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The results of wetting experiments between eutectic lead-tin solder and copper pads on
silicon substrates in geometries relevant to flip-chip applications are presented. Measure-
ments of solder joint dimensions, specifically stand-off height and lateral offset (i.e.,
misalignment), as functions of the applied force (normal and shear), solder volume and
A. C. Powell IV pa_d diameter are presented. T_hc_a experim_entally-measure(_i _force-displacement relation-
ships are compared with predictions obtained from the minimum energy model of the
Surface Evolver computer code. For the case of the axisymmetric joint (zero shear) an
exact solution to the capillary equations is also presented. The comparison of experimen-
tal and modeling results indicates that such models are accurate as well as extremely
sensitive means for predicting the geometry of these solder joints.
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Introduction tity has been referred to as solder engineefiig Determining

For area-array flip-chip applications, the use of an integraté rce-displacement relationships is essential to understanding mis-

underfill/solder bump system at the wafer lef/&)2] removes the alignment of solder joints and thus predicting solder joint integ-
need for subsequent infiltration required by current viscous under-(')ne of the first attempts at examining the misalignment issue
fill materials. Unfortunately, the integrated underfill method intro- . P 1ng ) 9
: - . : was by Deering and Szekel¢§]. Rotational, horizontal and ver-
duces its own complications, because the viscous underfill reta S\ displ ined t : d sh
desired self-alignment of the chip and board. This self-alignmei% ‘Z Isplacements we][e examined as ]‘(Ne as vlarlous_ pa SI apes
is typically induced by surface energy/area minimization of the etermine restoring forces using Surface Evolver. Lln_eIiY:}.
moiten solder joints (capillary effects. By impeding self- Ssubsequently used Surface Evolver to calculate restoring forces
alignment of the die, inclusion of the underfill prior to soldetror opto-e_lectronlc array type mterconnects._Th(_a model was used
to determine the reaction forces given the misalignment, stand-off

reflow potentially impacts the final solder joint geometry and thﬁ ight and pad radius. An approximate analytical solution for the

corresponding solder joint reliability. This goes against the goal Q and-off heiaht in the.absence of shear force has also been pub-
such underfill materials, which are intended to enhance reliabili Yshed 8] 9 P
Solder joints in advanced electronics, particularly optoelectron- Efforts.have been made to determine misalignment forces, such
ics, are now an integral part of the alignment strategy. This state might arise from differential solder volumes, to determiné the

of affairs has been enabled by the development of advanced mog-"'Y ) ; .
eling codes. Such codes predict the effect of solder joint para%éi?fﬁ%?stg?agiz b?ﬂiﬁgﬁ‘éﬁﬂgﬂgg?&ﬁ:ﬁ;ﬁgns'(t: de\,ﬁeg)sl?gr-
eters on flip-chip self-alignment forces, based on minimum ener ying ySIEMEN

> ) . X . icrowave applications have achieved control of stand-off height
criterion. Possibly the most Wlde_|y used modeling _c_od_e is Surfa%eetter than OFT?,um using flip-chip indium bumping technologf
Evolver[3] (Evolver), which predicts the solder equilibrium shap 10]. The surface tension of glass has also been used to move
from user defined parameters such as pad geometry, wettig:-

angles and solder density. However, all these codes, in spite 0 MS devices, relying upon physical stops to glefme the final
their sophistication, neglect a wide range of relevant phenomelﬁ)g,s'.uon[.ll]' Other relfearcherls r;ave used eutecltlc I?ad-tln solder
which might impact the ultimate solder joint geometry. These i gneering o actually control the opening angle of MEMS de-

clude buoyancy-driven convection, Marangoni convectgaused vices to approximately-2 deg[12]. This latter study appears to

by a tangential surface tension gradiedte to temperature gra- validate the dominance of capillary terms for the MEMS geom-

dients as well as volume changes due to fluxing agents and solﬁir-g dart]ﬁetge lfjlilljiﬁﬁj;Ss?llg;;éecgmeqnlfﬁ' ';gwbz\ﬁrr‘]ggr tehnzgﬁf)g;etry
fication. For example, Marangoni convection has been used ’ q - Op gang P

explain the differences between pure capillary equilibrium a rface tension. Therefore this experiment did not measure the

experimental free-surface profiles as well as wetting forces in t %r;e-dlspl?]cemﬁnt I’eéatIOI'llShI%fOI’ tllwet_sollderl J?.'m' that relate th
wetting balance test with heated ¢#]. In the case of eutectic esearchers have developed analytical solutions that relate the

Sn-Pb solder the differences were too large even for Marangéﬂﬁeral restoring force to the frequency and amplitude decay of a
flow to provide an explanatiof4] chip oscillating about its equilibrium location on molten solder

s . : joi 13]. However, interpretation of the experimental data re-
Accurate solder joint design can permit coafsasy and chea JO'F“S[ . .
chip placement bJecause, ?f apprgpriately desig):]ed, the Sp0| res an unphysical surface tension for the Ph60-Sn40 solder of

joints will align the components, with the required accuracy, duP-19 J/m(13], less than 50% of other published values fot$th

ing processing. The design of solder joints, in particular the seleRUtectic range compositiof, 14]. Interpretation of the same data

tion of solder volume, pad dimension, pad location and pad qudhs-ing a second analytical solution for the oscillatory beha\iét

requires the same unphysical value for the surface tension. The
Contributed by the Electronic and Photonic Packaging Division for publication igxceedmgly low Valu.e Qf the surface.tensmn required to .m the
the JDURNAL OF ELECTRONIC PACKAGING. Manuscript received by the EPPD De- data would seem to indicate that the impact of flow and viscous

cember 19, 2000. Associate Editor: S. M. Heinrich. terms, inherent to understanding the oscillatory problem, is not
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adequately understood. This raises questions about the accurac
force-displacement curves that would be generated using tl
technique. It should be noted that the solder volumes studied
[13] were 11 mm and 16.5 mm, nearly 4 orders of magnitude
larger than the smallest studied here. The pad diameters were &
mm, approximately 1 order of magnitude larger than those studi
here. Other researchers have modeled the impact of bo:
warpage and variation of solder volume on solder joint shapes
area-array packagé$6] or conducted experimental studies of the
associated failure of such joinf&7].

This paper addresses the wetting behavior of solder in intercc
nects with the geometry of those found in the wafer-level underfi
applications. Fabrication of solder joints with nominal solder vol
umes as small as 0.0019 rimnd pad diameters as small as 0.3!
mm, created under a range of shear loads, is described. P«
solidified structures are used to directly obtain force-displaceme
data for both normal and shear displacements. A Surface Evolver ] )
based code for flip-chip geometry is used to generate fordgd. 2 Shear loading geometry. The stand-off height and lat-
displacement curves for different solder volumes and pad siz&% OT]SEt a{ﬁ def'lr.‘dedb NOteI.th"’?gthelé”p'e pg'”t i'aciually a
stand-off and lateral displacements are calculated simultaneo %fngvmfgeconfacsto,hoteﬁg’t tﬁm%u::onstgcte;nglg agﬁﬁvggpglgng
given the n_ormal and Shea_r components of the applied force_.t triple line under non-zero shear loading. In the experiments
order to validate the numerical Evolver results, an exact solutigRg modeling, the triple line is not constrained to lie on the
is developed for zero lateral displacement. Finally, the predict@@rimeter of the pad.
and experimental results for various sized solder balls and pad
radii are compared in order to evaluate the applicability of purely
capillary based codes for wafer-level underfill applications, par-

ticularly at sub-30@xm pad diameter. The solder used in these experiments had a eutectic composi-
. tion (Sn63-Pb3Y! It came in the form of solder balls with nomi-
Experiments nal diameters of 15, 10, 9, and 6 mi880, 255, 225, and 150

Each experimental specimen is composed of eight solder joint§). Stated uncertainties were/—1 mil (25 um). These nominal
joining copper pads arranged around a square perinieigr 1).  diameters correspond to volumes of 0.029, 0.0086, 0.0063, and
The pads were deposited on 6 in. silicon wafers by electron be&®019 mmi, respectively. The solder balls were examined by op-
evaporation of a um thick layer of copper through a mask. A 30tical microscopy. For the three largest sizes, the average measured
nm thick titanium intermediate layer was used to retard the rapiiemeters were within um of the nominal diameters, and they
si(cu) interdiffusion and enhance adhesion. Masks with 0.64 arxhibited 5um or less root-mean-square deviations of individual
0.35 mm diameter holes were used to fabricate specimens witiameters. These variations are predicted to be insignificant for
either 0.64 or 0.35 mm diameter pads, respectively. Individutile experiments described. On the other hand, the nominally 6 mil
specimens were obtained by sectioning the 6 in. wafers. (152 um) solder balls were measured to have an average diameter

Lateral offsets and stand-off height measurements were di-163 um, with a standard deviation of 1@m. This corresponds
tained from solidified solder joints in this study, under the ago an average volume 25% larger than the nominal value with a
sumption that these displacements do not vary substantially durisigndard deviation of approximately 20% for individual solder
solidification. There is a volume decrease associated with solidalls.
fication of the solder of~4.5%. However, this corresponds to Flux, in its undiluted form, was placed on each pad individu-
only a~1.5% decrease of any linear dimension. In light of thisally. The total volume used on the sixteen pads associated with the
the lack of a freezing range for the eutectic composition and th&o Si specimens to be joined was less thaml land spread to
small solder joint dimensionémplying minimal convection dur- diameters approximately >3 that of each pad. Flux was thus
ing the solidification it is believed that post-solidification joint available in all cases where the solder extruded beyond the Cu pad
geometries are reasonably similar to the molten solder joint geAto the Si substrate. Larger volumes of flux resulted in local
ometries. Because of inertial considerations, this should certaififidging between the Si wafers, beyond that associated with the
be true for the two quantities, stand-off height and lateral offsegplder joints, and loss of parallelism of the joined wafers. This
measured in this study. was particularly true for the experiments involving stand-off
heights of 30um and less. One solder ball was manually placed
on each corner pad of one wafer and each edge-center pad on the
other wafer. The two wafers were separately placed on a hot stage

O @ at 210+ 10°C (eutectic temperature 183f@r the time required
Q ~— PADS for the solder balls to meltypically <5 9). This step ensured that
< all solder balls were accurately placed on their copper pads. The
) ™~ SUBSTRATE pads on the two wafers were then aligned with each other and
Pad DlametefI O Q placed on the hostage for the time required to form the solder

joints, as determined by the visible shift associated with realign-
ment (typically after 5-10 s A disk-shaped tantalum weight
O Q O (mass 1.29 g, diameter 12 mm, height 0.69 ymras next attached

to the center of one wafer using a small amount of the flux. In
order to control the applied shear force, the test specimen, with
Fig. 1 Schematic of the specimen geometry. Eight copper the tantalum weight on top, was reflowed ageiif—15 3 and the
pads, each 5 um thick with a ~30 nm Ti intermediate layer on stage then tilted to the desired angfég. 2). The stage was then
silicon wafer. Two such wafers, with a solder ball between each

corresponding pair of pads, were sandwiched together to make !Eutectic solder from Indium Corporation, flux Actiec 2 from Multicore Solders.
each specimen. The pads were all either 0.64 mm or 0.35 mm in Corporate names are supplied for completeness of experimental description and does
diameter. Spacing between pad centers was 5 mm. not imply NIST endorsement.
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Fig. 4 Experimental and “best fit” simulation for 0.029 mm 3
solder joints and 0.64 mm diameter pads. Experimental data
and best fit modeling results are shown for both the stand-off
height and lateral offset as functions of the shear force. A por-
tion of the triple line is predicted to move onto the substrate at
~65 uN, causing the kink in the predicted force-displacement
curve.

covered wheel using diamond slurry down to 0,261; a final
polish in deagglomerated 0.Q6m alumina was extremely helpful

in obtaining contrast between the copper pads and the solder. Fig-
ure 3a) shows cross-sectioned solder joints formed with 0.35 mm
diameter pads, 6 mil solder balls, normal force of 1.95
+0.03 mN(20 uncertainty and shear force ranging from 3dN—

120 uN. Two shear displacement values are obtained from the
relative lateral displacements of the left edges of the pads and the
right edges of the padshese could differ because of differences
in pad diameters or imperfect alignmgr single stand-off value

is obtained from the distance between the upper and lower Si/Cu
interfaces. These values are averaged with the results from the two
other sectioned pads from each specimen to obtain each of the
experimental values used in this paper.

(b)

Fig. 3 (&) Cross-sectioned solder joints. From top to bottom Variation of the loads on the eight solder joints in each speci-
the shear force is: 34 uN, 68 uN, 100 uN, and 120 uN. Normal  men induced either by inaccurate placement or shift of the cen-
forces are approximately 1.95 mN. The pad diameters are all troid during tilting was minimized by the squat shape and accurate

~350 pm in the cross-sectioned images.  (b) Close-up of the  contering of the applied weight. Specimens for which the mea-
solder-pad-silicon interfaces showing the intermetallic layer

formed between the Pb-Sn eutectic solder and copper pad as SWed stand-off heig.hts of any two pads .exceededmowere
well as a Pb-rich dendrite in the solder. discarded. Of forty-five specimens for which data are presented,

only two exhibited stand-off heights differing by more thap@;
twenty exhibited variation of 2um or less. Figure ®) shows a
) ) o ) close-up of typical solder/coppépad and copper/silicon inter-
cooled, by running water through internal cooling lines, with theyces observed in the sectioned specimens. Theuir2hick in-

specimen still on it. ) termetallic layer formed at the solder/copper interface develops a
The tilt of the stage by the small angderesults in normal and cejjular pattern as it grows into the molten solder. A Pb-rich den-
lateral forces where the normal force is given by drite is visible in the solidified solder.

- ) The results of all experiments are summarized in the Figs. 4—7.
Fn=mg cos )/ My @ Each plot shows the dependence of the lateral offset and the stand-
and the lateral force is given by off height of the solder joint on the applied shear force. Figures 4
_ ; _ and 5 summarize the results for pad diameter 0.64 mm and nomi-
FL=mg sir¢)/ Nns ) nal solder volumes 0.029 and 0.0086 Fmepresenting the 15
whereg, nj,s, andm are the acceleration due to gravity, the numand 10 mil solder balls, respectively. Figures 6 and 7 summarize
ber of solder joints and the weight of the applied m@ssluding the results for pad diameter 0.35 mm and nominal solder volumes
that of the upper silicon wafgrrespectively. For the range of tilt 0.0063 and 0.0019 minrepresenting the 9 and 6 mil solder balls,
angles used, from 0-5 deg away from horizontal, the shear foregspectively. The “best fit” Evolver generated force-displacement
is very nearly linear in the angle and the normal force is essegurves are also included in all four figuré3he shear forces for
tially constant(decreasing by less than 0.5% at 5 deg which Evolver generated data points were obtained are indicated
Following solder joint solidification, the specimens weréyy small filled circles on the lateral offset cur¢also for all fol-
mounted in epoxy, using vacuum to ensure infiltration into thewing figures. The best fit values of the parametergy;
area of the joints. After the epoxy had hardened they were cross-
sectioned to permit the three solder joints on one edge parallel torne experimentally determined average diameter of dghas been used in the
the shear direction to be viewed. Polishing was done on a felediction for the nominally 15@m solder balls.
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Fig. 5 Experimental and “best fit” simulation for 0.0086 mm 8
solder joints and 0.64 mm diameter pads. Experimental data
and best fit modeling results are shown for both the stand-off

and lateral offset as functions of the shear force. The triple line

lies on the pad perimeter for the range of shear forces shown.
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Fig. 6 Experimental and “best fit” simulations for 0.0063 mm 8
solder joints and 0.35 mm diameter pads. Experimental data
and best fit modeling results are shown for both the stand-off

and lateral offset as functions of the shear force. The triple line

lies partly on the substrate for the range of shear forces shown.
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Fig. 7 Experimental and “best fit” simulations for nominal
0.0019 mm? solder joints and 0.35 mm diameter pads. Experi-
mental data and best fit modeling results (for actual ~0.0022
mm? solder volume ) are shown for both the stand-off and lat-
eral offset as functions of the shear force. The triple line wets

the substrate at a shear force of ~20 uN.
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=150deg andy=0.4 N/n?, discussed in the modeling section of
this paper, were used for all four figures. For the largest solder
volume, the kink in the computed lateral offset-a65 uN (Fig. 4)

is caused by a portion of the triple linéhe curve where solder,
underlying substrate or pad and vapor meet, see Bign&ing

off the pad and wetting the Si substrate. This occurs when the
contact angle at that location reachg. This contrasts with the
results in Fig. 5 where the triple line is entirely on the pad perim-
eter and with Fig. 6 where a portion of the triple line is always on
the substratéthus the nonzero lateral offset for all nonzero shear
forces. For the smallest solder volume, wetting of the substrate
occurs at~20 uN shear force(Fig. 7). An additional kink at
~100 uN is possibly associated with development of an instabil-
ity in the shape of the sheared solder joints.

Other Measurements

In order to model the data, independent values were required
for the contact angle on the silicon wafers. Wetting angles of
solder on Si with native oxide intact and on evaporated copper
pad materialdeposited on the Si substrate material without using
a mask were obtained by direct contact angle measurements of
the solidified structures obtained with the same eutectic solder,
flux and conditions used in the solder joint experiments. The con-
tact angle of the solder on the silicofg;, was found to be 149
+3 deg(20 uncertainty. The value for the contact angle of the
solder on the copper thin film pad materid},, was measured to
be between 2-5 deg based on both direct contact angle measure-
ment and area of spread.

Modeling

Prediction of vector force-displacement curves for array type
interconnects has until now been confined to predicting the force
given a displacement e.ff16]. Unfortunately, the normal and lat-
eral displacements are interdependent, each changing with both
the normal and lateral components of the applied force. In theory,
equilibrium displacements can be obtained from fixed displace-
ment models using a bracketing technique for the energy. How-
ever this is time-consuming, requiring many simulations for each
data point, making it especially cumbersome for studies involving
a range of geometric and materials parameters. An example of this
can be seen in Fig. 8 where many data points are needed to find
the minimum at each value @f;;; . Thus, for this study, a Surface
Evolver code was developed that determines the equilibrium
shape of the flip-chip geometry solder joint, particularly the stand-
off and lateral displacements, for a specified applied force. The
code, executable using the Surface Evolver computer profgam
can be downloaded for free from NIST at http:/
www.ctcms.nist.govtdjl/solder/new.html.

The code was directly applied to modeling the experiments. For
aligned padgzero shear forge an exact solution was also used
(Appendix. Both solutions use the following quantities as inputs:
solder volume, pad diameter and thickness, solder density, and
surface energy and contact angles on the copper pads and silicon
substrates. The solutions include capillary forces but ignore con-
vection. Gravitational forces, while included in the general code,
were not used here as they are not significant for the solder vol-
umes in question. The minimum mesh refinements for the Evolver
solutions were determined by evaluating sequentially more refined
meshes until the value of stand-off height converged for the par-
ticular specimen geometry. The accuracy of the converged value
was confirmed by comparison to the exact solution for the case of
aligned pads.

In the experiments described here, the triple line extended to
the pad perimeter or beyond in all cases. Analogously, in the
Evolver modeling, for the shearing conditions studied, the contact
angle always exceedet}, on both the trailing and leading edges
of the sheared solder drop. Based on both these results, the jump
in height from the silicon to the pad was ignored and a flat plane
with variable contact was used for the Evolver geometry. It re-
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Table 1 Least squares fitting of all experimental data

—_
0.235 $§ﬂ§;8 123 2 b= 140° 150° 160°
Pei1p=1.125 - y=0.3 N/m? 499.8 2123 935
T Oci1p=1. 625 —mmem 0.35 159.0 36.1 9.3
’3_ 0.4 35.4 6.7 13.8
= 0.45 8.6 17.0 32.8
B o 225 |
§ .
¢ (increasing vy also fits the data reasonably well. The consistency
0.22 r of the optimal angle and the experimentally obtained value of 149
. deg already mentioned is noteworthy, as is the fact that the asso-
_____________________ ciated value fory is reasonable.
0.215 : ' : el In order to understand the trends in ty8 fit the following
0 200 400 600 800 1000  should be understood. First, fitting of data where the triple line is
lateral offset (pm) fully on the perimetefi.e., the solder does not wet the substrate
will give a quality of fit that is independent dfg;. Therefore, in
Fig. 8 Energy contours around the minimum energy regions the y? analysis, this subset of the experimental data only affects
using data points from many simulations. At ¢ =1.625 the  the selection of the optimal value of This data corresponds to
shear force has reached a saddle point indicating an increase low shear forcegless than the value for the kink indicating initial
in ¢y would lead to failure of the sample. wetting of the substrajeand/or small solder volume. The shear

force at which the kink occurs depends on béthand y. Also,
once the triple line moves onto the substrate, the slope of the
mained necessary to correct for the volume of the two pads fierce-displacementlateral offset curve depends on botf and
each joint. This was accomplished by increasing the solder vdlsi as a result of the Young-Laplace equation.
ume in the models by the volume of the pads.
The Evolver solution procedure does not require user interddiscussion

tion r?ndfinvolves using anhendgrg¥ bracket at eachestagfehof theI'hese results demonstrate the sensitivity of the experiments and
mesh refinement to move the displacement paramft8isWith o o del to the shear force and to the contact angle at which the

the understanding that the pad is fully wetted, the total energy f%lder first wets the substratéeading to a solder joint whose
the solder configuratiofsee Fig. 2 is given by,

triple line is not confined to the perimeter of the padl substan-
5 tial decrease of stiffness is associated with this event. Figure 9
w5y cog 6)) shows the data for the largest solder balls with predictions ob-
tained by varyingy for fixed 65=150deg. The kink in the force-
displacement curves occurs when the triple line leaves the perim-
(3) eter of the pad and wets the substrate. Figure 10 shows the
corresponding fraction of the triple line on the substrate for each
value of y. Figure 11, in whichfg; is varied while y is held
constant, yields curves similar to those shown in Fig. 9 as ex-
pected from Young's equation. Note that the results &

vapol surfaceS, with free energyy. This surface is the only =150 deg andd5;=160 deg are identical for shear forces below

faceted(discretized surface in the Evolver calculations. The ternPO 4N because thel soldelr r(;:mari]ns entilrlely onlghe Eaﬁ' hibited
in square brackets equals the change of system energy associatdd'® experimental results for the smallest solder balls exhibite

with wetting the entire Cu pad as well as the region of the §Pnsiderable variance, which can be explained by the scatter in
substrate within the triple line. Gravitational potential energy &€ Volume of the sampléstandard deviation 2094This effect is

neglected here. The symbols andry_ are the radius of the pad

and the distance from the center of the pad to the triple line,

respectively. Young's equation has been used to relate the fi 200 7
energy difference between the wetted and unwetted Si and experiment —&—
surfaces to the wetting anglék; and 6, and the solder surface _
tensiony. The overall factor of 2 reflects the symmetry of theg 150 b
upper and lower surfaces when gravity is neglected. The volur—
of the solder is maintained as a constant with the volume of th
pads included. Note that, when the local contact argyfialls
between the wetting angles on the Cu pad and Si substigte,
=0=0,, the triple line is pinned on the pad perimeter at the
location. Wetting of the substrate occurs wh@equalség; (see
Fig. 2.

Table 1 shows the results ofy& analysis obtained by allowing
the surface tensiory, and the contact angle on the silicafy;, to
be simultaneous fitting parameters for all the force-displaceme
data from the four geometries. Every experimental lateral offs 0
and stand-off data point is included. The experimentally measur 0 50 100 150
volume, rather than the nominal value, was used for the modeli Shear Force (UN)
with the smallest solder balls. Experimental uncertainty values for
each data point were used for normalizing. The best fit is obtaing%. 9 Comparison of experimental data and force-
for values of f5=150 deg andy=0.4 N/n?, although a con- displacement curves for 0.029 mm 2 solder joints and 0.64 mm
tinuum of values with increasin@ecreasing 65; and decreasing- diameter pads holding @5=150 deg and varying vy

E=FXo+F,h+ f ydS—2
S

21
+ycoswsofo (r5(p)—r5)de

The first two terms in Eq(3) equal the potential energy of the
applied vector forcd= with x, andh the lateral offset and stand-
off height. The third term equals the energy of the solgiguid/

100 ¢

50 |

Lateral Offse
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Fig. 10 Proportion of the triple line on the substrate for 0.029
mm? solder joints and 0.64 mm diameter pads holding Os;
=150 deg and varying . The critical point, at which the solder

150

-
A !
o 100
S}
g e
o Lo
iu] @]
5 —
& ® 50
M (0]
[al} ie)
[t1v]
3

Fig. 12 Lateral offset for 0.35 mm pads,
=150 deg for solder balls of varying diameter. The experimen-
tal distribution is consistent with the known variation of solder

experiment —O—
0.0029 mm, ——
0.0019 mm
0.0011 mm

50 75 100 125
Shear Force (uUN)

y=0.4N/m? and 6y

wets the substrate, corresponds to the change in slope of the ball volumes.
force-displacement curves in Fig. 9.
45
experiment ~—O—
~ 0.0029 mm ——
" , gi0r 0.0024 mm] ===
accentuated by the critical dependence of the displacements 2 4} 0.0019 mm’
volume for these particular experimental conditions. Simulatior 35 | 0.0011 mm>
were made for solder balls with diameters of 12, 150 um, g
162 um, and 175um. The 125um and 150um diameter solder g .i
balls triple lines remained on the pad perimeter. The 162 < 30 p — @@
solder balls wetted the Si substrate a2$ (not shown. The 175 &
um solder balls wetted the substrate for all shear fofses Fig. ¢ 25 L
12). The average diameter of the solder balls, 160, places the T
experimental volume right in this transition region. The crossf 20 |
sectioned solder joints indicated that solder joints exhibiting sm&?
lateral offsets had remained fixed to the pad perimeter while tha
with large offsets had wetted the silic¢gee Fig. 3, agreeing with : ! : L
0 25 50 75 100 125

theory. The simulations for 162m diameter were used in the best
fit analysis because this value of the diameter best matched
experimental diameter measurements; Fig. 7, 12, and 13 show that

the 162um diameter results also fit the force-displacement dakrdg. 13 Stand-off height for 0.35 mm pads,

Shear Force (uN)

y=0.4N/m? and

the best. It should be noted that some of the volume variance alkg=150 deg for solder balls of varying diameter. Data corre-
might be due to voids in the solder balls, which were observed $onds to that in Fig. 12.

a number of cross-sectioned solder joints.

Conclusion

150 This paper presented the wetting behavior of solder in flip-chip

experiment —&——
0q;=140° —— ®

(pm)

100

50 |-

Lateral Offset

O il i 1
0 50 100 150
Shear Force (UN)

geometry interconnects. A Surface Evolver based code for flip-
chip geometry was used to generate force-displacement curves for
Gsi=1502 e different solder volumes and pad sizes. The experimental results
B55=160" e e and those obtained from Surface Evolver are consistent. A com-
) puter code that permits solder joint displacements to be deter-
/ mined given applied forces, developed in this effort, has been
shown to be accurate as well as more convenient than codes that
A o solve for forces given displacements.

o The motivation for this study was a need to assess the validity
" of using only static surface tension theory for use in understanding
flip-chip misalignment. The qualitative and quantitative agreement
g for the substrate wetting and optimized parameter valye8d)
suggest that static theory does predict the force-displacement re-
lationships in these experiments quite well. The valuedgfis

near the experimental measurement and consistent with val-

ues from the literature. It is therefore evident that, for the dimen-

sions and materials used in this study, only capillary and gravita-

Fig. 11 Comparison of experimental data and force-
displacement curves for 0.029 mm 2 solder joints and 0.64 mm
diameter pads holding y=0.4 N/m? and varying g
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tional forces are required to accurately predict solder joint stand-
off heights and lateral offsets given applied shear and normal
forces.
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Appendix on Exact Solution

An analytic solution for the axisymmetric hanging liquid drop-

let suspended between two fixed plates exists when gravity

neglected. This problem has been solved in different contexts,

including creep in a wire with bamboo structyrE9], a general

and

B on?o 1= X(sin 6—x) g
T T Sing ©)
from the expressions far, andr,. Using these definitions, the
integral expressions fdr andV can be written

treatmen{20] and liquid infiltration between glass plate with non-

wetting regiong 21].

The energyE of a loaded axisymmetric drop can be expressed= ng’

as
L2

f 27r(z) yV1+(dr/dz)?dz—FL
—L/2

whereF is the applied load. is the height of the drop,(2) is the
radius of the drop as a function of the height coordirmtend y
is the liquid-vapor surface energy. The volume of the dvbs
fixed, yielding

E

(4)

L/2

f—L/Z

The shape of the drop(z) and heightL that minimizesg for

\% wr(z)%dz

(®)

constantV is obtained using the method of Lagrange multipliers.

Defining
Yy=E—-AV (6)

with A the Lagrange multiplier and minimizing yields the equa-
tion

2myr(z)

J1+(dr/dz)?

= —7Ar?(2)

()

This expresses a balance of normal forces at the boundar, for

identified as the pressure. Equatigh can be used to obtain ex-

pressions fot. andV expressed as integrals from the radius at the

top of the dropry,, to the radius at the center,. Expressions for
ro and r, can also be obtained from Ed7) by noting that
dr/dz=0 whenr=r. and V1+(dr/dz)?=1/tand whenr=r,,
where 6 is the contact angle at the upper surface.

There are two possible constraints, either fixedon the pagl
or fixed 6 (off the pad. For the latter case, defining
=F/r 2w\, G=v/\rg, x=r,/r, and introducing a scaled coor-
dinateu=r/r., one can obtain

1-x2

29= 1-xsing@

(8)

Journal of Electronic Packaging

fl (24—1+u?)
L=2r.| du =rl(x)
is «  NJUu—=1)(u+1)(2§—u—1)(2§+u—1)
(10)
and
1 2(9% _ 2
J du us(24—1+u) —31,00)
x  JUu—1)(u+1)(2§—u—1)(2g+u—1)
(11)

whereq is the function ofx given by Eq.(8). Equationg10) and
L \Y

(1) yield
3
o) =

which can be solved fox using a standard root finder or tabulated
Elliptic Integrals.

(12)
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