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SUMMARY 

Bar specimens were c u t  from i n g o t s  of s i n g l e  c r y s t a l  s i l i c o n ,  and ac id-  

e t c h e d . p r i o r  t o  t e s t i n g .  A r t i f i c i a l  s u r f a c e  f laws were in t roduced  i n  spec i -  

mens by i n d e n t a t i o n  wi th  a  Knoop hardness  t e s t e r .  The specimens were loaded 

i n  four-point  bending t o  95% of the  nominal f r a c t u r e  s t r e s s ,  w h i l e  keeping 

t h e  s u r f a c e  a rea ,conta in ing  t h e  f law,  wet wi th  t e s t  l i q u i d s .  No evidence of 

delayed f r a c t u r e  , and, t h e r e f o r e  s t r e s s  co r ros ion , '  of s i n g l e  c r y s t a l  s i l i c o n  

was observed f o r  l i q u i d  environments i nc lud ing  water ,  ace tone  and aqueous 

s o l u t i o n s  of NaCR, NHt+OH, and HN03, when t e s t e d  wi th  a f law p a r a l l e l  t o  a  

(110) su r f ace .  The f r a c t u r e  toughness was c a l c u l a t e d  t o  be K = 0.591 x I C 
l o 6  N I A ~ I * .  
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DELAYED FRACTURE OF SILICON 

I. INTRODUCTION 

: .It, i s  recognized ' tha t  the  ' f r a c t u r e  behavior of most.' B r i t t l e ,  Mater ia ls  

is  markedly environment-sensit ive  ; f o r  example, delayed f r a c t u r e  ( s t a t i c  
:.. f a t igue) . -o f  ' a  b r i t t l e  element under imposed 'load '(and r e s i d u a l  stresses3 

.' may be caused,  by' s t r e s s  c'orrosion , o r , .  by 'adsorpt3on' of an a c t i v e  spec ies ,  
I 

and . the . r e su l . t ing  crack propagation. kn t h e  u s e ' o f . s u c h  elements i n  
. . . .  . s$s tems" requik-ing. s i g n i f i c a n t  s t r u c t u r a l .  performance.,. cons idera t ibn  of t h e  I - .  

- e f f e c t i  bf themical  envi.ron'ment on possible.  delayed f r a c t u r e  is o f  g r e a t  

- .  imp&tance. . '  

. . .. . . . ' 

The purpose of t h i s  s tudy was t o  i n v e s t i g a t e  the '  i i f e c t s  o f  s e v e r a l  en- 

viroliments on delayed f r a c t u r e  of s i n g l e  c r y s t a l  s i l i c o n .  ~ i l i c 6 n '  m a t e r i a l s  

a r e  rece iv ing i n t e n s i v e  study f o r  use i n  photovol ta ic  energy conversion 

systems. The ques t ion  of the s e n s i t i v i t y  of s i l i c o n  t o  stress corros ion 

wi th  atmospheric water ,  organic l i q u i d s ,  ac id  and a l k a l i n e  aqueous solu- 

t i o n s ,  f o r  ins t ance ,  has not  been previously-resolved,  and may we l l  be of I 
considerable importance f o r  the  design of f u l l - s c a l e  systems. I n  t h i s  in-  

v e s t i g a t i o n  ba r  specimens, cut  from s i n g l e  c r y s t a l  s i l i c o n ,  were t o  be sub- 

j ec ted  t o  s t a t i c  loading under s e v e r a l  se l ec ted  environments. 

I .  PRIOR WORK 
. . .. . 

. . ,-.Certain.enviro.ment.-sensitive.fracture . c h a r a c t e r i s t i c s  of ceramics g lasses ,  I 
and o the r  b r i t t l e  .. . . m a t e r i a l s  have been recognized f o r  maw years.  It is 

w e l l  known t h a t  delayed f r a c t u r e  of s i l i c a t e  g l a s s e s  and c r y s t a l l i n e  ceramics 

o f t e n  i s  explained by stress corros ion reac t ion  wi th  atmospheric water  s ince  

s i m i l a r  tests i n  vacuo o r  i n  completely dry  a i r  show an e l imina t ion  o r  reduc- 

t i o n  of delayed f rac tu re .  In  s t u d i e s  of delayed f r a c t u r e  of an alumina 

ceramic, Chen ,and Knapp [I] found t h a t  t h e  mean time t o  f r a c t u r e ,  of s t a t -  

ical ly-loaded specimens, was increased by about four  orders  of magnitude 

when the  specimens were t e s t e d  i n  dry argon r a t h e r  than i n  moist a i r  (50% 

r e l a t i v e  humidity). An experimental procedure was adapted by Wiederhorn [2 ]  

t o  measure the  propagation r a t e  of cracks i n  g l a s s  and ceramics; he reported I 
a thousand-fold inc rease  i n  crack propagation v e l o c i t y  a t  a g i v e n . s t r e s s  in- I 



lated properties, Westwood [3]  has found a correlation between the hard- 

ness and zeta-potential of a non-metallic solid in a liquid environment, 

.which indicates that the hardness is greatest when the zeta-potential is 

zero. Correspondingly, hardness is reported to be influenced by the pH 

of an aqueous environment. Westwood also explained the variation of hard- 

ness of a soda-lime-silicate glass in aqueous solutions by the variation of 

induced .surface potential. In addition, correlations are made [3] between 

the drilling- rate and machining rates of non-metallic solids and the zeta- 

potential. The use of alcohols, in connection with the drilling or 

machining of ceramics and rocks, has been found advantageous and is ex- 

plained in terms of their effect on the zeta-potential. The effect of . 

straigth chain organic alcohols and alkanes on crack propagation in various 

glasses also was studied by Freiman [ 4 ] .  

From the general aspects of environment-sensitive fracture, it can be 

assumed that surface-active environments will have little or no effect on 

the propagation of fast moving cracks in ceramic solids, but can be expected 

to influence greatly the propagation rate of slowly moving cracks. If the 

propagation rate is increased by. an active environment, the effect usually 

is associated with (i) a stress corrosion process in which the stress en- 

hances the rate of corrosion at the crack tip relative to the sides, thus 

sharpening and deepening the crack, and/or with (ii) a lowering of the sur- 

face free energy by the adsorption of an active species, which reduces ,the 

energy contribution during fracture associated with new surface (Rebinder 

effect [ 5 ] ) .  In the case of ceramics, the result of most prior studies 

have been explained best by assuming a stress corrosion process, but not 

all prior results can be understood i,n terms of this model. 

In the case of single crystal silicon, no prior investigations of delayed 

fracture are known to the authors.. Jaccodine [8] has measured the fractured 

energy of silicon in the (111) planes, and has estimated values for the 

(100) and (110) planes. 

111. EXPERMENTAL PROCEDURES 

Specimens 

The specimens used in this study were rectangular bars of single crystal 

silicon, approximately 2.54 cm x 0.30 cm x 0.20 cm in size. The specimens 

were cut, using a diamond saw (O.D. type), from ingots of single crystal 



s i l i c o n ,  grown in-house a t  JPL by t h e  Czochra lsk i  method, and mostly 

o r i e n t e d  a s  shown i n  Figure 1. A s m a l l e r  number of  specimens were t e s t e d  

w i t h  the(100)surEace i n  t ens ion .  The s u r f a c e s  of t h e  specimens were t r e a t -  

e d ,  p r i o r  t o  l o a d - t e s t i n g ,  by e t c h i n g  i n  an aqueous s o l u t i o n  comprised of  

HN03 (15.8N), HF (28.8N), and HC2H302 (17.5N), i n  t h e  p ropor t i ons  1:2:3,  

f o r  1 . 0  minute a t  room temperature .  I n  c e r t a i n  specimens, an a r t i f i c i a l  

f l aw  was in t roduced  i n  t h e  mid-point of a  t e n s i l e  s u r f a c e ,  fo l lowing  t h e  

method of P e t r o v i c  and Mendi ra t ta  [9], wi th  a  Knoop ha rdnes s - t e s t i ng  i n -  

den to r .  Figure 1 g ives  a  schematic  r e p r e s e n t a t i o n  of t h e  l o c a t i o n  and 

o r i e n t a t i o n  of a  c rack  produced by Knoop-indentation; when a  lOOg load  i s  

used; t h e  c h a r a c t e r i s t i c  l e n g t h  of t h e  major axis o f  t h e  c r ack  ranges  from 

40-60pm.. The i n d e n t a t i o n  is always made i n  t h e  s u r f a c e  t o  be  under t e n s i l e  

stress, wi th  t h e  major a x i s  of t h e  c r ack  normal t o  t h e  d i r e c t i o n  of t e n s i l e  

s t r e s s .  

'Load- tes t i n g  

(1)  S h o r t ,  t ime lea-ding 

3p.ecimens bo th  wi th  and wi thout  i n d e n t i a t i o n s  were loaded i n  t h i s ,  p a r t  

of  .the exper imenta t ion ,  u s i n g  a  four -poin t  bending test  f i x t u r e  

. . (F igure  2 ) ,  wi th  an I n s t r o n  mechanical t e s t i n g  machine. The l o a d i n g  

r a t e  was O.OOS"/min. De f l ec t i ons  under l o a d i n g  were recorded .  

(2) Delayed f r a c t u r e  

.Only indented  specimens were used ,  f o r  delayed f r a c t u r e  t e s t i n g ,  w i t h  

a. modif ied four-point  bending t e s t  f i x t u r e  (F igure  3 ) .  A c o n s t a n t  

l o a d ,  corresponding t o  95% of  t he ' nomina l  f r a c t u r e  s t r e s s  f o r  s h o r t  

t ime load ing ,  was app l i ed  f o r  d u r a t i o n s  up t o  two weeks..  During load-  

i n g ,  t h e . s u r f a c e  r eg ions  o f , t h e  specimen c o n t a i n i n g  t h e  indentor-pro-  

..I . . . .  
duced c r ack  was kept  wet w i t h  a  test l i q u i d  by means of a t i s s u e  wick,  

a s  shoyn i n  F igure  3 . .  A t iming c l o c k ,  a c t u a t e d  by a  c o n t a c t  micro- 

swi t ch ,  monitored t h e  t i m e  under load .  

(3) Incremental  l oad ing  

With c e r t a i n  specimens, a  long pe r iod  (more t han  one week) of  s t a t i c  

load ing  ( a t  95% of t he  nominal f r a c t u r e  s t r e s s )  t r a n s p i r e d  w i thou t  

f a i l u r e .To  a t tempt  t o  o b t a i n  f a i l u r e  d a t a  on incrementa l  l o a d i n g  pro- . , 

_ .- , cedure was i n i t i a t e d  by a  load  producing 80% o f  t h e  nominal f r a c t u r e  

* Specimens were prepared and supp l i ed  by C.P. Chen, of t h e  Jet 
Propuls ion  Laboratory.  



Figure 1 .  Schematic representat ion  of a s i l i c o n  specimen 
with a Knoop i n d e n t a t i o n .  



Figure 2 .  The test f i x t u r e  used f o r  shor t  
time loadings .  



Figure 3 .  me f i x t u r e  used for delayed fracture t e s t i n g .  



stress, followed by additional loads of 2.5% of the nominal fracture 

stress each 24 hours thereafter. This type of loading was used in an 
. . 

effort to ca;ise delayed fracture by increasing the level of stress. 
.. . , . " .  

E:cviron~~!e~~ral c ~ n d i t i o ~  - 
As merltioned above, test liquids were applied to surface regions, con- 

taining artificial flaws, 0-f specimens tested for delayed fracture, using 

.wicks. Liquids used for this testing were: distilled water, aqueous so- .. . 
lution of NaC!L(lOg/l), NHcOH(1.75M), HN03(2.76M), and acetone. All load- 

testing was conducted at room te~perature. 
. 

IV. EXPERIMENTAL RESULTS . . 

(-1) - Short. time loading 

Fracture stress data, under short time loading, were obtained for 

specimens with artificial surface flaws (produced by Knoop inden- 
. . 

tation), and for specimens without artificial surface flaws. The 

results for ten specimens without indentations are given in Table 

I and Figure 4, and indicate. a mean modulus of rupture of 190.2 w/m2 

(27,580 psi), with a highest value of 281.9 MN/m2 (40,890 psi), a 

lowest value of 133.8 klPJ/m2 (19,400 psi), and a standard deviation of 

240.1 M N / ~ ~  (5813 psi), or coefficient of variation of 21%. A typical 

fracture pattern for these specimens (without indentations) is shown 

in Figure 5. 

Fracture stress results for thirteen specimens with artificial surface 

flaws (indented with a Knoop tester) are given in Table I1 and Figure 

6. Modulus of rupture values for indented specimens indicate a mean 

of 104.7 M N / ~ ~  (15,190 psi), a high of 116.5 MN/m2 (16,890 psi), a 

low of 89.4 MN/m2 (12,970 psi) and a standard deviation of 27.2 MN/~* 

(1038 psi), or coefficient of variation of 6.8%. A typical fracture 

surface for indented specimens is shown in Figure 7. 

(2) Delayed fracture tests 

No significant evidence of delayed fracture was obtained.for any of 

the specimens tested in this study. All specimens were indented before 

load-testing. Eleven specimens in contact with liquid water were 

loaded to 95% of the nominal (short time) fracture stress; although 

five of these specimen fractured immediately, upon application of the 



TABLE I 

Rank 

Fracture Stress of.Silicon Specimens without 
Indentations under Short Time Loading 

Fracture Stress 
Cumulative Fracture 

probability ' 

MN 
Mean = 190.18 ;;;r (27,583 psi) 

Standard deviation = 40.08 MN ( 5,813 psi) 2 



Frac  
P r o b a b i  

t u r e  
l i t y  

A p p l i e d  S t r e s s  

F i g u r e  4 .  F r a c t u r e  p r o b a b i l i t y  of s p e c i m e n s  w i t h o u t  i n d e n t a t i o n s  
u n d e r  s h o r t  t i m e  l o a d i n g .  



FIGURE 5. A typ ica l  fracture surface of a specimen, 
without an indentation,  under short  time 
loading. 



TABLE 11 

Fracture Stress of Silicon Specimens with 
Indentations under Short Time Loading 

Cumulative Fracture 
Rank Fracture Stress probability 

(0 (psi) (kiN/m2 ) (ill+N) 

MN Mean = 104.70 (15,186 psi) 

rn Standard deviation = 7.16 - ( 1,038 psi) 
mz 



Fracture 
Probability = 



FIGURE 7. A typical  fracture surface of a specimen, 
with an indentation, under a short t i m e  
loading. 



load, the balance of the specimens continued to  support the  laad 

a f t e r  a period of two weeks. It was found tha t  small vibrat ions ,  

such a s  those produced by ja r r ing  the t e s t  s tand,  caused immediate 

f rac ture  of some specimens. 

In addit ion,  the several  specimens tes ted each i n  contact w i t h  s a l t  

water, d i l u t e  solut ions  of NHt,OH and HN03, and acetone, shared no 

indication of delayed fracture ,  and, therefore,  no s t r e s s  corrosion. 

(3) Incremental loading t e s t s  

Results for  the incremental loading of ten indented specimens i n  con- 

t a c t  with water a r e  given i n  Table 111 and Figure 6,  and indicate  a 

mean modulus of rupture of 109.5 bfIi/m2 (15,890 ps i ) ,  high and low 

values of 153.5 M N / ~ '  (22,260 ps i )  and 85.8 MN/m2 (12,450 ps i )  re- 

spect ively,  a standard deviation of f17.9 MN/mZ (2,600 p s i ) ,  or  co- 

e f f i c i e n t  of var ia t ion of 16%. It may be noted that  these r e s u l t s  

a r e  similar to  those obtained for  shor t  time loading of indented 

specimens (Table 11). 

DISCUSSION OF THE RESULTS 

It was concluded, from these r e s u l t s ,  tha t  no delayed fracture  of s ing le  

c rys t a l  s i l i c o n  occurs, under an applied s t r e s s  of 95% of the  nominal 

f rac ture  (short time) s t r e s s ,  fo r  periods of two weeks i n  l iqu id  environ- 

ments including water, acetone, and aqueous solut ions  of NaCQ, NHrOH and 

RN03. L i t t l e ,  or  no, s t r e s s  corrosion appears t o  occur i n  such periods of 

study. It is in te res t ing  t o  compare the f rac ture  probabi l i ty  curves 

(Figure 6) fo r  short  time loading, and f o r  incremental loading (over ex- 

tended time periods) of specimens wetted with water. These curves a r e  

qu i te  s imi la r ,  and there  is no evidence of a s t r e s s  corrosion e f fec t  due 

t o  water. 

It is of addi t ional  i n t e r e s t  t o  note cer ta in  f rac ture  charac te r i s i tcs  of 

s ing le  c rys t a l  s i l i con ,  especial ly  i n  regards t o  t h e  use of a Knoop in- 

dentor t o  introduce a r t i f i c i a l  cracks. The data  f o r  shor t  time loading 

indicate ,  as may be expected, t ha t  the standard deviation of f rac ture  

stress is considerably reduced by introducing controlled a r t i f i c i a l  cracks 

with a Knoop indentor. The f rac ture  surfaces of specimens show d i s t i n c t i v e  



TABLE I11 

Fracture Stress of S i l i c o n  Specimens with Indendations 
under Incremental Loading with a Water Environment 

X of nominal Cumulative Fracture 
Rank Fracture Stress  fracture probability 

MN Mean = 109.33 7 (15,886 p s i )  

MN Standard deviation = 17.91 ( 2,597 p s i )  



charac te r i s t ics  f o r  specimens with, and without, indentations. A Knoop 

indentation ~ roduces  a crack with a c i rcu la r  leading edge, a s  may be 

seen i n  Figure 8. 

'he  experimental data for  short  time load t e s t i ng  can be used to  calcu- 

l a t e  the f rac ture  toughness (KIC) of s ing le  c rys t a l  s i l i con ,  using the 

following re la t ion  of Petrovic e t  a1  [lo]: 

where oc is the maximum outer-fiber t e n s i l e  s t r e s s ,  M is a numerical 

fac tor  re la ted to  flaw and specimen geometry, a is the flaw depth, and 

Q i s  given by 

Qk ./:it28 + * cos 2 %  81 dB 

0 

'5 where Q is the e l l i p t i c  in tegra l .  For a typical  indented specimen 

(specimen 814, Fig. 9) the values of 

Q' = 1:6 
-6 a = 22.1 x 10 m 

c = 21.0 x 1 0 - ~ m  (major axis  of the  indentation) 

were obtained, leading t o  a calculat ion of the f rac ture  toughness 

The Young's modulus of e l a s t i c i t y  (E) f o r  s ing le  c rys t a l  s i l i con  was cal- 

culated, from the data f o r  shor t  time loadings, t o  be 

4 6 E = 8.96 x 10 M?4/rn2 (13 x 10 p s i )  

It is f e l t  t ha t  the above value is lower than the t r u e  value, because t h e  

displacement under load was taken a s  the crosshead displacement of t he  

tes t ing  machine. 

Examination of a number of fractured specimens confirmed t h a t  the  plane of 

f rac ture  was (111) i n  each case. Most specimens were loaded against  t he  

(110) surfaces,  a s  shown i n  Figure 10.4, whereas cer ta in  specimens were 



Figure 8. Schematic representation of a Knoop indentation 
and the corresponding circular crack. 



FIGURE 5 ) .  A semicircular crack produced by Knoop 
indentation. 



Figure 10. Schematic representation of the 
fracture planes (111) from loading 
on (A) (110). and (B) (100) surfaces. 



loaded a g a i n s t  t h e  (100) s u r f a c e s  (F igure  10B); f r a c t u r e  followed (111) 

p l anes  i n  both types  o f  load ing .  . 

' 

It was concluded, from t h e  results of t h i s  s t u d y ,  t h a t  

(1) t h e r e  i s  no ev idence  of  delayed f r a c t u r e  (and stress co r ros ion )  of 

s i n g l e  c r y s t a l  s i l i c o n  on l i q u i d  environments i n c l u d i n g , w a t e r ,  ace-  

t one ,  and aqueous s o l u t i o n s  of NaCL, NHbOH and HN03 when t e s t e d  w i t h  

a f law p a r a l l e l  t o  a (110) s u r f a c e .  

( 2 )  t h e  f r a c t u r e  toughness ,of s i l i c o n ,  is c a l c u l a t e d  
312 

t o  be  KIC = 0.591 x 10' N/m 

(3)  f r a c t u r e . o c c u r s  most r e a d i l y  a long  (111) p l a n e s ,  a s  shown by tests w i t h  

specimens of d i f f e r e n t  o r i e n t a t i o n s .  

V I I .  RECOMMENDATIONS FOR FUTURE WORK 

(1) Although no evidence of delayed f r a c t u r e ,  and,  t h e r e f o r e  stress co r ro -  

s i o n ,  was observed f o r  t h e  environmental  i n f l u e n c e s ' o f  t h i s  s t u d y ,  i t  

seems l i k e l y  t h a t  c o r r o s i v e  l i q u i d s  f o r  s i l i c o n  remain t o  be i d e n t i -  

f i e d .  Addi t iona l  l i q u i d s ,  such a s  o t h e r  'organic  l i q u i d s ,  a c i d s  and 

a l k a l i s  should be  eva lua t ed .  

(2)  The f r a c t u r e  o f  s i l i c o n  under s e v e r a l  stress states, inc lud ing  com- 

p re s s ion ,  and combined stress, should be  s t u d i e d .  p o s s i b l e  types  o f  

load ing  may inc lude  ' t ha t  producing t w i s t i n g ,  and one developing 

e q u i b i a x i a l  t ens ion .  . . 

(3) The ' i n f l uence  of f law o r i e n t a t i o n  on t h e  f r a c t u r e  of  s i l i c o n  is  a  
. , 

s t u d y  t o p i c  of importance. 

(4) The f r a c t u r e  of s i l i c o n  over  a  range  of t empera tures  should be  i n v e s t i -  

ga ted .  
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