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The Strength of the Silicon Die
in Flip-Chip Assemblies
The mechanical reliability of silicon dies is affected by the defects introduced by su
grinding and edge dicing. The ring-on-ring and the four-point-bend test have been us
this study to separate the distribution in strength for these two types of defect. A
probabilities of failure, it is the ‘‘strength’’ of the edge defects that dominate the reliabi
However, if the edges of the die are only lightly stressed compared with the surface
defects are unlikely to cause fracture. In this case the use of the four-point-bend
which is sensitive to both edge and surface defects, will result in an underestimate
reliability and if only one test is to be performed the ring-on-ring test is preferable to
four-point-bend test. Generally, for a full reliability estimate, the distributions of b
types of defect need to be determined.@DOI: 10.1115/1.1535934#
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Introduction
Underfill is used in flip chips with organic substrates to redu

the shear on the solder balls and consequent fatigue under the
cycling. The substrate is mechanically linked to the die and
thermal mismatch causes bending of the silicon die. The dem
for larger die sizes leads to higher stresses, which may caus
cracking @1#. As far as mechanical reliability is concerned on
surface or edge defects are significant. Die cracks can initiat
surface grinding defects in the tension backside of the die at e
dicing defects@1,2# or at divots produced by the pins, which sep
rate the backside of the die from the film-mounted diced wa
@3#. In this paper only grinding and dicing defects are consider
Cracks from surface defects propagate from the backside of
die towards the printed circuit board under the action of the be
ing stress~see Fig. 1~a!!. As these cracks approach the oppos
compression face of the die they may turn to propagate along
die. The edge of the die is virtually free from bending stresses
a transverse tensile stress, enhanced by the corner of the fill
the underfill, can cause the initiation of a crack, which is likely
turn, after propagating a short distance, towards the backsid
the die@1# as shown in Fig. 1~b!.

The cleavage planes with the lowest fracture toughness in
con are the$111% planes whereKIc50.82 MPAAm, but the frac-
ture toughness is not that much greater on the$001% planes where
KIc50.90 MPaAm @4#. The surfaces of silicon wafers are$001%
planes so that cracking from its surface is most likely if the ma
mum stress is in â110& direction. The stress acting across a$111%
is at most half the in-plane stress. Hence it is not surprising
fractures initiated on a free$001% surface stressed in â110& di-
rection initially propagate on a$110% plane normal to the$001%
surface and only kink out of that plane into a$111% surface after
propagating some distance into the specimen@4#.

Die cracking depends upon both the stress and the size o
defect. There is no one value that can be assigned to the stre
of the die but only a probability of fracture which relates to t
chance of finding a critical defect at any stress level. The statis
of fracture of brittle materials was first established by@5#; more
recently it has been reinterpreted in terms of fracture mecha
and flaw sizes@6#, but in practice one can still talk of a ‘‘strength
of a flaw or defect. A favorite test geometry to determine t
‘‘strength’’ distribution of defects is the four-point-bend~see Fig.
2!. However, in the usual Weibull analysis no distinction is ma
between the type of defects present in this geometry. The
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chanical reliability of a silicon die in a flip-chip assembly depen
upon both the surface defects due to the grinding of the wafer
the edge defects introduced by dicing the wafer into the dies. H
both the ‘‘strength’’ distribution of the surface and edge defe
are considered and a method of separating the distributions o
surface grinding and edge dicing defects by performing two se
of tests presented. With this knowledge the effect of the grind
and dicing machining parameters on reliability can be determin
The two tests chosen are the ring-on-ring test~see Fig. 3! which is
a quasi axisymmetric equivalent of the four-point-bend test
which there are no stressed edges so that the strength is d
mined by the surface defects alone, and the four-point-bend
whose strength is determined by both edge and surface def
The strategy is to find the probability ‘‘strength’’ distribution o
the surface flaws from the ring-on-ring test and then to analyze
strength distribution of the four-point-bend test using t
‘‘strength’’ distribution of the surface flaws to enable the probab
ity ‘‘strength’’ distribution of the edge flaws to be separated fro
the total strength distribution.

in

Fig. 1 Silicon die cracks in flip chip assemblies— „a… cracks
from surface defects, „b… cracks from edge defects

Fig. 2 The four-point-bend test
2003 by ASME Transactions of the ASME
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Weibull Strength Distribution
Using an exponential distribution for the risk of ruptur

Weibull @5# derived a probability of fracture,P(V), given by

P~V!512exp2E
V
~s/s0!mrdV (1)

wherem is the Weibull modulus,s0 is a reference stress,r is the
density of the defects, andV is the volume, area, or length de
pending on the whether the significant defects are distribute
the body, surface, or edge of the specimen. The Weibull distr
tion has stood the test of time and is the best available. Only
parameters define the Weibull distribution since it isr/s0

m that can
be determined from strength tests and notr ands0 separately. In
order to simplify the numerical analysis, we normalize the str
by the mean fracture strength,sm , of the sample ofN specimens
given by

sm5(
1

N E
V
s

dV

V
(2)

The Weibull strength distribution can then be written as

P~V!512exp2E
V
l~s/sm!mdV/V (3)

where it can be shown that by definition

l5rVS sm

s0
D m

5@G~111/m!#m (4)

G being the gamma function. Eq.~3! is the basic equation used i
this paper. The mean fracture strength depends upon the siz
the specimen sincer and s0 are size independent. Therefore,
sm0 is the mean strength of a reference specimen whose ‘‘
ume’’ is V0 , then the mean fracture strength,sm , for a specimen
whose ‘‘volume’’ is V is given by

sm5sm0S V0

V D 1/m

(5)

This expression predicts the size dependence of the mean s
reasonably accurately if the difference in ‘‘volume’’ is small, b
becomes inaccurate for very large differences. There are a nu
of ways of determining the Weibull modulus from experimen
results. If the stress is constant, as it is for the four-point-b
geometry1 or a linear function of load, the probability of fracture
P, is usually obtained from a ranking of the fracture strengths. T
probability of fracture is then assumed to be uniformly distribu
over the test results. There are various expressions for the p

1The bending stress outside of the inner span in the four-point-bend test decr
linearly to zero at the outside supports. The probability of fracture decreases
much more rapidly, sincem@1, and the likelihood of fracture outside of the inne
span is usually neglected.

Fig. 3 The ring-on-ring test
Journal of Electronic Packaging
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ability as a function of the rank. The one that is consistent with
maximum likelihood method described in the forthcoming is th
the probability of thei th ranking fracture load,Fi , in a test series
of N is given by

Pi5
i

N11
(6)

The Weibull modulus,m, can then be found from the slope of
plot of ln(ln(1/(1-P)) versus ln(s). However, in our case the de
flection in the ring-on-ring test is large and the stresses are n
linear. Also this simple technique cannot be used to separate
effect of surface from edge defects in the four-point-bend test
this paper the maximum likelihood method is used to determ
the Weibull modulus@7#. The method can be most easily appre
ated if the stress is constant over the defects. The likelihood,L, of
all obtaining the fracture stresses,s i , in a test series can be writ
ten in terms of the probability density function,p(s/sm), which
is given by

p~s/sm!5
dP

d~s/sm!
5FmlE

V
S s

sm
D m21 dV

V G
3Fexp2lE

V
S s

sm
D m dV

V G (7)

The likelihood of all the fracture strengths occurring,L, is

L5p1p2 ................pN (8)

The best value ofm is that which maximizes the likelihood,L.
No matter how many specimens are tested they are on

sample of the population. There is no bias in the mean stren
that is the sample mean is the best estimate of the popula
mean. However, the Weibull modulus,m, of the sample is biased
and is always larger than the population modulusmp @7–10#.
Monte Carlo computer experiments, where it is assumed that
population is exactly modeled by a Weibull distribution, ha
been programmed to calculate the most probable popula
Weibull modulus, and the standard deviations of that modulus
the mean strength~see Appendix A!.

Fracture Tests on Silicon Dies
The inner and outer diameters in the ring test were 9.5 and 1

mm, respectively, and for the four-point-bend test the inner a
outer spans were 9.6 and 20 mm, respectively. The two set
specimens for the ring-on-ring and four-point-bend tests were
from the same batch of commercial silicon wafers, which we
0.481 mm thick. There were 127 specimens in both sets.
specimens were diced, using commercial die dicing equipm
with their sides on$110% planes. The set used in the ring-on-rin
tests was 25 mm square and the width for four-point-bend t
7.37 mm, was chosen so that the test areas in both sets wer
same and no correction for specimen size need be made.
protective plastic was removed and attached to the compres
passivation side to enable the fracture fragments to be prese
This procedure does not affect the fracture process.

Since the placement of the square specimens used in the
on-ring tests affects the stress distribution, a template was use
ensure accurate alignment. Both sets of specimen were test
an Instron 5543 testing machine with a crosshead speed of
mm/min at ambient temperature~'25°C!.

Cracks in the ring-on-ring tests formed in the^110& directions
parallel to the sides of the specimen. In the four-point-bend te
the cracks formed across the specimens in the^110& direction.

Analysis of the Ring-on-Ring Tests
The deflection was nonlinear because of the membrane stiff

and a finite element analysis was performed which also took
count of the orthotropic nature of the silicon~see Appendix B!.
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The maximum normal surface stresses in the^110& have been
expressed by a third order polynomial of the applied load~see
Appendix B!.

The cracks initiate in the surface so that the integrals are ta
over the tensile surface,A, within the inner ring. The mean frac
ture strength,sms, was obtained by numerically integrating th
stresses overA and taking the average according to Eq.~2!.2 The
probability density functionp(F) for fracture at a loadF can be
written as

p~F !5FmslsE
A
S s

sms
D ms21 ]~s/sms!

]F

dA

A G
3Fexp2lsE

A
S s

sms
D ms dA

A G (9)

The value of the Weibull modulus that maximizes the likeliho
of the experimental results is found numerically. The sam
modulus,ms , and mean strength,sms are given in Table 1, which
also contains the population values,ms

p , sms
p , and their standard

deviations obtained by use of the Monte Carlo method~see
Appendix A!.

Analysis of the Four-Point-Bend Tests
The membrane stress developed in the four-point-bend te

insignificant, thus the stress is a linear function of the load and
be found from simple bending theory. Since the four-point-be
specimens were obtained from the same batch of wafers as
ring-on-ring specimens, it is assumed that the best estimate o
probability of fracture from surface flaws is given by

Ps512exp2ls
pS s

sms
p D ms

p

(10)

The probability of fracture from an edge flaw is given by

Pe512exp2leS s

sme
D me

(11)

Hence the probability of fracture in the four-point-bend test fro
either a surface or edge defect is given by

P512exp2Flms
p S s

sms
p D ms

p

1leS s

sme
D meG (12)

The probability density function for fracture as a function of t
stress normalized by the mean ‘‘strength’’ of both surface a
edge defects,sm , is given by

pS s

sm
D5Fls

pms
pS s

sm
D ms

p
21S sm

sms
p D ms

p

1lemeS s

sm
D me21S sm

sme
D meG

3exp2H ls
pF S s

sm
D S sm

p

sms
p D Gms

p

1leF S s

sm
D S sm

sme
D GmeJ

(13)

2The subscripts is used to indicate that fracture initiates from a surface defect
e for a fracture initiating from an edge flaw.

Table 1 The Weibull parameters for surface defects in the
ring-on-ring test

ms ss ~MPa!

mean
standard
deviation mean

standard
deviation

Sample of 127 8.18 - 288 -
Population 8.10 0.56 288 3.8
116 Õ Vol. 125, MARCH 2003
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The unknown parameters in Eq.~13! are the Weibull modulus for
the edge defects,me , and the mean strength of the edge defec
sme. By definition, the mean of the normalized stress,s/sm , is
equal to one. Thus

S s

sm
D

m

5E
0

`S s

sm
D pS s

sm
DdS s

sm
D51 (14)

and

E
0

`S s

sm
D pS s

sm
DdS s

sm
D

5E
0

`H ls
pms

pF S s

sm
D S sm

sms
p D Gms

p

1lemeF S s

sm
D S sm

sme
D GmeJ

3exp2H ls
pF S s

sm
D S sm

sms
p D Gms

p

1leF S s

sm
D S sm

sme
D GmeJ dS s

sm
D (15)

The best fit to the experimental results is obtained by maximiz
the likelihood given by Eq.~8! with the extra condition given by
Eqs. ~14! and ~15!. The values for the Weibull modulus,me
and the mean ‘‘strength,’’sme, of the edge defects are show
in Table 2 together with the population values,me

p , sme
p , and

their standard deviations found from computer experiments~see
Appendix A!.

Discussion of Results
The probability of fracture is not explicitly calculated when th

maximum likelihood method is used to evaluate the Weib
modulus. However, to enable the quality of the fit to the expe
mental method, the probability of fracture obtained by ranking
fracture loads and using Eq.~6! has been calculated. In Fig. 4 th
probability of fracture as a function of the fracture strength, n
malized by the mean fracture strength, for the ring-on-ring tes

ndFig. 4 The probability of fracture from surface defects in the
ring-on-ring test

Table 2 The Weibull parameters for edge defects in the four-
point-bend test

me se ~MPa!

mean
standard
deviation mean

standard
deviation

Sample of 127 3.20 - 314 -
Population 3.19 0.23 314 9.5
Transactions of the ASME
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compared with the Weibull distribution using the parameters
tained by the method of maximum likelihood. The fit is excelle
The Weibull modulus for the sample of 127 specimens was 8
Correcting for the bias in taking samples gives 8.10 as the b
estimate of the population Weibull modulus for surface defec
The mean fracture strength is 288 MPa.

Using the population Weibull modulus for service defects w
the Weibull modulus of the edge defect as an independent vari
with the mean fracture ‘‘strength’’ as a dependent variable,
best estimate has been obtained by the maximum likelih
method from the four-point-bend tests. Using Eq.~12! to estimate
the probability of fracture in the four-point-bend test from bo
surface and edge defects, Fig. 5 has been constructed to allow
goodness of fit with the experiment results, using Eq. 6, to
appreciated. Though the fit is not as good as that for the ring-
ring test, it is reasonably good giving confidence in the meth
used to separate the two distributions. Again the populat
Weibull modulus has been estimated from the value for
sample of 127 specimens. The population Weibull modulus, 3
for the edge defects is much smaller, than that for surface defe
and the mean fracture ‘‘strength,’’ 314MPa is significantly high
The population probability of fracture from surface, edge, a
combined defects in the four-point-bend test are shown in Fig
the experimental results are also compared with the popula
probability of fracture in this figure. What is observed is that f
low probability of fracture~high reliability!, which is the area of
interest to the microelectronics industry, it is the edge dicing
fects that control the reliability. On the other hand at high pro
abilities of fracture~low reliability! it is the surface defects tha
dominate. The low Weibull modulus combined with the hig

Fig. 5 The probability of fracture in the four-point-bend test

Fig. 6 The best estimates of the population probability of frac-
ture for the four-point-bend test
Journal of Electronic Packaging
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mean fracture ‘‘strength’’ of the edge defects implies that the ed
dicing defects are in the form of a few large defects, one su
dicing defect is shown in Fig. 7, which occasionally cause ve
low strength. This conclusion from the statistical analysis is
agreement with SEM observations of the fracture surfaces wh
it was seen that the low stress fractures initiated at edge def
and the high stress fractures at surface defects.

Although it is fully realised that the silicon die in flip chips i
far from uniformly stressed, the probability of fracture of un
formly stressed hypothetical 5 and 20 mm square silicon die
estimated in Fig. 8. Table 3 shows the effect of size on the m
defect ‘‘strengths,’’ which have been calculated using Eq.~5!. For
a given reliability, the allowable stress is reduced as the size of
silicon die increases. There is little difference in the relative im
portance of surface and edge defects because, though the
increases as the square of the die size whereas the edge lin
with size, the Weibull modulus for edge defects is much sma
than that for the surface defects and the two effects work aga
each other.

Fig. 7 A large edge defect caused by dicing

Fig. 8 The size effect on the probability of fracture of a hypo-
thetical uniformly stressed silicon die

Table 3 Size effect on mean strength of hypothetical silicon
dies

Die size
~mm!

Mean die strength
~MPa!

Mean surface strength
~MPa!

Mean edge strength
~MPa!

20 203 233 250
5 295 327 385
MARCH 2003, Vol. 125 Õ 117



o

l
u
i
g

n

t

b

o

n
t
u
l

0

n
t

t
i

,

,

ents
odes

tiff-

two

the
mal
i-
no
f 8,
ate
en-

linear
r-
s in

ls
ced

n

Conclusions
The ring-on-ring test enables the distribution in ‘‘strength’’

surface defects to be determined. In the four-point-bend test f
tures can initiate either from a surface or edge defect. A metho
presented where the two distributions can be separated if the
tribution for surface defects is known.

Surface grinding and edge dicing defects have very differ
distributions. If the edge of the die in a flip chip is significant
stressed then edge defects must be considered as well as s
ones and control the probability of fracture in the high reliabil
range. On the other hand, as is more likely, the stresses alon
edges of the die in a flip chip assembly are low, and then
four-point bend test alone will not give an accurate assessme
the probability of fracture. In this case the reliability assess
using only the four-point-bend test to estimate the probability
fracture will be very conservative at high levels of reliability. Th
ring-on-ring test is to be preferred in this case if only a single t
is to be used.

For an accurate assessment of the reliability of the die, i
necessary to obtain both the distributions for surface and e
defects from ring-on-ring and four-point-bend tests. The proba
ity of fracture can then be estimated by integrating over both
surface and the edge making full allowance for the effect of s
on the mean strengths.

Appendix A: Monte Carlo Computer Experiments to
Determine the Population Weibull Modulus and the
Standard Deviations

The specimen is assumed to be uniformly stressed with a p
lation probability of fracture given by

P512exp2lS s

sm
p D mp

(16)

The computer program is used to generate results for samplesN
tests. TheN probabilities of fracture are chosen by generati
random numbers between 0 and 1. The normalized fracture s
is calculated from these probabilities. The method of maxim
likelihood is then used to calculate the sample Weibull modu
m, and the mean of the samples/sm which are different to the
population values. This computer experiment is performed 10,
times and the average and standard deviation ofm and s/sm
determined. The average value ofs/sm is unity, but the average
value ofm is greater thanmp. However, from the real experiment
it is m that is known notmp. Therefore, the most likely populatio
Weibull modulus has to be found by iteration. For the first run i
assumed that the population Weibull modulus is the experime
one. The expected experimental modulus is then found. The
ference between the actual and the expected experimental m
lus is then used to correct the assumed population Weibull mo
lus and the program is run again. This iterative process conve
very quickly.

The difference between the population and the best estima
the sample Weibull modulus for a sample of 127 is only sign
cant if the modulus is small. The population and sample Weib
moduli are given in Tables 1 and 2.

Appendix B: Finite Element Analysis for the Ring-on-
Ring Test

In a ring-on-ring test the deflections are large enough to ca
the development of significant membrane stress and the stre
are consequently non-linear. The stress inside the inner ring is
exactly uniform for three reasons: the stresses are nonlinear
outside edge is square, and the silicon is crystalline and ortho
pic. A finite element analysis, using ABAQUS, has been used
determine the surface stresses within the inner ring.

The silicon die is oriented with its surface on a$001% crystal
plane while the two edges are^110& directions. Due to symmetry
118 Õ Vol. 125, MARCH 2003
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only one-eighth of the square specimen is modeled. Four elem
are used through the thickness. Altogether there are 3369 n
for 640 second-order elements~see Fig. 9!. Orthotropic elastic
properties of silicon crystal are used in the computation. The s
ness matrix for the stress-strain relationship is@11#

F s11

s22

s33

s12

s13

s23

G53
194.4 35.2 194.4 0 0 0

35.2 194.4 63.9 0 0 0

194.4 63.9 165.7 0 0 0

0 0 0 50.9 0 0

0 0 0 0 79.6 0

0 0 0 0 0 79.6

4 F
«11

«22

«33

«12

«13

«23

G (17)

where the moduli are in GPa. Subscripts 1 and 2 are along
^110& edges on the$001% surface and direction 3 is along the^100&
direction, perpendicular to the surface$001%.

The stresses become more and more nonuniform within
inner ring as the load increases. The maximum of the nor
stresses is along thê110& axis under the inner ring and the min
mum is at the center. The ratio of the maximum to minimum is
more than 1.08; but when that is raised to a Weibull modulus o
it represents a ratio of 1.85 which is quite significant. To valid
the FEA the predicted deflection was compared to the experim
tal deflection.

Because the deflections are large the stresses are a non
function of the applied load,F. To enable the stresses to be inco
porated into the statistics program, the maximum normal stres
a ^110& direction has been fitted to a third-order polynomial

s~r ,u!5C1~r ,u!1C2~r ,u!F1C2~r ,u!F21C3~r ,u!F3 (18)

at 17 equally spaced intervals inu and 17 equally spaced interva
in r along odd numbered radial lines and nine equally spa
intervals along even numbered radial lines~see Fig. 9!. A third-
order polynomial gives a very good fit~error less than 0.4%! to
the finite element results for the range of the experiments.

Nomenclature

C1 ,C2 ,C3 ,C4 5 coefficients for 3rd-order polynomial describ-
ing stress

Fi 5 i th ranking force
i 5 ranking of strength

KIc 5 fracture toughness
m 5 Weibull modulus

me 5 Weibull modulus for edge defects~sample!
me

p 5 Weibull modulus for edge defects~population!
ms 5 Weibull modulus for surface defects~sample!
ms

p 5 Weibull modulus for surface defects~popula-
tion!

N 5 no. of specimens in sample
P 5 probability of fracture

Pe 5 probability of fracture from edge defect
Pi 5 probability of fracture ofi th ranking specimen
Ps 5 probability of fracture from surface defect
p 5 probability density function
V 5 volume, area, or length

V0 5 volume, area, or length of reference specime
G 5 gamma function
l 5 Weibull parameter related to density of de-

fects

Fig. 9 The finite element mesh
Transactions of the ASME
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