s.coterell | The Strength of the Silicon Die

Institute of Materials Research and Engineering,

Singapore 117602 in F"p-Chlp ASSembHES

Z. Chen

School of Materials Engineering,
Nanyang Technological University,

The mechanical reliability of silicon dies is affected by the defects introduced by surface
grinding and edge dicing. The ring-on-ring and the four-point-bend test have been used in
this study to separate the distribution in strength for these two types of defect. At low

Singapore 639798 probabilities of failure, it is the “strength” of the edge defects that dominate the reliability.
However, if the edges of the die are only lightly stressed compared with the surface, edge
J.-B. Han def_ects are u_n_Iiker to cause fracture. In this case th_e use of the four-poin_t-bend test,
U which is sensitive to both edge and surface defects, will result in an underestimate of the
N.-X. Tan reliability and if only one test is to be performed the ring-on-ring test is preferable to the

four-point-bend test. Generally, for a full reliability estimate, the distributions of both
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Introduction chanical reliability of a silicon die in a flip-chip assembly depends

- . . . . upon both the surface defects due to the grinding of the wafer and
Underfill is used in flip chips with organic substrates to reduct?fe edge defects introduced by dicing the wafer into the dies. Here

the shear on the solder balls and consequent fatigue under thermh the “strength” distribution of the surface and edge defects

cycling. The substrate is mechanically linked to the die and thﬁ considered and a method of separating the distributions of the

thermal mismatch causes bending of the silicon die. The dem £ indi d edae dicing defects b forming tw ;
for larger die sizes leads to higher stresses, which may causeaﬁSi ace grinding and 8cge dicing CE1ects by PETTonming Wwo Series

i X wOSTS, ¥ fests presented. With this knowledge the effect of the grinding
cracking[1]. As far as mechanical reliability is concerned only,nq gicing machining parameters on reliability can be determined.
surface or edge defects are significant. Die cracks can initiate18fe two tests chosen are the ring-on-ring tese Fig. 3which is
surface grinding defects in the tension backside of the die at edgeyyasi axisymmetric equivalent of the four-point-bend test in
dicing defectd 1,2] or at divots produced by the pins, which sepaghich there are no stressed edges so that the strength is deter-
rate the backside of the die from the film-mounted diced waf@fined by the surface defects alone, and the four-point-bend test
[3]. In this paper only grinding and dicing defects are considereghose strength is determined by both edge and surface defects.
Cracks from surface defects propagate from the backside of thge strategy is to find the probability “strength” distribution of
die towards the printed circuit board under the action of the benghe surface flaws from the ring-on-ring test and then to analyze the
ing stress(see Fig. 1a)). As these cracks approach the oppositstrength distribution of the four-point-bend test using the
compression face of the die they may turn to propagate along thgrength” distribution of the surface flaws to enable the probabil-
die. The edge of the die is virtually free from bending stresses hiyf “strength” distribution of the edge flaws to be separated from
a transverse tensile stress, enhanced by the corner of the filletHe total strength distribution.
the underfill, can cause the initiation of a crack, which is likely to
turn, after propagating a short distance, towards the backside of
the die[1] as shown in Fig. (b).

The cleavage planes with the lowest fracture toughness in sili- (1
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K,.=0.90 MPa/m [4]. The surfaces of silicon wafers af601} (a)
planes so that cracking from its surface is most likely if the maxi- a
mum stress is in €110 direction. The stress acting acros§lal}
is at most half the in-plane stress. Hence it is not surprising that
fractures initiated on a fre@01} surface stressed in @10 di- AR EANS NGRS RO RGMONSAG Ne
rection initially propagate on 110 plane normal to th€001} | T R e
surface and only kink out of that plane into{HL1} surface after b
propagating some distance into the specifin (b)

Die cracking depends upon both the stress and the size of me
defect. There is no one value that can be assigned to the strengiy
of the die but only a probability of fracture which relates to the
chance of finding a critical defect at any stress level. The statistics
of fracture of brittle materials was first established[BYy; more
recently it has been reinterpreted in terms of fracture mechanics
and flaw size$6], but in practice one can still talk of a “strength”
of a flaw or defect. A favorite test geometry to determine the
“strength” distribution of defects is the four-point-beridee Fig.

2). However, in the usual Weibull analysis no distinction is made
between the type of defects present in this geometry. The me-
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1 Silicon die cracks in flip chip assemblies— (a) cracks
surface defects, (b) cracks from edge defects

Contributed by the Electronic and Photonic Packaging Division for publication in
the DURNAL OF ELECTRONIC PACKAGING. Manuscript received by the EPPD Di-
vision, December 27, 2001, Associate Editor: K. Kishimoto. Fig. 2 The four-point-bend test
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ability as a function of the rank. The one that is consistent with the
maximum likelihood method described in the forthcoming is that
the probability of theth ranking fracture loads; , in a test series
of N is given by

i
“NEL ©)

The Weibull modulusm, can then be found from the slope of a
plot of In(In(1/(1-P)) versus In§). However, in our case the de-
flection in the ring-on-ring test is large and the stresses are non-
linear. Also this simple technique cannot be used to separate the
effect of surface from edge defects in the four-point-bend test. In
this paper the maximum likelihood method is used to determine
Fig. 3 The ring-on-ring test the Weibull modulug7]. The method can be most easily appreci-
ated if the stress is constant over the defects. The likelihooaof,
all obtaining the fracture stresses,, in a test series can be writ-
ten in terms of the probability density functiop(o/o,), which

P

Weibull Strength Distribution

is given by
Using an exponential distribution for the risk of rupture, dp o \m=1 gy
Weibull [5] derived a probability of fracture?(V), given by p(ol o) = __{m)\f (_) _}
d(oloy) viom \%
P(V)=1—exp—J (alog)pdV Q) o\ MgV
v X exp—xf(—) Ve (7)
wherem is the Weibull modulusg is a reference stresg,is the viom/ V

density of the defects, and is the volume, area, or length de-The |ikelihood of all the fracture strengths occurring,is
pending on the whether the significant defects are distributed in

the body, surface, or edge of the specimen. The Weibull distribu- L=P1Poeeeerninnnnn. Pn (8)

tion has stood the test of time and is the best available. Only tW@,e pest value ofn is that which maximizes the likelihood.,
parameters define the Weibull distribution since jpls that can No matter how many specimens are tested they are only a
be determined from strength tests and p@ind o, separately. In  sample of the population. There is no bias in the mean strength
order to simplify the numerical analysis, we normalize the stregigat is the sample mean is the best estimate of the population
by the mean fracture strengttiy,, of the sample oN specimens mean. However, the Weibull modulus, of the sample is biased
given by and is always larger than the population moduto® [7-10].

N dv Monte (;arlq computer experiments, Where it is.as'sum.ed that the

Um:E JU_ @) population is exactly modeled by a Weibull distribution, have
T Jv V been programmed to calculate the most probable population
. o . Weibull modulus, and the standard deviations of that modulus and

The Weibull strength distribution can then be written as the mean strengttsee Appendix A

P(V)=1-exp- fv)‘(“/"m)mdwv ®)  Fracture Tests on Silicon Dies

The inner and outer diameters in the ring test were 9.5 and 19.5
mm, respectively, and for the four-point-bend test the inner and
m outer spans were 9.6 and 20 mm, respectively. The two sets of

=[T(1+1/m)]" (4)  specimens for the ring-on-ring and four-point-bend tests were cut

from the same batch of commercial silicon wafers, which were

I being the gamma function. E(B) is the basic equation used in0.481 mm thick. There were 127 specimens in both sets. The
this paper. The mean fracture strength depends upon the sizesgécimens were diced, using commercial die dicing equipment,
the specimen sincp and o, are size independent. Therefore, ifwith their sides o{110; planes. The set used in the ring-on-ring
omo 1S the mean strength of a reference specimen whose “vaksts was 25 mm square and the width for four-point-bend test,
ume”is Vo, then the mean fracture strength,, for a specimen 7.37 mm, was chosen so that the test areas in both sets were the

where it can be shown that by definition

Om
=pV| —
A=p (0'0

whose “volume”isV is given by same and no correction for specimen size need be made. The
VAL protective plastic was removed and attached to the compressive
o= Umo(_o) (5) passivation side to enable the fracture fragments to be preserved.

\4 This procedure does not affect the fracture process.

This expression predicts the size dependence of the mean stresaince the placement of the square specimens used in the ring-
reasonably accurately if the difference in “volume” is small, buPn-ring tests affects the stress distribution, a template was used to
becomes inaccurate for very large differences. There are a num@@gure accurate alignment. Both sets of specimen were tested in
of ways of determining the Weibull modulus from experimenta®n Instron 5543 testing machine with a crosshead speed of 0.2
results. If the stress is constant, as it is for the four-point-beff@M/min at ambient temperatute-25°C). o
geometry or a linear function of load, the probability of fracture, Cracks in the ring-on-ring tests formed in t{EL0 directions
P, is usually obtained from a ranking of the fracture strengths. THR&rallel to the sides of the specimen. In the four-point-bend tests
probability of fracture is then assumed to be uniformly distributetl€ cracks formed across the specimens in(ii€) direction.
over the test results. There are various expressions for the prob-

Analysis of the Ring-on-Ring Tests

The bending stress outside of the inner span in the four-point-bend test decreas : ; ;
linearly to zero at the outside supports. The probability of fracture decreases verzsrhe o_Ie_erctlon was nonlln_ear because of the mt_ambrane stiffness
much more rapidly, sincen>1, and the likelihood of fracture outside of the inner & d a finite element analysis was performed which also took ac-

span is usually neglected. count of the orthotropic nature of the silicdsee Appendix R
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Table 1 The Weibull parameters for surface defects in the Table 2 The Weibull parameters for edge defects in the four-

ring-on-ring test point-bend test
mg O (MPa) Me Oe (MPa)
standard standard standard standard
mean deviation mean deviation mean deviation mean deviation
Sample of 127 8.18 - 288 - Sample of 127 3.20 - 314 -
Population 8.10 0.56 288 3.8 Population 3.19 0.23 314 9.5

The maximum normal surface stresses in th&0) have been The unknown parameters in E(.3) are the Weibull modulus for
expressed by a third order polynomial of the applied l¢see the edge defectsn,, and the mean strength of the edge defects,

Appendix B. ome. By definition, the mean of the normalized streség,, is
The cracks initiate in the surface so that the integrals are takg@ual to one. Thus
over the tensile surfacé, within the inner ring. The mean frac- o < o o o
ture strengtho,,s, was obtained by numerically integrating the (—) =f (—) (—)d(—) =1 (14)
stresses oveh and taking the average according to E2).? The Om/py Jo \Om/ 1Om/ \Om
probability density functiorp(F) for fracture at a load= can be 4
written as
cpoamas (22
P(F)=| ms\g Al e T A 0\0m Om Om
o mP m,
o \M™dA - PmP i) Im)ey (i)(am) ‘
X exp_xsz(g_ms) A ©) J'O [Ksms (a'm Ohs MM Om/ \ Ome
The value of the Weibull modulus that maximizes the likelihood ol [ @) Om mg
of the experimental results is found numerically. The sample X exp—) Ag o\ P
modulus,m,, and mean strengtl;,c are given in Table 1, which meAEms
also contains the population valuest, oF ., and their standard o\ om)]™ o
deviations obtained by use of the Monte Carlo methsde + e U—) ( p ) d U—) (15)
Appendix A). m me m

The best fit to the experimental results is obtained by maximizing

i ) Egs. (14) and (15). The values for the Weibull modulusn,
The membrane stress developed in the four-point-bend testagd the mean “strength, ., of the edge defects are shown
insignificant, thus the stress is a linear function of the load and ¢ Table 2 together with the population valugs?, o®., and
be found from simple bending theory. Since the four-point-be eir standard deviations found from computer ‘;;(pe";f’rﬁm
specimens were obtained from the same batch of wafers as endix A
ring-on-ring specimens, it is assumed that the best estimate of '
probability of fracture from surface flaws is given by Discussion of Results

o \m The probability of fracture is not explicitly calculated when the
Ps=1—exp— A} (10)

P maximum likelihood method is used to evaluate the Weibull
ms modulus. However, to enable the quality of the fit to the experi-
The probability of fracture from an edge flaw is given by mental method, the probability of fracture obtained by ranking the
me fracture loads and using E¢p) has been calculated. In Fig. 4 the
pezl_exp_)\e( il ) (11) probability of fracture as a function of the fracture strength, nor-
Ome

malized by the mean fracture strength, for the ring-on-ring test is
Hence the probability of fracture in the four-point-bend test from
either a surface or edge defect is given by

1 v
o mp Me
P=1—-exp—|[\|—] +\ 12
p_ ms( O_Pns e me ( ) o 0.8
=
The probability density function for fracture as a function of theZ
stress normalized by the mean “strength” of both surface arg& o6}
edge defectsy,, is given by S
2
o o \M-1) ooy md o \Me 1l o \Me = 04
ol pend ) () el 2 ]2
Om Om Tns Om Ome, =
o A 02
o\ a2\ ™ o\ oy M
e e N Ca[F a
Om/ \ Opmg Om/ \ Ome 0 . ‘
0.4 06 0.8 1 12 1.4 1.6
13) F/F,

2The subscripsis used to indicate that fracture initiates from a surface defect arfdig. 4 The probability of fracture from surface defects in the
e for a fracture initiating from an edge flaw. ring-on-ring test
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Fig. 5 The probability of fracture in the four-point-bend test
Fig. 7 A large edge defect caused by dicing

compared with the Weibull distribution using the parameters ob-

tained by the method of maximum likelihood. The fit is excellen « » P
p . ean fracture “strength” of the edge defects implies that the edge
The Weibull modulus for the sample of 127 specimens was 8'% ing defects are ingthe form ofga few large gefects, one sugh
g;.rrrﬁ;:;n%ff%;heob'atzt.'gnt?)\(/gg ?Iamg:jesl gs'\/f%? glrf(;caes ég?eg?ﬁiing defect is shown in Fig. 7, which occasionally cause very
Th(le mean fractuFr)epsl:rer: i is |28u8 MPau u u tI%w strength. This conclusion from the statistical analysis is in
9 ‘ Egreement with SEM observations of the fracture surfaces where

th:\j\llg?bltjl?lerﬁg dpl:JI:?stlg?tx\(/ae:a%ulLn;g?;cl?z;znsiigécigggictt\s/avr\gg was seen that the low stress fractures initiated at edge defects
9 p d the high stress fractures at surface defects.

with the mean fracture "strength” as a dependent variable, the \u g1 it s fully realised that the silicon die in flip chips is

best estimate has been obtained by the maximum Iikeliho%ir fr h e .
. . . om uniformly stressed, the probability of fracture of uni-
method from the four-point-bend tests. Using ELP) to estimate formly stressed hypothetical 5 and 20 mm square silicon dies is

the probability of fracture in the four-point-bend test from bot timated in Fig. 8. Table 3 shows the effect of size on the mean
surface and edge defects, Fig. 5 has been constructed to allow ﬁ?ect “strengthé " Which have been calculated using &g. For

goo?n?sts gf 'If'lkt1 W'ﬂ; :Ee f(ietxiperrlm;ent resglts, ;JhS”t]? Irthh 6r’irf0 baegiven reliability, the allowable stress is reduced as the size of the
appreciated. fhougn the fit 1S not as good as that for th€ rng-0li-, gie increases. There is little difference in the relative im-
ring test, it is reasonably gooc_i giving conflden_ce in the meth.?ortance of surface and edge defects because, though the area
nguho n?ggaruastehgie bt::eon de'?[ir:g;:g dnsfroﬁatlr?e t?/zlupeoeglrattl Ncreases as the square of the die size whereas the edge linearly
ith size, the Weibull modulus for edge defects is much smaller

sample of 127 Specimens. The population Weibull modulus, 3']‘[ an that for the surface defects and the two effects work against
for the edge defects is much smaller, than that for surface defe Sch other

and the mean fracture “strength,” 314MPa is significantly higher:

The population probability of fracture from surface, edge, and

combined defects in the four-point-bend test are shown in Fig. 6,

the experimental results are also compared with the populati 1.0 —
probability of fracture in this figure. What is observed is that fo

low probability of fracture(high reliability), which is the area of
interest to the microelectronics industry, it is the edge dicing d 08
fects that control the reliability. On the other hand at high prot2
abilities of fracture(low reliability) it is the surface defects that £

dominate. The low Weibull modulus combined with the higt;f:‘3 6

Q
z
I;:3 0.4
1.0 P 2 Distribution all fTaws
/// é Distribution surface flaws
0.8 all defects a 02
L //\ Distribution edge flaws
2 ,
15} e S
< edge defects
£ 06 0 600 800
g\ Strength (MPa)
% 0.4 Fig. 8 The size effect on the probability of fracture of a hypo-
< thetical uniformly stressed silicon die
(=9
0.2 Table 3 Size effect on mean strength of hypothetical silicon
dies
0 60 200 300 300 300 oo Die size Mean die strengthMean surface strengttMean edge strength
Strength (MPa) (mm) (MP3) (MP3) (MPa)
20 203 233 250
Fig. 6 The best estimates of the population probability of frac- 5 295 327 385

ture for the four-point-bend test
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Conclusions

The ring-on-ring test enables the distribution in “strength” ofz
surface defects to be determined. In the four-point-bend test fre
tures can initiate either from a surface or edge defect. A method
presented where the two distributions can be separated if the ¢
tribution for surface defects is known.

Surface grinding and edge dicing defects have very different
distributions. If the edge of the die in a flip chip is significantly

stressed then edge defects must be considered as well as sur . . .
ones and control the probability of fracture in the high reliabilit 6%%‘?one eighth of the square specimen is modeled. Four elements

. . re used through the thickness. Altogether there are 3369 nodes
range. On the o_the_r han_d, as is more likely, the stresses along 640 second-order elementsee Fig. 9. Orthotropic elastic
edges of the die in a flip chip assembly are low, and then tE e

Fig. 9 The finite element mesh

four-noint bend test alone will not aive an accurate assessmen ‘??perties of silicon crystal are used in the computation. The stiff-
P p tg T g-zss matrix for the stress-strain relationshiplis|
the probability of fracture. In this case the reliability assesse

using only the four-point-bend test to estimate the probability of [194.4 352 1944 0 0 O

fracture will be very conservative at high levels of reliability. The 011 11

ring-on-ring test is to be preferred in this case if only a single test 0 3521944639 0 0 O €99

is to be used. 033 194.4 63.9 165.7 0 0 O|| g4

For an accurate assessment of the reliability of the die, it is = a7

i S 012 0 0 0 509 0 Off €12

necessary to obtain both the distributions for surface and edge - e

defects from ring-on-ring and four-point-bend tests. The probabil- 13 0 0 0 0 796 O 13

ity of fracture can then be estimated by integrating over both the 023 0 0 0 0 0 796 €23

surface and the edge making full allowance for the effect of size - "4

on the mean strengths. where the moduli are in GPa. Subscripts 1 and 2 are along two

(110 edges on th¢001} surface and direction 3 is along tkiE00)
Appendix A: Monte Carlo Computer Experiments to direction, perpendicular to the surfaf@01}. _ N
Determine the Population Weibull Modulus and the The stresses become more and more nonuniform within the
Standard Deviations inner ring as the load increases. The_maxmum of the nqr_mal
stresses is along tH@10) axis under the inner ring and the mini-
The specimen is assumed to be uniformly stressed with a popoum is at the center. The ratio of the maximum to minimum is no
lation probability of fracture given by more than 1.08; but when that is raised to a Weibull modulus of 8,
P it represents a ratio of 1.85 which is quite significant. To validate
_) (16) the FEA the predicted deflection was compared to the experimen-
oP tal deflection.

. " Because the deflections are large the stresses are a nonlinear
The computer program is used to generate results for sampis of ction of the applied loads. To enable the stresses to be incor-

tests. TheN probabilities of fracture are chosen by generatingo aieq into the statistics program, the maximum normal stress in
random numbers between 0 and 1. The normalized fracture str 810 direction has been fitted to a third-order polynomial

is calculated from these probabilities. The method of maximum
likelihood is then used to calculate the sample Weibull modulus, a(r,0)=Cy(r,0)+Cy(r,0)F+ Cy(r,0)F2+Cy(r,0)F® (18)
m, and the mean of the sampig o,,, which are different to the
population values. This computer experiment is performed 10,0
times and the average and standard deviatiormodnd o/ o,
determined. The average value @fo, is unity, but the average
value ofmis greater thamP. However, from the real experiments
it is mthat is known nomP. Therefore, the most likely population
Weibull modulus has to be found by iteration. For the first run it ilomenclature
assumed that the population Weibull modulus is the experimental C, C..C
one. The expected experimental modulus is then found. The dif}’ ~2'~3"~4

P—l—exp—)x(

17 equally spaced intervals éhand 17 equally spaced intervals

r along odd numbered radial lines and nine equally spaced
intervals along even numbered radial lingge Fig. 9. A third-
order polynomial gives a very good fierror less than 0.4%do
the finite element results for the range of the experiments.

= coefficients for 3rd-order polynomial describ-
ing stress

ference between the actual and the expected experimental modu- E. = ith ranking f

: ; . P = g force
lus is then used to correct the assumed population Weibull modu- i = ranking of strength
lus and.the program is run again. This iterative process converges K, = fracture toughness
very quickly.

m = Weibull modulus
m. = Weibull modulus for edge defectsample

m? = Weibull modulus for edge defectpopulation
mg = Weibull modulus for surface defectsample
m? = Weibull modulus for surface defectpopula-

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

Appendix B: Finite Element Analysis for the Ring-on- tion) _ _
Ring Test N = no. of specimens in sample
g P = probability of fracture

In a ring-on-ring test the deflections are large enough to cause P. = probability of fracture from edge defect
the development of significant membrane stress and the stresses P; = probability of fracture ofith ranking specimen
are consequently non-linear. The stress inside the inner ring is not Ps = probability of fracture from surface defect
exactly uniform for three reasons: the stresses are nonlinear, the p = probability density function
outside edge is square, and the silicon is crystalline and orthotro- V = volume, area, or length
pic. A finite element analysis, using ABAQUS, has been used to V, = volume, area, or length of reference specimen
determine the surface stresses within the inner ring. I' = gamma function

The silicon die is oriented with its surface on{@01} crystal N = Weibull parameter related to density of de-

plane while the two edges af&10) directions. Due to symmetry, fects
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