For uterial d e r  bending, the critical f l a w  vtich causes 
fracture is rostly on the surface. 
for material under bending can be expressed as function of surface 
area, A: 

Thus, the fracture probability, G, 

P r a  this equatbn it is apparent thzt the larger the surface area of 
the raterial uuder bending stress, the laver the streugth distribution 
obtained frcm the test. 
that the larger the surface area under stress, the greater the 
probability of findiug a larger flm. Tkrefore, strength data of 
brittle material depends cm both the test s q l c  size and the test 
method in uhich the surface area of the sample is stressed. 

This phenomenon can be interpreted to - 
The typical Ueibul.1 plot to describe strength data of brittle 

fhe strength distribution of this material is shown in Pigttre 2-1. 
Weibull plot can also be described by the distribution of the critical 
flaw size in the samples. 
fractured sample st the left-hand side (lawer strength) of the curve, 
while the smaller flaw site is at the righ:-hand side of the curve. 

The larger flaw site is found in the 

It is important to note that the Weibull modulus, m, which 
describes the slope of the curve, is re7ated to the flaw size 
distribution of a material. The smaller m value indicates greater 
distribution of flavs, greater scatter of the strength data, and show 
a smaller slope on the Weibull curve. 
to display and interpret the general characteristics of strength data 
on silicon solar cells. 

The Weibull plot will be used 

A brief assessment of several mechanical strength test methods 
that are mosC feasible for testing silicon solar cells is given in 
Section 111 of this report, and their limitations are addressed. From 
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E 
SIZE INCREASES 

s" 5, S" +so 
5 (SlRESS) 

= STRESS BELOW WHICH NONE W t U  FAIL 

= STRESS ABOVE WHICH AU W l U  FAIL 
s* 

s" + s o  
S = STRESS OF INEREST 

m = WElBuU WDUUJS (RELATE i0  S13PE OF PLOT) 

5, = S AT(L5G.  Sm= Sm 

Fieare  2-1. Typical Ueibull Distribution Weakest Link 
Statistics? of Strength Data of Brittle Haterial 

this discussion, a standard method €or testing solar cell samples is 
tecmeaded. Seccion IV describes the solar cel7 testing program, 
vhich includes specimen selection, apparatus design and measured 
results. 
and the nature of cell processing steps bv using WeihIl statistical 
analysis is presented in Section 9. 
the conduct of this test are presented in Section VI. Recommendations 
for future work are given in Section V I I .  
calculation of the test configurations are presented in Appendix A. 
Detailed measured cell strength data is given in Appendix B. 

A discussion of test results in term of toadiag conditions 

Uaior conclusions resulting from 

Equations for stress 
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TEST M€"fHOD ASSESSMENT 

A. OBJECTIVE 

Conventional methods f o r  t r  4ting the  s t rength  of ceramic 
materials are not readi ly  ap;)lic sle to a t h i n  c i r c u l a r  d i sk  l i k e  a 
s i l iccm solar cell because c f  v ' . i ous  l imi t a t ions  inherent  in t he  cell 
i t s e l f ,  F i r s t  of a l l ,  t he  chiclness  to span or width ratio is too 
small to  m e e t  the requiremf:nt:t !f D r  conventional test method specimens. 
Moreover, using canventioaal methods, stress is concentrated a t  
loading points ,  producing large def lec t ion ,  and only a l imi ted  port ion 
or atme of the cell edge is styersed. 
the  o r i g i n  of f r ac tu res  i.a crackrd cells. 
f u r t h e r  eaapl icated by the circtl' ar shape of t he  s i l i c o n  cell, vhich 
imposes addi t iona l  boundary coc,d t ione- 

Edge flaws are most f requent ly  
S t r e s s  d i s t r i b u t i o n  is  

For aeaningful i n t e r p - e t a t i o n  of f r a c t u r e  s t rength  da t a  of 
silicon Solar cells W e i b u l l  s t e t i n t i c a l  ana lys i s  must be used. 
Weibutl ana lys i s  assues tha t  f r e c t u r e  of b r i t t l e  material a t  the  most 
critical flav under a given stress leads t o  total f a i lu re ,  Tine l a r g e r  
the  sur face  area of material under  stress, the  greater the  p robab i l i t y  
of f inding a l a r g e r  flaw, and d e  looer the  s t rzngth  d i s t r i b u t i o n  t h a t  
is obtained from the  test. 

A number of test colifigurltjtinas and loading svstems were ex- 
amined in t h i s  study f o r  possi3le use in determining the  s t rength  of 
s i l i c o n  solar ce l l s .  
emphasis on t he  following c r i t -  ri 2: 

Detailed aualyses were-car r ied  o u t ,  with 

( I  1 Simple configurat ion 

(2) Easy t o  perform 

(3)  Easy t o  adapt i n  a cel" p r o h c t i o n  l i n e  

(4) Self a t ign iag  

( 5 )  Able t o  stress (L l a r g e  area unifc 11y. 

The "conventional" test methods determi- -a t o  he most f eas ib l e  for 
t h i s  purpose were the  cy l ind r i ca l  bendiug test and the b i ax ia l  f lexure  
s t rength  test. b spec ia l ly  designed ces t  method r e fe r r ed  to  a s  
"four-point twisting" had not been tvaluated previously but was 
examined i n  d e t a i l  i n  t h i s  studv. This test is shown t o  have 
des i r ab le  fea tures  which make 
s t rength  of t h i n  d isk  sampl-s such a3 s i l i c o n  bolar  c e l l s .  

pa r t i cu la r ly  useful  for t e s t i n g  the  

3-1, 



B. ANALYSIS OF TESTS 

1. Cylindrical Bending Test 

This method is used conventionally to determine the modulus of 
rupture (MOR) strength of material for bar or plate samples. 
loading method is shown schematically in Figure 3-1. 
of MOR strength of material is giwen in Appendix A. 

"he 
The calculatioc 

According to ASRI standards (Reference 5)  the thickness to span 
and width ratio of the specimen for the MOR test should be greater than 
1/10 or the following factors should be considered: 

(1) Stress concentration at the loading point 

(2) Large deflection 

(3)  Biaxial stress in the center area of the specimen. 

The effect of these factors on the measured MOR walue were 
discussed by Giovan (Reference 6).  
factors OD. the MOR values of silicon solar cells is beyond the scope of 
present report. 
under this loading system indicated that the effect of biaxial stress 
in the center area of a specimen on the MOR value of a solar cell is 
aegl i gible. 

A quantitative evaluation of these 

€i-ver, a strain gage ewaluation of a dummy cell 

Since the cross-sectional area o f  the circular specimen under 
cylindrical bending varies, the stress distribution curve shown in 
Figure 3-1 deviates from a straight line. In other words, the maximum 
stress inside 5s not constant, and the stress distribution would curve 
concavely downward. 
depends upon the difference between D and D' in Figure 3-1. 

The amount of deviation from a straight line 

To evaluate the extent of the non-unrformity of stress 
distribution, a finite element computer analysis of a 3-inch diameter 
circular disc under cylindrical bending was carried out. 
shows that the marinnuu stress non-uniformity is less than 10%. 
Therefore, under the cylindrical bending test the stress distribution 
of a silicon solar cell can be assumed to be constant, as shown i.n 
Figure 3-1, and the MOR value can be estimated bv Equation A-2 of 
Appendix A. 

The result 

Since the bending stress at the extreme fibers of the sample 
under cylindrical bending is uniaxial, this test would be useful to 
determine the uniaxial tensile strength of silicon wafers at different 
crystalline orientations. 
MOR strength of silicon wafers will be. discussed later. 

The effect of crystalline orientation on the 

One drawback of this test is that only portions of the sample and 
edges of the sample are stressed. Due to the stress Concentration 
under the loading points, the inner span of the test fixture must be 
designed in such a way that less t h w  25% of the wafer edge is tested. 
This limitation has made t h i s  test less desirable for evaluation of the 
mechanical strength of silicon solar cells. 
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L L d  
SCHEMATIC 

STRESS DSTRWTION OF A-A 

UNIT VVDTH ELEMENT WITHN f AREA 

Figure 3-1. Cylindrical Bending o f  a Solar Cell 
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2. Biaxial Flexure Strength Test 

This test method is ueed to rvnluate the effect of biaxial 
stress on the strength of a silicon cell. 
F394-74T (!ieference 7) for the determination of biaxial flexure 
strength of thin ceramic substtates. 
schematically in Figure 3-2. 
Appendix A. 

It is described in ASRi 

%e loading method is s h a m  
The stress calculation is given in 

This test method has been $tidied rather extensively on glass 
(Reference 8) and ceramics [Referebces 6, 9 ) .  The details of etress 
distributions were described (Reference 10). The conditions of use of 
this test are given as follows (see i:igure 3-21: 

(1) The thickness of the plate should not be greater than 1/5 
of the %meter of the support (t i @.4 a;. 

(2 )  The maximum deflection !df) should be less than half ':lie 
thickness (6f 50.5  t). 

The radius of the .enter loading plunger should be greater 
than or equal to 1.7 the8 of the thickness (b 2 1.7 t) 

( 3 )  

In order to determine the strength of silicon solar cells, the 
test method shovld be able to stress sample areas as large as 
possible. Since the thickness (t) of the solar cell is so small, the 
use of the biaxial strength test for solar cells cannot meet condition 
2 and can cause stress concentration at the center loading ring. In 
addition, the maximum stressed surface area in this test i s  confined 
within the central region of the specimen; fracture is not dependent 
upon the condition of the specimen's edge which has been found to be 
the major source of cell cracking. 

Despite these disadvantages and limitations, thiu test method is 
simple and synanetrical, and appears t o  be useful to determine the 
relative intrinsic strength of the solar cell. Above all, data 
regarding the biaxial strength of silicon is of interest and 
importance for engineering purposes. 

In order to minimize stress concentration, the biaxial strength 
test jig should be designed in such a manner that the central 
equibiaxial stress area is small, e.g., limited to 12.7 mm (0.5 in.) 
in diameter. 
area) was tested by this test. The biaxial stress can be calculated 
by Equation A-3 in Appendix A. The stress distribution was verified 
by the strain gage measurement. 

Therefore, a very small central region (-10% of total 

3. Four-Point Twisting Test 

This method is used to evaluate the twist (shear) strength o e  a 
sil'con cell. The cell sample is loaded by four equal vertical forces 
that are equally spaced at the edge: 
acting upwards and the other two acting downwards, as shown 

two diagonally opposite forces 
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-SECTION A 4  t 

%AX 

t *A 
4 

UNIT ELEMENT WITHIN 2b AREA 

Figure 3-2. Biaxial Strength Test of a Solar Cell 

schematically in Figure 3-3. 
Appendix A. 

The shear stress calculation is given in 

A finite element computer analysis of a 76 llpp ( 3  in.) diameter 
elastic disc subjected to foul-point twisting was carried out; a 
stress concentration was found at the area of loading points. This 
problem may make the stress distribution complicated in this area. 
However, in the area away from the loading poilltR, a uniform shear 
stress is found in the direction 45O from the axes of two pairs of 
loading (Figure 3-3). 
essentially by strain gage examination. 

This stress distribution has been verified 

A stress analysis of a rectangular cross section member 
subjected to a torsion, T, was made (Reference 11). The maximum twist 
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stress Ts for a circular disc under four-point twisting is derived 
in Appendix A and can be estimated by Equation A-6. 

3P 
T = -  

2t2 S 

where t is the thickness of the wafer 

P is the total fracture force 

SCHEMATIC 

SECTION A-A 

f 
ELEMENT B 

Figure 3-3. Four-point Testing of a Solar Cell 
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The expected l i m i t a t i o n s  of t h i s  test method, such as stress 

It is recommended t h a t  
concentrations and l a r g e  def lect ion,  are beyond the scope of t he  
present r epor t  and have not been excwined. 
these area8 be invest igated i n  more d e t a i l  a n a l y t i c a l l y  and 
experimentally. 

The four-point tw i s t ing  test has a simple loading configurat ion,  
s e l f  alignment, is symnetrical, easy t o  p e r t o m ,  and stresses the 
e n t i r e  wafer srecimen, including the edge and i n t e r n a l  areas. 

C . CONCLUSIONS 

The l imi t a t ions  t h a t  ate common to  a l l  t h ree  test methods, i.e., 
. stress concentrations a t  t he  load point  and l a r g e  de f l ec t ion ,  appear 

t o  be due to  the  form of the s o l a r  c e l l  sample i t s e l f .  These 
_- l imi t a t ions  can be minimized by proper tes t  i i g  desigu, such as use of 

.* - a t e f l o n  washer a t  the loading point. 

Cyl indrical  bending proved t o  be useful t o  determine the  
un iax ia l  t e n s i l e  (MOR) s t r eng th  of s i l i c o n  wafers a t  di'.fferent 
c r y s t a l l i n e  or ientat ions.  
sample and the sample edges are tested.  

One drawback ;s t h a t  less than 25% of the 

The b iax ia l  s t r eng th  test is simple and symmetrical, and appears 
t o  be useful t o  determine the r e l a t i v e  s t r eng th  cf the  s o l a r  c e l l .  
However, t h i s  method tests a very small cen t r a l  region of t h e  sample; 
edges of the sample a r e  not s t r e s sed .  
he  the major source of c e l l  cracking, controiling the f r a c t u r e  
8 trength.  

Edge flaws have been found t o  

The four-point twist ing test not only has a simple and 
synrmetrical loading configurat!on, but also has s e l f - s l i g m e n t  and is 
easy t o  perform. I n  addi t ion,  i t  stresses the e n t i r e  wafer specimen, 
including edges and i n t e r n a l  area. Four-point tw i s t ing  4s therefore  
recommended as a standard method f o r  t e s t i n g  the mechanical s t r eng th  
of s i l i c o n  s o l a r  c e l l s .  
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SECTION IV 

SOLAR CELL TESTING 

A. OBJECTIVE 

To evaluate cell cracking characteristics and changes in fracture 
strength of silicon solar cells i n  a typical production line, a 
representative manufacturer with processing facilities for the complete 
end-to-end production of typical 76 mm ( 3  in.) diameter Czochralski 
solar cells was identified, and samples were procured and studied at 
several key cell production process steps. 
designed and fabricated to perform mechanical strength tests. The test 
specimens, test apparatus and test results are described in the 
f ol 1 owing pages. 

A ?oading fZxture was 

E. SPECIMEN 

‘Iyp3cal solar cells produced by several manufacturers were 
considered for use in this test effort. 
the prcrducts of a specific manufacturer* with processing facilities for 
the complete end-to-end production of solar cells. 
silane and continuing throrigh polycrystalline silicon to single crystal 
ingots and sawing of wafers, all of the process steps required to make 
the completed cell are included. In addition, this manufacturer 
indicated willingness to provide test samples. 

Those selected for study were 

Starting from 

The test specimens included a series of wafer and cell samples 
76 mm ( 3  in.) in diameter taken at several process steps** as follows: 

( 1 )  As cut wafers (multi-wire slurry wafering) 

( 2 )  Lhemically polished wafers*** 

~ - ( 3 )  Edge rounded wafers 

(4) Texture etched waf&P 

( 5 )  Mesa etched and anti-reflection ( A / R )  coated wafers 

(6) Pie-ohmic cells 

( 7 )  Completed (metallized) cells 

* Motorola Inc.; Semiconductor Division, Phoenix, AZ. 

** Processing procedures are propr-ietary information. 
***Chemical polishing is not used in the regular cell processing. 

These wafer specimens were made from as-cut wafers (no edge 
rounding) for the strength evaluation only. All other wafers and 
cells of the subsequent processes were made from edge rounded wafers. 
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The propert ies  of the  s i l i c o n  material are given as follows: 
or ientat ion:  boron doped, P-type; : e s i s t i%i ty  ranging f r a r  0.5 t o  2.0 
O b = .  

<loo> 

h f e e t  f i x tu re  w a s  designed so t h a t  i t  could perform cy l ind r i ca l  
bending tests, three-point support b i ax ia l  f lexure 8trength 
d e t e d n a t i m s  and f o u r p o i n t  twis t ing  t e s t a  of silicon s o l a r  cell by 
s inply rearranging, removing, o r  adding duuel pins (8  m n  i n  diameter) 
and components, 
b e l w .  

The f i x t u r e  arrangement f o r  each test is described 

1. Cylindrical  Bending 

The cy l indr ica l  bending test f i x t x e  fo r  solar c e l l s  is shovn i n  
;uo laver blocks provide l i n e  supports f o r  t he  cell 

Each supporting block is guided i n t o  positior. by th ree  
Figure 4-1. 
speciren. 
d w e l  p i a s  and c a  be pivoted a t  the  middle pin. The upper loading 
piece was fabricated t o  be pivoted a t  a b a l l  bearing a t  the  center.  
Vinyl electrical tape* was applied on t h e  loading li-es of t he  test 
Eixture to minimize the  p o s s i b i l i t y  of stress concentration. 
inner span (1) and outer  3pan (I.) (see Figure 3-1) are 25.4 aaaa (1.0 
in.) and 55 m (2.135 in.), respect ively.  

T.te 

2. Biaxial  Flexure Strength 

The b iax ia l  f lexure  s t rength  test j i g  f o r  s o l a r  cells is shown 
The specimes is quppxted  by th ree  dowel pins equal ly  i n  Figure 4-2. 

spaced i n  a circle 63.5 nan i n  diameter. 
o.d., 1.7 mn th ick)  was applied a t  each contact point of the  dawel p in  
t o  minimize the  stress concentration. The center  loading area is a l s o  
12.7 rrm (0.5 in.)  i n  dlameter, the  s i z e  of the t e f lon  washer a t  the  
contact point of the d m e l  pin, This test f i x t u r e  was designed €or 
-e!ls 76 nm~ (3.0 in . )  i n  diameter, which is a typ ica l  s i z e  f o r  most 
s o l a r  cells cur ren t ly  manufactured. 
63.5 mu (2.5 in.) ,  2b = 12.7 ann (0.5 in . ) ,  and 2c = 76.2 tan (3.0 in.). 

A t e f lon  washer (12.7 opm 

Therefore (see Figure 3-21, 2a = 

3. Four-Point Twisting 

The four-poin: twist i i g  fo r  so l a r  c e l l s  i s  shown i n  Figure 
During the test, two dowel pins on t h e  bottom disk  a c t  upwards 4-3. 

while the other  t w r ,  which a re  900 apar t .on  the  u?per disk a c t  
downwards t o  give a shear stress a t  150 i n  the c e l l  specimen, a s  
s h m  i n  Figure 3-3. 
used a t  the contact point of each dowel pin. 
were designed i n  a 63,5 nun (2.5 in.) d i .me te r  c i r c l e .  

A t e f lon  washer (12.7 imu o.d., 1.7 m th ick)  was 
T)l.eee four dowel pins 

L 

*Scotch Brand, 33+, 20 am, wiie x 0.18 nnn thick. 
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D. TEST MPLEMENTATION 

Prior to each test the thickness of each specimen was measured 
at five positions, as shown in Figure 4-4, in order to determine the 
thickness variation of the specimen. The maximum thickness variation 
of wafers was approximately 0.013 m (-0.0005 in-) and that of 
completed cells was up to 0.05 QI ( -  0.002 in.) because of nonuniform 
solder. Eouever, the thickness rsed for the fracture stress 
calculation was as follows: 

(1) Cylindrical 'ending test - the minimum thickness in the 
test ar ient a t i on - 

(2)  Biaxial flexure strength - the thickness at the center. 
( 3 )  Fourpoint twisting - the minisum thickness at the edge of 

the specimen. 

For specimens undergoing cylindrical bending and biaxial strength 
tests, scotch tape was applied on the corapressive surface of the test 
specimen to retain sepents after fracture. Tape was not used on 
specimens subjected to 4-pint twisting, since shear stress existed on 
both surfaces. 

The deflection of each cell during testing was monitored by an 
extensmeter* and recorded on an x-y plotter.* 
by an Instran Testing Machine* with loading rate 0.1 in./min and 
chart speed 2 in./min. 
Appendix B in Tables B-1 to B-18. 

The load was applied 

Detailed results for each test are given in 

To make meaningful correlation of these data, the measured 
strengths for each test sequence were presented in a Weibull plot 
describing probability of failure as a function of strength. The 
caracteristics of these plots are illustrated and discussed in the 
f 01 1 owing sect ion. 

* Strain Gage Extensometer, G51-12A, range: 0-0.500 in., Instron 
Corporation, Canton, MA. 

f* X-Y Recorder, Model 135A, F. L. Moseley Co., Pasadena, CA. 

-Instran Corporation, Model 1122, Canton, MA. 
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SECTION V 

DISCUSSIOK 3F TEST RESULTS 

A. EFFECT OF TEST METHODS ON STRENGTH DATA OF SILICON WAFERS 

As-cut and chemically polished wafers under four-point twisting, 
uniaxial MOR and biaxial strength were used to evaluate the effect of 
test methods on the strength of wafers. Weibull plots of these 
strength data are shown in Figore 5-1. In this figure, the strengths 
of as-cut wafers at 50% failure probability under twist, MOR, and 
biaxial stresses are approximately 93, 1 1 7 ,  and 194 (14 ,  1 7 ,  
and 28) ksi), rr.-pectively. Similarly, the strengths of chemicallv 
polished wafers .-t SO% failure probability are 217, 2 7 8 ,  and 496 
MNm2 (31, GO, -rid 7 2  ksi) for twist, MOR, and biaxial stresses, 
respectively. As mentioned before, the larger the surface area of the 
sample under stress, the greater the probability that the largest flaw 
will be mder stress. The four-point twisting test can stress almost 
the entire wafer area; cylindrical bending to determine the MOR 
strength can stress less than 30% of the wafer surface and edge, while 
the biaxial strength test stresses only 10% of the surface area at the 
center and none of the speciaen's edge. Therefore, the measured 
strength under biaxlal stress is much higher than that tinder 
cvlindrical bending or twisting. 
is the lowest among these three methods. 

The twist strength of as-cut wafers 

-2 STRENGTH, hl Qn 

STRENGTh. ksi 

Figure 5-1. Effect of Test Methods on the Measured Strength 
of Silicon Wafers 



B. EFFECT OF CRYSTArLINE ORIENTATION ON THE MOR OF SILICON WAFERS 

Q 8  

3 Q 6 -  

> 
!= 
2 - 

0 

P-s-cut and chemically polished wafers under cylindrical bending 
are used to ekaluate the effect of crystalline orientation on the 
strength of silicon wafers. 
i3 highly directional in its stress application. Weibull plots for 
as-cut wafers tested in <loo> and <110> orientations are shown in 
Figure 5-2. 
22.5O off <110> (half way betveen <loo> and <110>), respectively, 
are also shown in Figure 5-2. 
distributions of M@R for as-cut wafers in <loo> and <110> orientations 
are very riose 
distributions for chemically polished wafers in <110> and 22.5O off 
<110>. Therefcre, the effect OE crystalline orientation on the 
strength of silicon solar cell does not appear to be significant. 

Cylindrical bending vas used here as it 

The plots for chemically polished wafers in <llO> and 

It can be seen that the Weibull 

A similar relationship exists between the Weibull 

The tppical fracture modes of silicon wafers subjected to 
cylindrical bending is s h m .  in Figure 5-3. The fracture of wafers 
under <110> beading is found to be in 1111) planes at <110> direction; 
under <LOO> bending cracking is found in (1111 planes in <110> 
orientations and ziz-zags in the <loo> loadizg direction. 
fracture m d e s  and lack of sensitivity to crystallographic orientation 
suggest that the strength of silicon wafers is controlled by crack 
initiation but not crack p-opagation. The fracture origin of tested 
cells was examined and found to be edge flaws. 
measurement of the critical flaw size of each sample is beyond :he 
scope of the present report. 

These 

The quantitative 

. .  
: -  

Q a 4  

44 +- {5 O. 

0 A 4  
- 0 0 ~4 r ‘ T  

a 
2.- 

4 
0. 

0. - .  7 

MODULUS OF RUPTURE. !.l”,n-2 

5 ae- 
t- 
V 

2 
Q 2  

0 

4 a AS-CUT WAFER IN <lOO> 

0 0 A S C U T  WAFER IN <llO> a OO 
0 

0 a CHM POLISH WAFER IN <llO) 
% - 

E d  
b d  4 CHEM POLISH WAFER IN 22.9 

OFF <110> 

Figure 5-2. Effect of Crystalline Orientations on Modulus of 
Kupture Strength of As-cut and Chemically Polished 
Silicon Wafers 
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Figure 5-4. Biaxial Strength of S i l icon  Wafers 

Texture etched wafers were produced by chemical e tching from 
as-cut (with edge rounded) wafers. 
population of t i n y  pyramids covering the e n t i r e  surface of each cell 
w a s  generated by chemical e tching a t  the  p re fe ren t i a l  c r v s t a l l i a e  
direct ion.  This pyramid-textured surface has been demonstrated t o  
in te rcept  the r eL lec t ed  sunl ight  and to  increase cell performance. 

In t h i s  process, a dense 

The overall  s t rength of t ex ture  etched wafers is  greater than 

Although the mean s t rength  of tex ture  etched 
t h a t  of as-cut waLCers (Figure 5-41 as a r e s u l t  of surface flaw 
reduction by etcning. 
wafers is lower than t h a t  of chemically polished wafers, i t  should be 
pointed out  t h a t  the s t rength  of the wafers a t  low f r ac tu re  
p robab i l i t i e s  is  the  region of i n t e r e s t .  The texture teching has  the  
e f f e c t  of reduc , g l a rge  flaws and providing a more uniform 
d i s t r ibu t ion  o !_sm~l l  flaws essociated with the roots  of t he  
pyramids. 
chemical polishing. Increased chemical pol ishing may, however, a l s o  
improve t h i s  l o w f r a c t u r e  probabi l i ty  region. 

This leilds t o  a more uniform breakage s t rength  than does 

It should be noted tha t  the  s t rength  of specimens under the  
b i ax ia l  stress test i s  control led by the ourface area confined within 
a m a l l  central  reg; on, whereas under cy1 indr ica l  bending less than 
30% of t h e  t o t a l  edge and surface a rea  of the speciaen i s  tes ted.  
Therefore, the  surface condi.tion of the  specimen i s  important f o r  
b i a x i a l  s t rength  measurement. Angle lapping was u8ed t o  determine the 
sur face  damage from these types of wafers. 
3 apped areas of typic1 as-cut, chemically polished, and tex ture  etched 
wafers are shown i n  Figure 5 - 5 .  
is nctimated t o  be 5 5 ,  3 5 ,  and 40 pm fo r  as-cut, chemically polished, 

Microphotos of the  angle 

The average depth of surface damage 
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- TWIST STRENGTH. T~ ksi 

Figure 5-7. Effect of C e l l  Processes OCI the Twist Strength 
of S i l i c o n  Wafers aad C e l l s  

C 10 20 30 40 50 63 
TWIST STRENGTH, rS. ksi 

Figure 5-8. Effect of Metallization and Other Cell Processes 
on the Strength of Solar Cella 
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3, 
fracture probability i o  176 Lh-* (25.5 bi), which i o  hi- tb.p 
that of as-cut rrrfcn.. 
effective in m a g  tbe otreogth of wafers.. 
texture etching redueeo the ourface f ra  iegot cutting.. It i o  
of ;rportabce to note tbat a tail kla 202 fmcture probmbility 01 

the 6tre5gtb d io t r iba t iaa  eptrr i o  9.0.11~ found i n  each 0Cxwgth 
rc..arcreat of dm.. 
tai: i n  the mi- o t r e i i  cad of the e is f d  fo r  t h io  tat ef 
texture et- d e r o . .  
fracture probabili ty - - are p u t i c r r l a r l r  rrrlncrable to fracture 
during suboeqtient cell processing and luedlimg.. 
useful f o r  trrmt.ting the strength dio t r ibu t iaa  of c e r m c o  (Refereme 
12). 
texture etching to reduce cell fracture d d n g  suboeqacat cell 
processes . 

'LBC twist otremgtb of texture et&& rrfcrr lot It at MI 

Thio smggesto that tcxtvrt etching is 
& discussed before, 

& oeen i n  Figure 5-7, aa appreciable loo# 

'futpn et- d m  that fdl  below the 202 

?roof testiq io'  

A proof test at  a proper .tress level cm be i q & m a m d  after 

4. 
probability is 214 I¶lh-* (31 bi), 
the 6- lot a0 the texture etched wafer.. 
8treagth of coupleted cells appear0 to be 3-ed by r ta l l iu t ion ,  

5. 
plotted i n  Figure 5-7. 
than that of texture etched wafers. 
cell proceso is available. 
c h i p  and flnn were present on the celle of lot A. 
an exaple of cell cracking originating f r a  an edge chip. 
Qrraatitative m e u u r a e n t s  of edge chips iad  ourface €Inn and 
correlat ion with the strength of cello will be made later. 
l i ke ly  tha t  c h i p  and flnn are generated f r a  cell processing m d  
haudliw. 
etresr p i n t o  of the otreegth dis t r ibut ioa curve of cell lot  A. 

'Ibc kist otrength of capleted cells (lot E) at 502 fracture 
-re cells were fabricated fra 

A0 in Figure 5-7 the 

- 
A M o t  etreqijth dist r ibut ion of completed ce l lo  (lot A) i o  also 

The 8trengtb of theoe c a p l e t e d  cel lo  i o  Zarrcr 

Prelimnary &nation indicated that 
Ik, detailed i n f o r u t i o n  on the  

Figure 5-9 a h m  

It i o  

A ra ther  r u l 1  slope aed a loag t a i l  are men at the lw 
Cello 
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chips  and surface flaws are r e l a t e d  t o  the  vcakening of t he  completed 
cell lo t  A, 
generated by the r e t a l l i t a t i o n  process. 
both s t rength  d i s t r i b u t i m  carves of p r e - b i c  and campleted cells 
have loug tails extending to  the low stress levels. 
that the luge c r i t i c a l  flaws obtained i n  a cell process s t e p  a r e  
ca r r i ed  m t o  t he  subsequent processes, extension of these €1- under 
stress is expected. 
wafers a d  cells of t he  laver s t r eng th  at  the  e a r l y  stages of 
processing. 

n e s e  +ips  and flaws were apparent ly  extended and 
It should be pointed out  t h a t  

Since it appears 

Roof  tests should be used to e l imina te  those 

8.  
c a p r e s s i v e  surface of test spec iwns  undergoing cy l ind r i ca l  bending 
and b i ax ia l  s t rength  tests to  r e t a i n  the  se-nts a f t e r  f rac ture .  
Tape vas not w e d  on specheas undergoing t h e  f o u r p o i n t  twis t ing  
test, since shear stress exis ted  on both sur faces  of the  test 
specimen; therefore ,  those specirCrrs sha t t e red  as shown in Figure 
5-10. 
have greater s t rength  than those which f rac tured  i n t o  l a r g e r  f ragaents ,  

As mentimed i n  Section IV C, scotch tape vas appl ied on the 

Specirene *ch f rac tured  into sraller f r a w n t s  were found t o  

E, EFFECT OF Urps 019 TKE STRERGTH OP W h p E R s  AND CELLS 

Several l o t s  of texture etched wafers and completed cells were 
t e s t ed  t o  detetlains the e f f e c t  of l o t  numbers on the  s t r eng th  of 
wafers and cells, 
several  lo ts  are p lo t ted  i n  Figure S-11. The t w i s t  s t rengths  of 
completed cells of several  l o t s  a r e  shown i n  Figure 5-12. 
s t rength  va r i a t ions  were observed among lots  for both tex ture  etched 
wafers and ccrapleted c e l l s .  
the  tex ture  etched wafers has a long t a i l  i n  t he  lov s t rength  end of 
the d i s t r i b u t i c n  curve while Lots B and F show very mal! s c a t t e r  i n  
s t rength  data, as shown i n  Figure 5-11, This implies t h a t  proper 
tex ture  etching may be ab le  t o  increase the  s t rength  of s i l i c o n  
wafers. nore s tudies  need t o  be done t o  e luc ida te  the  e f f e c t  of 
tex ture  etching on the  s t rength  of s i l i c o n  wafers. However, improved 
control of process procedures and b e t t e r  handling during processing 
should reduce the var ia t ions  in mechanical s t r eng th  of s o l a r  cells 

The tvist s t r eng ths  of texture etched wafers of 

Appreciable 

It should be pointed out  t h a t  Lot E of 

alnong l o t s .  
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Figure 5-11. Effec t  of Lots on Twist Strength of 
Texture Etched Wafers 
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Figure 5-12. Effect of Lots on Twist Strength of 
Completed Cells 
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SECTION VI 

CONCLUSIORS 

The following conclusions have been drawn from the results of 
this test program? 

1. 
method for measurement of the mechanical strength of silicon solar 
cells because it has the following advantageous characterietics: 

The fourpoint twisting test is recoacnded as a standard test 

(a) Simple loading confipptation 

(b) Self-alignment 

(d) Easy to perform 

(e) Stresses almost the entire cell specieten, including the 
edge 

2. The Weibull distribution plot of strength data is useful to 
describe the strength characteristics of each type of wafer or cell at 
various cell process steps and to describe the flaw distribution of 
each sample type. 

3. 
solar cells is small, since the strength of a silicon wafer is 
controlled by crack initiation but not crack propagation. 

The effect of crystalline orientation on the strength of silicon 

4. 
silicon wafers. 
wafers results from chemical polishing. However, it is more effective 
in the reduction of the smaller flaws than of larger flaws. A greater 
increase in strength is found at higher strengths than at the lower 
strength portion of the di.stribution curve. 

Chemical polishing is useful for reducing the surface flaw of 
A greater than twofold increase in mean strength of 

5. 
from ingot cutting, 90 that the overall strength of a textured wafer 
is hi.gher than that of an as-c*tt wafer, although the mean strength of 
texture etched wafers is lower than that of chemicallp polished wafers. 

Texture etching reduces somewhat the surface damage resulting 

6. Mechanical edge rounding does not produce significant change in 
the strength of the silicon wafer. 

7. Mesa etching and anti-reflection coating of wafers and pre-ohmic 
(patterned) cells result in little change in strength from the prior 
process. 
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8. The strength of wafers and cells vrried from lo& to lot. Edge 
flaws in samples which were generated during processing and handling 
were found to be the controlling factor in the measured strength of 
samples in a lot. 

9. 
distribution curve was found for several types of samples. 
or cells in the lw strength distribution are likely to be fractured 
during subsequent cell processing and handling or in the field 
service. A proof test would be useful to eliminate these samples 
before the subsequent cracking occurs. 

A long tai: at the lw stress portion of the strength 
The wafers 
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SECTION VI1 

RECOMMENDATIONS 

The informa ion presented in this repor is the result of work 
carried out during the first phase of a conti-uing effort to evaluate 
the fracture strength of silicon solar cells. The recommendations 
that follow are of further work to be carried out during the second 
phase of his test program to generate additional information 
important for engineering design use. The recommendations are: 

Continue and complete the Weibull statist’-al analysis of 
the present strength data on silicon solar cells. 

Design and fabricate a four-point twisting test jig 
adjustable for various sizes (e.g., up to 6-inches in 
diametet) and shapes (e.g., square, rectangular) of solar 
cells. 

Investigate the four-point twisting method ;.n more detail 
analytically and experimentally. 

Perform further tests of cell physical characteristics on 
cells from various manufacturers to determine important 
fracture-controlling factors such as edge and surface 
conditions resulting from various wafering and processing, 
as well as the nature of sheet, shape, size, etc. 

Conduct failure analysis to determine the nsture and 
source of the flaw controlling the fractur of solar cel2s. 

Establish proof test levels for critical cell processes. 

Determine QA procedures and mechanical strength criteria 
for silicon solar cells. 

Evaluate the effect of chemical polishing and texture 
etching on the strength of si1 icon wafers. 

Evaluate tearing fracture properties of silicon by 
measuring the critical stress-intensitv factor fcr Mode 
III crack extension or KIII c.  
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APPENDIX A 

STRESS CALCULATION OF TEST CONFIGURATIOKS 

1. Cylindrical Bending 

The loading ccndicion of a cell under cylindrical bending is 
shown in Figure 3-1. 
be calculated by 

The fiber stress or modulus of rupture (MOR) can 

where 

3P(L-E) a =  
2 a t2 

(A-1)  

P = total applied force 

L = outer span 

1 = center span 

t = thickness of the cell s?ecimen 

d = width of the beam under stress. In this case, d is the chord 
length of the cell specimen parallel to the loading line, 
varying from inner loading line length D' i o  diameter D, 
depending upori the loca t ion  of the fracture originating flaw 
(as shown in Figure 3-1). 

For a 76 ~ll~ll ( 3  in.) diameter cell in which tis 25.4  mm 
(1 in.), D' is calculated to be 7 1  mm ( 2 . 8  in.). The difference 
between D and D' is small. Therefore, the MOR -Jalue of a cell under 
cylindrical bending can be calculated approximately by 

( A - 2 )  

2. Biaxial Flexure Strength 

This lr ."ng condition is shown in Figure 3-2. The maximum - - 
radial and t .ntial stresses (0,- and CT , r e spec t ive ly )  can 

be calculated (Reference S i  by 
max L X  

A - 1  



where 

In Chese equations, 

c = radius of the specri.,-n 

a = radius of the concentric circle of supportin5 pints 

b = radius of the loaded area of the specimen 

.- = Pcisson's Ratio 

3.  Four-Point mi s t $ti& 

A stress analysis of a rectangular cross-sectional member 
subjected 20 a tarsion, T, t i e  maximum shear stress, 7 can be 
calculated by an equation (Reference 111 as S' 

T - = -  
S z d  tL 3 

wb er c 

5 = a constant A i c h  is a functim of b/t, 

d = widt!i of t5e specimes 

A cell specimen suiijerltai to 'fcur-point twiscing is shown 
schemztically in Figure 3-3. In this case, the applied torsional 
men:, T, is given by the ekpression 

(A-4)  

T = -  
2 

where 

P is the to,ul €r--ture force 

s is the distance between the tcrsiona: forces. 

(A-5) 

Since a solar ce?l is a . f s ry  thin disc, the ratio b/t + S .  Therefore 
(Reference 11) 9 = 1 / 3 ,  aca it can be approximzted that 

A-2 



Substituting these values and Equation A-5 into Equation A-4, 
the twist (s3ear) stress can be estimated by 

3P 
2 t  

.. r- 
2 ‘S (A-6) 

A- 3 



APPENDIX 1 

As-cut amd chemically polished silicon wafers were used t o  
evaluate the modulus of rupture (MOR) strength of si?icon in several 
crystalline orientitions using the cylindrical bending test. 
results for as-cut wafers undergoing the cylindrical btndimg test in 
<100> and d10> orientatiws are given ia Tables B-1 and 1-29 
rzspectivelp. The results for chemically polished wafers undergoing 
cpliadrical beading ia ello> and 22.5O off <110> (direction halfway 
between <iOO> and <11b orientations) are give0 in Tables 8-3 and S4, 
respectively. The test results for as-cut, chemically polished, and 
edge rounded wafers are given in Tables B-8, B-9, and B-IO, 
re spec t ive 1 y . 

Pte 

As-cut, chemically polished, and texture etched silicon wafers 
were evaluated bp their perforraace in the biaxial flexcye strength 
test. The results are given in Tables B-5, B-6, and B-7, respectively. 

The fourpoint twisting test vas used to eoaluate the tuist 
stren;th of wafers and cells as a functioi of cell process steps. 
test results for as-cut, chemicallp polished, and edge rounded wafers 
are givea in Tables 8-8, 5-9, and B-10, respectively. The effect of 
lot= on the twist strength test results for texture etched wafers is 
given in Tahles B-11 to E-13. The results for =sa etched and A/R 
coated wafers and pre-ohmic cells uader four-point twisting are given 
in Tables S-14 and 8-15, respectively. m e  twist strength :est 
results for completed cells of several lot ntnbers are giver1 in Ta3les 
8-16 to 8-18. 

The 
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Table B - l .  Results of As-Cut Wafers Under Cylindrical 
Bending Tests in <loo> 

Center Fracture Fracture Yinimum Spec irnen Deflect ion 
a t  Fai lure ( i n . )  ( p s i )  ( i n . )  

Force Thickness Stress 
( l b )  

Sc.. 

i - 5 i  

1-56 

1-59 

1-60 

1-61 

1-62 

1-63 

1-65 

1-65 

1-66 

1-67 

1 -6$ 

8.9 

8.9 

8.1 

9.9 

1o.u 

10.0 

9. I 

8.3 

10.0 
--* 
10.3 

9.9 

0.0171 

0.01 73 

0.01 72 

i:.OlT.? 
* .  0 ! 7 2  

0.0171 

0.0171 

0.0171 

0.0171 

0.0172 

0.01 73 

0.01 72 

0.055 

0.055 

0.047 

0.053 

0.05'' 

0. Q5S 

0.053 

G. 048 

0.058 

-- 
0.055 

0.059 

17,745 

17,337 

15,962 

19,510 

19,707 

19,938 

18,143 

16,548 

19,938 
-- 

20,298 

19,51c 

*Fai;rd before test. 
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Table B-2. Resul ts  of As-Cut Wafers Under Cyl indrica l  
Bending T e s t s  in <110> 

Center 
Specimen Deflect i o n  

a t  Fai lure  
(in. ) ( p s i )  ( i n . )  - 

Fracture ?fin imum Yrac t u  r e 
Fo rc e Th ic kness  S t r e s s  

( l b )  
so.  

I - 4 i  

1-45 

1-46 

I-&i 

1 4 8  

1-49 

1-50 

1-51 

1-53 

1-53 

1 -5$ 

1-55 

1-56 

s.7 

9.0  

8.h 

9.1 

10.0 

9.0 

5.8 

8.G 

8.3 

8 .3  

8 .9  

8 .7  

5. i 

0.01 73 

0.0175 

0.01 74 

0.01 73 

O . O l i 4  

0.0174 

0.01 73 

0.01 73  

0.0171 

0.01 7 2  

7.0172 

0.0172 

0.01 7 2  

0.057 

0.054 

O.OhC 

0.050 

0.057 

0.046 

0.051 

G .  O-iO 

0. o i o  
0.043 

0.04& 

0.042 

0.045 

l h , 5 L i  

1 7 , 1 3 3  

!h,560 

17,725 

19,;ljh 

17,330 

1 7 , 1 $ 2  

16,363 

16,349 

16,356 

17,539 

T ,  135 

17,145 
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Table B-3. Results of Chemically Polished Wafers Under 
Cylindrical Bending in <llO> 

Center 

a t  Fa i lure  
( i n . )  ( p s i )  ( i n . )  

Epec imen Fracture >I i nimum Def l ec t  ion Frac turc 
Force T h ic kne s s S t r e s s  

( l b )  
So. 

3-57 : O .  6 0.0151 1 . O i i  27,103 

3-58 18.S 0.01 50 0.136 48,713 

3-59 15.8 0.01 51 0.108 40 * 339 

3- LO 17.7 3.0150 0.123 15,863 

3-6 1 13.8 0.01 50 0.088 35,757 

3-62 15.9 0.01 50 0.118 41,199 

3-63 11.3 0.0148 0.102 31,738 

3-66 16.3 0.0150 0.113 12,235 

3-66 15.6 0.0150 0.117 s0,421 

3-68 9.3 0.0148 0.066 24,753 

3-65 17.3 0.01 50 0.119 64,82o 

3-67 15.1 0.0151 0.107 38,609 

3-6Q 7 . 3  0.0119 C .054 19,170 
- -  



Table B-4. Results of Chemically Polished Wafers Under 
Cylindrical Bending in 22.5O <110> 

Center 
Specimen Deflect ion  Force Thickness 

Gt Failure 
( in .  ) ( p s i )  ( i n . )  

Fracture Yinimwn Fracture 
Stress  

( 1 b )  
No. 

3-70 

3-7 1 

3-72 

3-73 

3-74 

3-7 5 

3-76 

3-77 

3-78 

3-79 

3-80 

3-8 1 

9.0 

15.3 

20.3 

7.6 

12.7 

15.7 

16.2 

15.5 

18.1 

17.7 

17.9 

10.1 

0.01 46 

0.0148 

0.01 50 

0.0150 

0.01 50 

0.01 47 

0.0148 

0.0148 

0.01 50 

0.0150 

0.0149 

0.0: 49 

0.076 

0.117 

>O. 137 

0.062 

0.108 

0.128 

0.129 

0.125 

>o. 137 

0.129 

0.132 

--* 

2i,615 

40,723 

52,600 

19,692 

32,907 

4 2 , 3 5 -  

3 . 1  18 

41,355 

$6,899 

i 5 , 8 6 3  

47,006 

26,523 
~ ~ ~ ~ ~ ~~ 

*Extensometer malfunction. 



Table 8-5. Results As-Cut Wafers Under Biaxial Strength Test 

Center Fracture Center 
Thickness 

( in . )  

Deflect ion 
a t  Fa i lure 

( i n . )  

Fracture 
Force 

( l b )  
Stress  
(ps i )  

Specimen 
No. 

1-32 

1-33 

1-34 

; -35 

1-35 

1-37 

1-38 

1-39 

1 - i o  
1-41 

1-42 

1 4 3  

T . 6  

5.2  

4 . 1  

5 . 9  

5.2 

5.9 

6 . 0  

6 . 6  

5 . 6  

5 . 6  

6 . 3  

6.5 

0.01 78 

0.01 74 

0.01 78 

0.01 79 

0.01 78 

0.0178 

0.0177 

0.0178 

0.0178 

0 . 0 1 7 5  

0.01 77 

0.01 7 6  

-- 
0 . 0 6 2  

0 . 0 5 3  

0.050 

0.G55 

0 . 0 5 2  

0 . 0 5 5  

0 . 0 5 0  

O.OrC7 

0 . 0 5 2  

0.052 

3 5 , 7 4 0  

2 4 , 1 8 1  

2 8 , 6 8 6  

2 7 , 5 3 7  

- 3 4 , 4 3 1  

27,746 

2 8 , 5 3 6  

31 ,G38 

2 6 , 3 3 5  

2 7 , 2 4 6  

2 9 , 9 6 3  

3 1 , 2 6 6  
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Table B-6. Results of Chaically Polished Wafers Under 
Biaxial Strength T e s t  

Center Fracture 

( p s i )  

Fracture Center 
Deflect i on  Stress  Thickness at Failure 

Specimen Force 

.(in. ) ( I b )  ( in -  1 so. 

3-44 

3-45 

3-46 

3-47 

3-48 

3-59 

3-50 

3-5 1 

3-52 

3-53 

3-54 

3-55 

3-56 

4.6 

8.6 

19.4 

11.8 

9.0 

6 . 6  

8.2 

11.3 

16.9 

12.5 

11.9 

14.9 

13.8 

0.0159 

0.0155 

0.01 54 

0.01 54 

I). 01 55 

0.0158 

0.0157 

0.01 55 

0.01 55 

0.01 53 

0.0153 

0.0153 

0.01 52 

0.053 

o.oao 
0.167 

0.11s 

0.100 

0.080 

0.085 

0.110 

0.1 &b 

0.120 

0. 1'1 5 

0.140 

0.132 

27,111 

53,336 

121,8114 

74,136 

55,817 

39,393 

49,568 

70,081 

104,812 

79,563 

75,744 

9% ,840 

88,998 
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Table 1-7. Results of Texture Etched Wafers (Edge Rounded) 
Under Biaxial Strength Test 

Center Fracture 
Stress Center 

Thickness 
( lb)  ( i n . )  

Deflect ion 

( i n . )  

Fracture. 

a t  Failure (psi) 
Specimen Force No. 

5- 1 

5-2 

5-3 

5-4 

5-5 
5-6 

5-7 

5-8 

5-9 

5-1 0 
5-1 1 

5-12 

5-1 3 
5-14 

5-1 5 

5-1 6 

4-1 7 

9.8 

13.2 

10.4 

11.0 

13.4 

12.9 

10.0 

7.4 

10.1 

12.1 

9.5 
12.4 

11.1 

10.8 

12.3 

12.4 

11.6 

0.0175 

0.0173 

0.01 73 

0.0174 

0.01 74 

0.01 76 

0.01 75 

0.0175 

0.01 76 

0.01 73 

0.0173 

0.0171 

0. e175 
0.01 74 

0.01 76 

0.01 76 

0.01 76 

0.080 

0.098 

0. os0 

0.085 

0. ? 00 

0.098 

0.080 

0.068 

0.078 

0.090 

0.075 

0.095 

0.088 

0.085 

0.090 

0.093 

0.088 

47,680 

65,716 

51,776 

54,135 

65,947 

62,051 

48,653 

36,003 

48,583 

60,239 

47,295 

63,185 

54,005 

53,151 

59,165 

59,646 

55,798 
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Table B-8. Results of As-Cut Wafers Under Ponr-point misting 

R e  l a  t ive* F r a c t u r e  
D e f l e c t  i o n  S t r e s s  
a t  F a i l u r e  

( i n . )  

Minimum 
Thickness 

( i n . )  

F r a c t u r e  
Force 

(1b) T S  
( p s i )  

Specimen 
No. 

1-1 1 

1-1 2 

1-1 3 

1-14 

1-15 

1-1 6 

1-17 

1-18 

1-1 9 

1-20 

1-21 

4.5 
--** 
4.7 

4.3 

4.4 

4.5 

4.1 

4.9 

2.2 

5.0 

4.2 

0.0172 

0.0174 

0.0172 

0.01 71 

0.0169 

0.0172 

0.01 76 

0.01 70 

0.01 70 

0.0171 

0.0171 

0.095 
-- 
0.083 
0.077 

0.083 

0.090 

0.078 

0.091 

0.052 

0.088 

0.077 

13,462 
-- 

14,060 

13,014 

13,634 

13,462 

11,714 

15,005 

6,737 

15,133 

12,7:2 

*Re la t ive  d e f l e c t i o n  between two p a i r s  of t w i s t i n g  forces .  
**Specimen f a i l e d  b e f o r e  test. 
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Table B-9. Results of Chemically Polished Vafers Under 
Four-point Twisting 

Relative Fracture 
S t r e s s  Fracture  Minimum Deflect i o n  

a t  F a i l u r e  
( i n . )  

Thickness  
( i n . )  

Specimen Force 
(lb) TS 

(PSI) 
No. 

3-10 

3-1 1 

3-1 2 

3-1 3 

3-1 4 - 

3-1 5:--. 

3-1 6 

3-1 7 

3-1 8 

3-1 9 

3-20 

3-21 

3-22 

3-23 

3-24 

.3-25 

3-26 

3-27 

3-28 

3-29 

3-30 

3-31 

5.2 

9.9 

9.9 

8 . 3  

2 .a 
7.6 

11.4 

9.4 

.I 

4.7 

8.1 

3.9 

7 .5  

5.9 

5.5 

7 

0 

.9 

5.4 

8.5 

7 .2  

0.0142 

0.0142 

0.0145 

0.0144 

0.0147 

0.0145 

0.01 47 

0.01 45 

0.0145 

0.0146 

0.0145 

0.01 47 

0.0145 

0.0147 

0.01 45 

0.0 47 

0.0143 

0.01 48 

0.0147 

0.0142 

0.0147 

0.0145 

0.137 

0.210 

0.210 

0.186 

0.146 

0.080 

0.215 

0.180 

0 .160  

0.107 

0.170 

0.033 

0.145 

0.135 

0.177 

0.176 

0.125 

0.193 

0.256 

0.117 

0.180 

0.154 

22,823 

43,451 

4 1 , 6 7 8  

35,421 

31,126 

11,786 

46,689 

39,567 

31,149 

19,514 

34,395 

1.5,973 

31,570 

24,164 

23,151 

35,b31 

22,072 

40,404 

56,928 

23,701 

34,812 

30,307 



Table is-10. Results of Edge Rounded Wafers Cnder 
Pour-poinL "wi ting 

Relative F r a c t u r e  Minimum 
Thickne-  i Def lec t  i o n  Stress 

( i n . )  ( p s i )  

F r a c t u r e  
Force 
(lb) 

Specinen 
( i n . )  a t  F a i l u r e  =S No. 

~~ 

2- 1 

2-2 

2-3 

2-4 

2-5 

2-6 

2-7 

2-8 

2-9 

2-1 0 

4.7 

4. P 

5 . 0  

2.8 

4.9 

3.8 

4 . 5  

4.1 

4.1 

3 . 5  

0.0171 

0. (3165 

?.C175 
0.0170 

0.0172 

0.0172 

:* 317d 
. .  - 

c .  01 67 

0.0167 

0.0169 

0.125 

0.113 

0.100 

0.365 

0.105 

0 .  Q92 

0.100 

0.095 

0.093 

0.075 

14,225 

15,928 

14,449 

8,574 

14,658 

11,368 

1_",780 

13,014 

13,G.h 1 

10,845 
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-- - 

-Table B-12. B&salts of Texture-Etched Wafers Lot E Cnder 
- hmr-rpoiat Twisting 

- - - .  

Kelativc Prac ture 
- ~- 

Deflect ioc Srress %actwe H i n h u a  
- at Failure .z s 

( Ea --) ( p s i !  

Thic’ less  . .S$ec hien  

- 
Force 
(Lb)- . - 

- so. 

5 -38 . .  7.5 0.1)174 - C, 130 22.80.3 

5-39 2.8 0.016a 

5-60 g; $ 0.0174 

5--. ’ 8, ? O.Ot3? 

5-52 ~ - -  8.0 C.0168 

- 

-. 

G. 063 8.230 

26,016 

25,099 

25,085 

5-43 : 8.7 0.0?69 - 0-150 26,958 

5-4i  8 . 5  Of 70  @. l a  26,035 

I 5-45 :. 5 O . G i 6 i  0 .145  14,678 

5-46 -_ :a I 3 0. @? 70 - 0.115 Z5,;17 
- 

5-4 7 9. Q 0.0170 0.1G.3  27.541 
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Table B-13. Resdts of +eaure-Etched Wafers Lot  F Uader 
Four-poiat Tbwistiug 

Relative F r a c t u r e  F r a c t i o n  ?(ininurn Spec i l z n  Deflect ion Stress 

( i n . )  
- Force  T'n ir h e s s  

at Failure 'S 
( p s i )  ( i n . )  ( lb) 

SI; - 

E!8 

5-19 

5 - 3  

5-2 1 

5-21! 

5-23 
* -. ? 3--- 

5-2 5 

5-26 

5-1 i 

9-8 

9.5 

9- 9 

6- 6 

9- 7 

1C.b 

IO. > 

8 - 5  

9 .  i 

9.5 

0.0167 

0.C169 

0.01 3 0  

0.0165 

0,0166 

0,OlLB 
0.O16d 

0.01 72 

0,0170 

0-Oioa 

0.  t35 

0-  161 

0.135 

0.110 

0-135 

0,150 

0.155 

0,115 

0 ,  liG 

0.  i 60  

31 ,098 

29,637 

30,317 

- 31,455 

31,153 

33,238 

32.297 

25.727 

29,iW 

30,189 
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Table 1-11. Results of Mesa Etch r a d  A/R Coated Uafcrs Lot  f 
Ueder Focrrpoiat W s t i n g  

Relative Frac cure Hinhum 
Thickness 

(in.) 

Deflection S t r e s  
at Fa i lure 

(in.) (psi) 

Fraction 
Force 

( l b )  - S  

Specimen 
SO - 

- 

6- 1 

6-2 

6-3 

6 4  

6-5 

6-6 

6-7 

6-8 

6-9 

6-10 

13.2 

7.0 

11.5 

10.4 

8.95 

8.6 

10-6  

10.0 

5.15 

11-7  

0.0166 

0.0169 

0.01 68 

0.01 70 

0.01 66 

0.0168 

0.0170 

C.0167 

0.0165 

0.0168 

0.225 

*. 135 

0.175 

0,155 

0.135 

0.155 

0.170 

0.155 

0 - 090 

0.183 

42 , 394 

21 ,690 

36,006 

31,8&8 

28 , 734 

26 -966 

32,560 

31.733 

16,149 

30,685 
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Table B-15. Result8 of Pte-Ohmic Cells Lot A Under 
Pourpoint Tvis t ing 

Rela t ive Fracture Fracture M i  n imum Deflect ion Stress 
Thick ;s - Specimen Forie  

( Ib)  at Failure ‘S 
( p s i )  

( i n .  ( i n . )  
No. 

7-1 

7-2 

7-3 

7-G 

7-5 

7-6 

7-7 

7 -8 

7-9 

7-10 

7-1 1 

7-12 

7.9 

8.2 

7.5 

8.2 

7.5 

7.5 

8.1 

7.1 

7.9 

0.0168 

0.0175 

0.01 68 

0.0170 

0.0165 

0.0172 

0.0169 

0.0179 

0.01 70 

0.125 .- 

0.115 

0.118 

0.120 

0.133 

0.125 

0.137 

0.115 

0.113 

24,771 

23 , 696 

23,517 

25,111 

24 , 38C 

22,436 

25,099 

21,742 

24,192 

11.6 0.0169 0.150 35,944 

1.5 0.0169 0.040 4,648 

10.3 0.0169 0.150 31,916 
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Table B-16. Results of Completed Cells Lot A Under 
Pour- p i a  t Tui s ti ag 

Rei3 t ive F r a c t u r e  Minimum 
Thickness  

( i n . )  

D e f l e c t i o n  S t r e s s  
a t  F a i l u r e  ‘S 

( i n . )  ( p s i )  

Fracture  
Force 
(1b) 

- Specimen 
No. 

~~ 

c- 1 

c-2 

c-3 

c-4 

c-5 

C- 6 

C-7 

C-8 

c-9 

c-10 

c-11 

c-12 

C-13 

c-14 

C-15 

C-16 

C-17 

c-18 

c-19 

c-30 

c-2 1 

C-37 

c-33 

C-94 

c-25 

5.1 

1.2 

7.5 

7.3 

6.3 

4.5 

4.5 

3.6 

8.5 

10.7 

8.4 

9.5 

a .  7 

9.1 

9.3 

8.1 

5.0  

6.0 

5.6 

6.8 

7.6 

4.0 

7.3 

6.8 

7.5 

0.01 70 

9.0168 

0.01 73 

0.0161* 

0.0166* 

0.0170 

0.01 68 

0.0168 

0.01 65 

0.01 65 

0.0164 

0.01 60 

(3.0159 

0.0160 

0.01 63 

0.0159 

0.0151 

0.0171 

0.01 77  

0.01 69 

0.0178 

0.0170* 

0.01 72 

0.0180 

0.0170 

0.090 

0.035 

0.135 

0.130 

0.115 

0.090 

0.085 

0.070 

0.145 

0.160 

0.140 

0.165 

0.153 

0.150 

0.145 

0.liO 

0.120 

0.105 

0.110 

0.133 

0.130 

0 . U i . .  

r ) . ; ’ i  jj 

0.125 

0 . 1 3 3  

15,613 

3,763 

22,178 

24,924 

20,233 

13,780 

1 ~ , 1 1 0  

11,288 

27,631 

35 , 787 

27,0:0 

32,842 

3O,t56 

31,4;9 

3: ,361 

28,355 

19,Xl7 

18,159 

15,819 

21,071 

2 1  , 2 2 8  

l2,2i9 

2 2 , 3 5 5  

1d,57.: 

22,967 

*Large v a r i a t i o n  i n  tnickness (over 3 m i l s  from maximum p o i n t ) .  



Table 8-17. Reaults of Capleted Cells Lot C Wader 
Four-point 'histing 

Rela t i ve  Frac t b r e Fracture Minimum S t r e s s  Specimen D e f l e c t i o n  Force Thickness at Fa i 1 ur e ( i n . )  ( Ib)  ( i n . )  
TS 

(psi) 
No. 

CR- 1 9 . 4  0.0175 0 .123  27 , l i ' r  

CR-2 8 . 6  0.0177 0.120 24,294 

CR-3 11.4 0.01 75 0.145 32 , 944 

0.130 27,770 CR- 4 9 . 5  0.01 74 

CR-5 10.0 0.0170 0.135 30,623 

Cit-6 9 .2  0.01 70 0 .135  28,173 

CR- 7 12.6 0.01 73 0.157 37,258 

CR-8 11.5 0.01 73 0.167 34,005 

CR-9 11.3 0.01 7's 0.175 33,031 

. CR-IO 3.9 0.0170 0 .140  27,254 

CR-11 l P  2 0.0168 0.155 31,983 

CR-12 7.7 0.0173 0.125 22,769 

CR-13 - 5  0.01 77 0 .065  15,537 
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Table &18. Re8UltO of C a p l a t a d  Cells L o t  t Under 
Faurpoint M a t i n g  

Relative Fracture 
Deflect i o n  S t r e s s  

( i n . )  ( p s i )  

Fracture  Minimum 

at F a i l u r e  TS 
Thickness Specimen Force 

(lb) (in. 1 Nc . 

CR-14 

CR-15 
CR-16 
CR-17 
CR- 1 8 
CR-19 

CR-20 
CR-2 1 

CR-22 
CR-23 
CR-24 

CR-25 

CR-26 

CR-27 
CR-28 

9.5 
10.2 
10.5 
12.2 

11 .o 
10.7 

10.9 
,* 
,* 
7.3 

9.0 
12.1 

7.3 
10.5 
14.8 

0.01 72 
0.0171 
0.0178 

0.0174 

0.01 74 
0.0173 
0.01 67 

I 

0.0176 

0.0171 

0.01 70 

0.0180 

0.0177 
0.01 77 

0.115 
0.125 
0.123 

0.145 

0.123 

0.135 

0.137 
-- 
I 

0.103 

0.125 

0.178 

0.125 
0.145 

0.195 

28,419 

30,871 

29,329 
35,662 

32,154 

31,640 
34,589 

- 
20,856 
27,239 

37,054 
19,940 
29,br- 1 

41,806 

*Sample failed b e f o r e  test. 
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