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ABSTRACT INTRODUCTION

Flip-chip plastic ball grid array (FC-PBGA) packages are
widely used in high performance components. However, &s di. . . . . .
back is normally under tensile stress at low temperaturess. th'gh /O density. Flip-chip plastic ball grid array (FC-PBE

paper presents a probabilistic mechanics approach toqbre&aCkages have better board level solder joint reliabitigtter

the die failure rate in the FC-PBGA quali cation process.eThe'emri.C per'formance. and Iower cost than their ceramic yun
methodology consists of three parts: i) die strength teisigus part ip-chip  ceramic baII_ _gnd array packages. However,_
four-point bending (4PB) method,; ii) the radius of curvatur" F_C'PBGA packages, silicon d'e_ IS attached on a .p.IaSt'C
(ROC) measurement of the assembled FC-PBGA at room telr%mmate subs_trate by solder bump 10|nt§. Under Il mateisa
perature; iii) Finite element method (FEM) stress analyisis usually lled in the gap .between the die .an(_j. the substrate
the rst part, a specially modi ed 3-parameter Weibull futfon to protect the solder JOlnts for better rellablllty..Afteha

is used to t the 4PB die strength data. The three parametépgder IIm_g process, the qhe {:md substrate are_r|g|dly emhd

of the Weibull distribution are used as the sole descriptbn 2Nd NO interface delaminations and separations should be
the cracking characteristics for a speci ¢ die process @l#te present. A silicon die, with a coef_uent qf thermal Expams!
analysis. In the second part, the measured ROC of FC—PBé TE) of 2.6 ppmiC, and a plastlc_ Igmmate substrate, W'th
at room temperature is used as a calibration input to determ TE from 15 10 25 .pprﬁc, are rigidly bonded by. a thin
the effective stress-free temperature of the FC-PBGA.Used ayer of under |l material. As a re;ult of the CTE mismatch,
to overcome the dif culty caused by process-induced reaidu>' 9" cant thermal _stress occurs in the die and the_suhstrat
stress and unknown material properties, e.g., viscoeigsthe du_nng thermal CVC"T‘Q- In the_component level re"?b"“%‘“'
under Il and plastic substrate that are normally unavd#éab .th|s th.e”“"%' stress_|s the major cause of many failure modes
This effective stress-free temperature can be used in the$t'nC|Ud'ng die cracking.

analysis in the third part of the mentioned methodologyhta t In order to av_oid die cracking, ther_e are several measures ca
third part, FEM is used to calculate the die stress distidbut be taken. One is to reduce the tensile stress on the back of the

under most critical stage of certain quali cation proceEke di€ Py proper package design. For example, a metal lid can be
calculated stress distribution is combined with the Waibitdded on top of the die back using a layer of adhesive [1]. This

distribution parameters of die strength test to predictdtee M2y reduce the bending of die and even put the die in compres-
failure percentage. sive stress, which reduces die cracking risk. Adding a lid to

the FC-PBGA, adds cost to the device and also introduces two
KEY WORDS: Die cracking, Weibull, 4-point bend, proba-Mmore interfaces which may add delamination risk. Moreover,
bilistic mechanics, nite element method. cost reduction consideration is always a major driving dorc
for other remedies. In fact, process-related improvemargs
also effective to achieve a lower die stress, such as gigndin
NOMENCLATURE the die to change the thickness ratio of die and substrate [2]
The other aspect of avoiding die cracking from processedlat

Flip-chip packages have excellent electric performanak an

4PB: fpur ppmt bending aspect is to maintain the silicon die at a high strength. The
FC: !p—ch!p . . theoretical strength of the die is about the order of theamili
FC-PBGA: ép ch|p”pcljasé|c”ball grghf"‘méy . i Shear modulus [3] [4], which is in the order of 100,000 MPa.
C4: ontrolled Collapse Chip Connection, 3%rhe actual strength of the die falls down to hundreds of MPa.
referred as solder bumps o . .
C5: Controlled Collapse Chip Carrier Connec-This is commonly attributed to the existence of surface aws
tion, also referred as solder balls or sphere3urface aws create stress concentrations near the diacurf
CTE: coef cient of thermal expansion when it is under tension. The difference of the die strength
FEM: nite element method between ideal value and the actual values suggests thatither
CDF: cumulative distribution function a lot of room for process control to increase actual die gtifen
ANSYS: ageneral purpose nite element method soft- Silicon is normally brittle at the temperature interestede
ware which is commercially available stress at the stress concentration points caused by detatts

easily exceed the theoretical strength and therefore hifemk



die while the nominal stress is around a couple of hundre

of MPa. Surface scratches and edge chipping is sometin <_’4
inevitable for speci ¢ processes and therefore die craghsn -y v -
one of the major concerns in ip-chip package development

To evaluate a certain process of die preparation and ens ¥+ T T T TTTTTTTTOT
that it is proper for ip-chip package, the die strength meas 4 4 -
ment is required. The die strength testing is usually cotetlic - - " \‘—’f

on bending test, such as the 4-point bending (4PB) test [
A recent work provides a methodology of failure prediction
using the 4PB-tested die strength and the nite element atkth
(FEM)-calculated die stress distribution [6]. This papegoing Fig. 1. Schematic of 4-point bend die strength test.
to use the aforementioned methodology on FC-PBGA and

study how the dicing process control affects the die cragkin

risk. The real advantage of using Equations (1) and (2), is that
THEORY they can relate the tested die strength to die failure rate fo
die under complicated loading in packages. This includes th
As discussed in Reference [6], following the essence Weibgbllowing aspects: 1) the die top in the 4PB test is under
presented in his hallmark paper [7], we propose the follgwinunjaxial tensile stress and the die in FC-PBGA is under multi
Weibull cumulative density function (CDF) for die strengthaxial stress; 2) the 4PB only puts part of the die top under
measurement data: tension and the die top in FC-PBGA package has alh0o8%o

H 1 Tmht Yoom i 3/®ﬂ m A : of its area under tension in most situations; 3) the die sta¢s
Pr=1i Bxp ii m 1 Ty gS(A) its side edges and the portions of the 4PB between the inner
(1) span and outside span (i.e., the=2 portions shown in Figure
with a stress area integral 1) also have contribution to the die fracturing probability
Z U ) ] Tm during test.
S(A) = 1 (i 33/"’)H_(3/3 i %) From 4-point bending test data, we can determine the three
A A Zhom i Yo parameterds , ¥ andm. These three parameters are assumed
H (ai Yo)H (% i %))ﬂm to be independent of the stress state and sample geometry.
+ Finite element method is often used to calculate the die

Mo _3/:“ |33/e. o Tm stress in FC-PBGA. The distribution of the three principal
. (ai WHEai %) dA (2) stresses¥i, ¥ and %3 can be calculated by FEM. Lets
Yhom i Yo assume, for examplésom = Max (%) and use Equation

Where¥, is the cut-off stress which needs to be determined ) to calculated the stress-area integggA) for the die in
the data tting; % is the unit area strength of the digon is @ SPecic package. Then, the die failure rate can be easily
the nominal strength of the die, usually the measured maxim@btained from Equation (1). In the above procedure, we have
stress at which the die fail&; is the failure probability of the used an essential postulation, which is that these thréeg tt
die; m is the Weibull modulusA is the die surface area undeParameters %, ¥, and m) can fully characterize the die
tension; a is the unit surface area (1 ninis chosen here); breaking process both in the 4-point bending test and in the
%, ¥», and ¥ are three principal stresseg;is the gamma iP-chip assembly and testing application. Therefore sitfair
function; andH (%) is the step function, which is de ned tot0 say that these three parameters are equivalent to a set
account for the fact that compressive stress normally does Af material property parameters to describe the die fractur

contribute to die cracking: process in terms of probabilistic mechanics. The confidiout
) L i %>0 of the stress distribution and sample geometry are takes car
T Ya> . . .
= ’ of by the stress-area integral Equation (2). The probdigilis
H (%) o if %<0 (3) y gral Eq (2) p

mechanics methodology we are presenting here has separated

The three parametet , % andm are unknown and need tothe material aspect from the loading and geometry aspect of
be determined from the experimental data by data- tting. the system. The material aspect is solely characterizedhdy t

The basic assumptions we have made in Equation (1) dféee tting parameters of the Weibull function. The loaglin
the following: (i) The material is isotropic and statisfiya and geometry aspect is taken into account by the stress-area
homogenous which means the probability of nding a awntegral.
with a given severity in a given surface is uniform throughou The stress-area integral Equation (2) seems complicated. |
the surface of the die. (i) Once the crack has initiate, it wiactually can be evaluated analytically in the 4-point beow-c
propagate without further increase in load, resulting acfure. guration and reduced to an explicit closed-form expreasio
(iii) The contribution a aw makes to the failure probabyliof In complicated stress states, such as in the FC-PBGA package
a loaded die is independent of the position of the aw on thease, a numerical integration must be employed to calculate
die surface. (iv) The three principal stresses acting ainerge the stress-area integral.
point contribute independently to the failure probabi[&y [8]. A schematic of the 4-point bending experiment is shown in



Figure 1. The die is under pure bending. The stress at the in
loading span is uniform. The material strength theory gihes

following simple relation [9],
3FL, \ /

Vo= 4

The strength of the die is calculated by Equation (4) when tl
load is at the breaking point. The stress calculated by Eoyuat
(4) is called the nominal stre§%om . The detailed tensile stress

distribution in a sample die under 4-point bending load &1

8 2 (die bottom surface in
/ﬁom
-,

9

SRR

the inner spang)
X¥nom  (die bottom between

oY — L inner and outer spans)
AKYiZ)= | XFhom  (die side within inner )
4Xy\é>{hom ?c?igns?ide between inner Fig. 2. FEM mesh of an FC-PBGA with test nest. Contact
LW and outer spans) and target elements are used between the nest and the sjbstra

. ) ) which are not shown in the gure.
The principal stress components for the 4-point bendinggzon

uration are simple. Only one component is non-vanishing and

the other two components are zero. Therefore, Equatiors(5) i The stress distribution on the surface of the die in an FC-
simply the principal stress expression, which¥s Plugging PBGA can be calculated by nite element method (FEM). In
Equation (5) in Equation (2), the stress-area integral can the FEM stress calculation, the thermal loading conditisn i
evaluated. Since the thickness of the die is usually thin apglrly hard to justify. Most of the time, the under Il glass
the stress on the die side surfaces between the inner and offthsition temperature, or sometimes the curing temperatu
spans is less than nominal stress, the contribution of thetfo s chosen as stress free temperature. Due to some incomplete
line in Equation (5) can be neglected for simplicity purposenformation about the package such as the unavailable UF and
Therefore, the evaluated stress-area integral for 4PBidest substrate viscoelasticity properties and other issues Uk

1 curing induced strain, the aforementioned stress free ¢esnp
S(A) = (L1 + Lo)(b+ W) ture criteriq are somgwhat arbitrary. _In order to calcut_am
"LL,W + bl Yo Il , accurate die stress in the most critical condition during th
£ i + bl (6) product quali cation process, we used experiment to asisest

1 +m :yﬁom

FEM calculation. This assistance is realized by measutieg t
It should be pOint out that in the evaluation of the Streﬁ'arradius of curvature (ROC) of the package at room temperature
integral, the ared is that under tensile stress. In order to begM is used to calculate a stress-free temperature catibrat
consistent with Equation (2 in Equation (1) should be also curve, which is consisted of assumed stress-free temperasu
the area under tension, whichAs= (W + b)(L1+ L2). Recall the horizontal axis and corresponding curvature as thécaért
that we have assumed the unit asa 1 mn¥, Equation (1) axis. The measured ROC is used as a calibration input, tegeth

becomes - 1.1 q with the FEM calculated calibration curve, to determine the
_ ) o1 M som i Yo effective stress-free temperature. This determined wféec
Pro= 1i Exp ii m +1 A stress temperature can be used for further FEM calculations
H H g T T. to obtain the die stress at low temperature during religbili
Lo,W + blLy Yo ) .
£ i + bl (7) test or in other severe conditions.
1+m Y4om
In Equation (7), the three parametefs, % andm are un- APPLICATION

known and need to be determined by the data- tting procedure A practical example is presented here using the methodology
The 4-point bending die strength measurement can providescribed in the previous section. A ip-chip PBGA is elec-
data points o®4om andPs . The parametersy, L, andW are trically tested a 40*C. The cold electrical test is conducted
de ned by the experimental apparatus and samples. Therefayn an automatic test handler. This particular handler uses a
Equation (7) provides the form of the tting function topushing nest with a hole in the middle. The nest makes contact
determine the quantitie¥;, ¥% and m, which may be used to the substrate and applies force to the substrate to make th
to describe the fracture behaviors of the sample dies. Ttee dBC-PBGA's C5 balls contacting to the pogo pin array in the
tting procedure is described in Reference [6]. socket of the handler. To ensure reliable electric contatts
As long as the three Weibull parameters are determinbadndreds of the pogo pins to the C5's, a signi cant amount of
by curve- tting the 4-point bend strength data, these thrderce is applied through the nest.
parameters together with Equations (1) and (2), can be used tThe FEM mesh considering one quarter of the package
calculate the die cracking rate in FC-PBGA with similar dieand the nest is shown in Figure 2. The whole package can
under the same dicing condition. be represented by applying the proper symmetry boundary



Fig. 3. Stress-free temperature calibration curve. Four €
sumed stress-free temperatures and their correspondiolg pe
age curvatures are plotted. A linear regression line is al:
plotted.

conditions. The top of nest is xed. The pogo pin effec
is modeled by a uniform pressure exerting on the substre
bottom from below since the springs in the pogo pins are so
A general purpose FEM software ANSYS [11] is used ti
model the problem. C4 solder bumps are neglected since th
volume is much smaller than the UF and their plasticity an
creep make their contribution to die stress further nelgliégi
Previous study has shown that the C5's contribution to d
stress also can be neglected due to plasticity and creep [1
8-node solid elements are used. The nest and the subst
are modeled as a contact pair. 4-node surface-to-surface
formable contact elements and target elements are used
model the contact behavior. Friction between the nest aad t
substrate is also considered.
In order to count in the viscoelastic effect of the UF an
the substrate in addition to other unknown factors, thesstre
free temperature calibration curve is calculated rst. hist
calculation, only the thermal load is applied, and the tegig. 4. The three principal stress components on die surface
nest is not considered. The nal temperature is set to be tii@e stress distribution is calculated at -40 C cold testicvh
room temperature (2€). Several assumed initial or stress-fregcludes the mechanical load caused by test nest and pogo
temperatures are used to calculate the corresponding g&ckiins. The stress unit is in MPa.
curvature at room temperatures. Figure 3 is the results avith
linear regression curve.
The package curvature at room temperature is measured(¥#y) and second3{y) principal stress components. The third
a laser pro lometer. The average curvature of the FC-PBG@/4) principal stress is near zero on the die top. The slight
is 1.081 (1/m) over 30 samples. Using the calibration cunve difference of% and3¥s is due to the rectangular shape of the
Figure 3, the effective stress-free temperature can bédlyeadiie.
determined and found to be TZ1. The contact pressure distribution on the test nest is jpldtte
The stress of the FC-PBGA package at0*C is calculated Figure 5. It is evident that the pressure between the neshand
by FEM. The stress-free temperatdr&l*C is used as an input substrate is not uniform. The pressure is higher near therinn
for the thermal load. The mechanical contact effect betweedge of the nest. This can be understood by considering that
the test nest and the substrate is also considered in thus stbe pogo pin array is fully populated underneath the bottom
Figure 4 shows the three principal stress components on tifethe substrate and the nest only pushes on the substrate on
surface of the die. The die top is nearly under biaxial siredhe peripheral. The force balance requires that the totakfo
which is manifested by the similar distributions of the rstfrom the pogo pin array and the nest must equal. The force
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Fig. 7. Die strength tested by 4-point bend in an un-corecl|
Fig. 5. The contact pressure at the contact surface of tiocess (Process B). The nominal die stress is the stress at
High pressure near the inside edge indicates the nest sxukghich the die breaks. The dots are experimental data points.

substrate during the cold test. The pressure unit is in MPa.The solid line is a curve tting of the experimental data @sin
Equations (7) and (8). The best t turns out ti#a = 0 for

the 3-parameter tting function. Two parameters are sudrtf
to characterized the die strength of this process.

One is by Equations (7), which consider the multiaxial effec
4 of the stress and three parameters. The other scheme uses the
. traditional 2-parameter Weibull function Equation (8):

“?/ﬁom ﬂm,

Y%

Pr=1j Exp i 8

The curve tting procedure is a least-square best tting,ieth

is detailed in Reference [6]. In Figure 6, the 2-parameténg

and 3-parameter tting are signi cantly different in thewo
stress end. The 2-parameter tting (dashed line) over ptedi
the failure rate comparing to the 3-parameter tting (sdiig).
However, in Figure 7, we started with the 3-parameter tfing
Fig. 6. Die strength tested by 4-point bend in a well-coml 5nq the least square tting procedure turned out to have a
process (Process A). The nominal die stress is the stresy,&tt t with a zero cut-off stress%y = 0. The 2-parameter
which the die breaks. The dots are experimental data poirdgq 3-parameter tting procedures produced the same tting
The solid line is a curve tting of the experimental data usincyrye, which is shown as the solid line in Figure 7. The tting
Equations (7). The dashed line is a curve tting using Equati parameters are listed in Table 1. It should be noticed that,
8 although Equations (7) and (8) produce the same tting curve
in Figure 7, the tting parameters are different and they are

o ) shown in Table |. The predicted failure probabilities witér
distribution makes the package experience a exure momephk nroved to be different for zero cut-off stress as shown in
In addition to the warpage generated by the thermal mismatghlpje 1.

the nest is pushing on a convex surface. This makes the ¢ontagyce we have the stress distribution of the die surface and

pressure dlstrlbut'lon |ntq|t|vely understandable. _ the die strength Weibull distribution parametéfs, % and
_The FEM-predicted die stress can be used to predict ¢ ihe sress area integral Equation (2) can be calculated and
die failure rate. It was found that tr_le die strer_1gth is sthPNGpnance the die failure probability through Equation (1) can b
dependen_t on the process, esple0|ally .the dicing control. §Byermined. If we take a closer look of Equations (1) and (2),
order to illustrate this point, lets consider two batches Gne nominal stres®iom actually does not contribute to failure

die for the same package. The rst batch is produced by @qnhapility. It is more convenient to re-write Equations &hd
well-controlled process (Process A) and the second is by @) as the following two equations:

uncontrolled process (Process B). 4-point bend die sthengt u Top
data and Weibull tting curves are given in Figures 6 and 7. 1 mT 1M gA)”

In Figures 6 and 7, the test data are tted by two schemes. Pe=1i Bxp ii m *1 A a ©)




TABLE |
Fitting parameters of the die stress data of Process A antkBsdB. The stress-area integral Equations (10) and (11) for
3-parameter tting is also listed in the table.

Process/ Fitting m ¥% (MPa) % (MPa) s(A) (MPa™£ mm?)

A/Egs. (7, 9,10) 2.827 1086.9 112.9 2.2qu0*

AJEgs. (7, 9, 11) forcing/e= 0 4.257 996.2 0 2.12101°

A/Eg. (8) 4.257 455.6 0 N/A

B/Egs. (7, 9, 10) 2.364 1745.2 0 2. 780°

B/Eqg. (8). 2.364 374.4 0 N/A
TABLE Il

Die failure rate af 40*C cold test for the two processes. Process A is a well-cdattgirocess and Process B is an
uncontrolled process.

Process ID 3-para., Egs.(7, 9, 10) Egs.(7, 9, 1Xprcing % =0 2-para., Eq. (8)

Process A  4.2010 0.24% 0.54%
Process B 4.4% 4.4% 8.0%
and 7 corresponds t@:4£ 10 ° failure. For the same process, if the

2-parameter tting is used, the failure rate is 0.54%, which

_ . . m
S(A) = [((Fai Yo)H (%21 %) is not acceptable for volume production. The third impartan
A point is that even with multiaxial stress and stress digtiin
+ [(%2i %)H (%2i %) included, if only two parameters are considered, the failur

+

(¥ai %)H (¥ai %)™ dA (10) rate is still several orders over-predicted, which is shawn

] ] the middle column of Table Il for Process A.

The actual co.mputatlo_n of the stress—are_a integral Equatio Actually, for Process A, no die failure was found in the
(10) was carried out in the postprocessing of the ANSYS,4:c cold electric test for a sample size of about 2000. This

FEM result. The numerical integration routine is implenght . g that the process A is a robust process. At the same
using ANSYS's "ANSYS Parametric Design Language™ I§ime it also validates that the 3-parameter Weibull fuorcti

calculation ofs(A), contributions from all 6 surfaces of the.,nsigering multi-axial loading and stress distributismiore
die are considered. The calculate(h) is listed in Table 1 qgjistic than the traditional 2-parameter Weibull fuoativith-

together with the Weibull parameters. _ out considering multi-axial stress effect and stress idistion.
In Table I, for process A, two stress-area integrals are

tabulated. One is calculated by Equation (10) the other is CONCLUSIONS
calculated the Equation (11), which corresponds to theactti
parameters forcin@s=0 during the tting process. This helps
us to investigate the effect of stress contribution and irauital
stress wi'%mut the 3-parameter effect.

A 3-parameter Weibull distribution cumulative density ¢un
tion form is devised for predicting the die failure rate in-FC
PBGAs. This special Weibull function CDF considers both
multi-axial stress and stress distribution. The distiiutis
S(A)=  [¥aH (3a)]™ +[%H (%)™ +[YaH (%)™ dA used to curve-t the die strength data obtained from 4-point

bend test. The newly devised Weibull CDF is applied to
(11) FC-PBGA die failure prediction. It provides more aggressiv

Die failure rates are tabulated in Table Il. In the 2-para‘netand realistic die failure prediCtionS than traditional Yei
tting Equation (8), the nominal stress uses the maximurnction, which does not consider the multi-axial stresd an
value of the rst principal stress on the die top, which is 8 stress distribution. The application example also shoves th
MPa in thej 40tC cold test scenario. For the result of Tablélicing control contributes signi cantly to the die crackimate
I, three points are evident. The rst is that the die stréngtfor FC-PBGA under harsh testing conditions. A robust FC-
and hence the die failure rate are strongly process-depend€BGA die dicing process, which meet6%: quality control
The second is that the traditional 2-parameter Weibull fionc '€quirement, is demonstrated.

Equation (8) (without considering the multi-axial stressla
stress distribution) gives much pessimistic predictiofke ACKNOWLEDGMENTS

newly proposed 3-parameter Weibull function consideriathb  Contributions of Dr. Yifan Guo, Betty Yeung, Zane Johnson
multi-axial stress effect and stress distribution progucrich on the initial set-up of 4-point bend xture and helps of Dr.
realistic perdition. For example, in Process A, the dieufel Thomas Koschmieder during the die strength tests are greatl
rate is about of4:29 £ 10 “according to the 3-parameterappreciated. Special thanks go to James Guajardo and Trent
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