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Capillary wave formation on excited solder jet
and fabrication of lead free solder ball
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Abstract: A survey of solder ball production processes especially focusing on disturbed molten metal jet breakup

process was made. Then the formation of capillary wave on tin melt jet in the way of rapid solidification was stud-

ied. A semrempirical formula, which can be written as A= Cun (¥P)"°f ¥ to predict the relationship between

wavelength of capillary wave and frequency of imposed vibration was obtained. Srr4. 0Ag-0. 5Cu lead free solder ball

was successfully produced with tight distribution and good sphericity. The excited jet breakup process is promising

for cost effectively producing solder ball.
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1 INTRODUCTION

As the electronic package technology drives
towards high input/output (I/O) count and smal-
ler packages with finer pitch, the leads are shifted
from the periphery of the device to the area under
the device. This scheme is called a real array pack-
aging and is exemplified by the ball grid array
(BGA) package. Solder balls used in these packa-
ges have severe specifications in diameter toler-
ance, roundness and surface quality, e. g., sphere
size variation is required within X3% from the
mean sphere diameter to ensure a reliable package
assembly, and this requirement is a challenge to
conventional manufacturing methods for tiny metal
balls'"!.

There are many conventional processes used to
produce solder balls. However, all have disadvan-
tages in terms of low gaining or yield rate and are
not economical. Gas atomization and centrifugal a
wide atomization have the disadvantage of distribu-
tion in size, thus intensive classification is re-
quired. The sphericity of the solder balls made by
the abovementioned atomization processes is also
not perfect. Another process is cutting or stamping
where a metal piece of uniform mass is cut from a
solder wire or stamped from a solder foil. The
solder pieces are introduced into a variable temper-
ature oil bath where the pieces melt, spheroidize
and solidify. The main shortcoming of the process
is its low production rate and complicated proce

dures. Also, the process is not available to pro-
duce solder ball of materials with poor plastic de
formation ability, e. g., bismuth-containing solder
alloys, which is difficult to make small size solder wire
or foil and thus the solder pieces of uniform mass.

The breakup of a liquid jet into discrete drops
controlled by the application of a periodic disturb-
ance to the jet has attracted considerable academic
and industrial interest recently. This technology
has been successfully used in the field of ink jet
printing. In 1990s, Laboratory for Manufacturing
and Productivity at M assachusetts Institute of
Technology( MIT) led by Chun'? first developed
molten metal jet breakup process and termed UDS
( Uniform droplet spray) process. Later, the appli-
cation of UDS process for advanced material pro-
cessing was studied, and soon many industrial ap-
plications including metal injection molding, hot
isostatic pressing, BGA electronics packaging,
net-shape spray deposition and rapid prototyping
were offered > 7.

Recently, Orme et al ™ applied the process to
direct writing technology and net-form manufactur-

I studied liquid jet breakup and the for-

ing. Lee
mation of satellite droplet under the influence of
different waveforms. Hitachi Metals Company
have used this technology to manufacture solder
ball'® .

In this paper, the production of solder ball by
molten metal jet breakup process was mainly fo-

cused, the influences of processing parameters on
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the formation and growth of capillary wave of the
jet were discussed, and the characteristics of Sn-

4.0A g0.5Cu solder ball produced by this process

were studied.
2 EXPERIMENTAL

The experimental apparatus comprises a cruci-
ble, a spray chamber, a gas control system, and a
vibrator, as illustrated in Fig. 1. The crucible, a
pressurized liquid reservoir, has an orifice at the
bottom and constrains molten metal controllable on
its level. Immediately below the crucible and the
orifice is the spray chamber, a sealed chamber ca-
pable of being evacuated and backfilled with pro-
tective gas to avoid the disruptive effects of oxida-
tion, in which a coolant tank is located under the
crucible. The gas control system creates an inert
atmosphere in the spray chamber and forces the
melt from the crucible and through the orifice to
form a laminar jet. The vibrator is immersed in the
molten metal of the crucible and serves to divide an
issuing stream into droplets by imposing vibrations
to the molten metal excited by a piezo-electric
transducer.

Fig. 1 Schematic diagram of apparatus
1 —Vacuum and gas control system;
2 —Piezo-electric crystals; 3 —Pressure gauge;
4 —Crucible; 5 —Heater; 6 —Molten metal;
7 —Transformer; 8 —Orifice; 9 —Droplet; 10 —H eater;
11 —Spray chamber; 12 —Coolant; 13 —Coolant tank

The diameters of the orifices used in this work
were 90 Hm and 180 Pm, respectively. The im-
posed vibration frequencies were 20. 32, 4. 79 and
2.94 kHz, respectively. The spray chamber was
evacuated and filled with nitrogen. Tin was melted

to 560 K, and then the continuous molten jet of tin
was formed through the orifice with a velocity of
2m/s to Sm/s by applying nitrogen gas pressure
typically 20 kPa to 260 kPa to the crucible. In or-
der to observe the formation of capillary wave on
molten metal jet, the coolant tank was filled with
water to freeze the molten metal jet into a beaded
jet before its breakup into droplets through adjus-
ting the distance between the orifice and the water
top level. The wavelength of capillary wave can be
measured using the frozen beaded jet by image ana-
lyzer, and consequently, the influences of the orr
fice diameter and the vibration frequency on the
capillary wavelength can be obtained.

Solder balls can be produced by changing cool-
ant from water to silicon oil in the coolant tank and
adjusting the silicon oil temperature gradient. The
process conditions used to produce Sm4.0Ag
0. 5Cu solder ball are listed in Table 1. The solder
balls collected in the coolant tank were ultrasoni-
cally rinsed by acetone. The diameter distribution
of the solder balls was analyzed by image analyzer,
and the morphology of which was observed by
scanning electronic microscopy(SEM) .

Table 1 Process conditions used to
produce Sn-4. 0A 2-0. 5Cu solder balls

Nozzle  Vibrating Ejection Melt Oil
diameter/ frequency/ pressure/ temperature/ temperature/
Bm kHz kPa K K
180 4.79 35 563 373

3 RESULTS AND DISCUSSION

3.1 Capillary wave formation

Fig. 2(a) shows the jet morphology photo-
graphed by image analyzer at orifice diameter of
90 Pm and no imposed vibration. Fig.2(b) shows
the jet morphology at orifice diameter of 90 Bm and
vibration frequency of 20. 32 kHz, the formation of
sinusoidal capillary wave on the jet can be clearly
observed. However, compared with Fig. 2(b), the
capillary wave doesn't appear on the jet with the
orifice diameter of 180 Pm when the other experi
mental conditions are kept the same, as shown in
Fig. 2(¢). When the vibration frequency shifts
from 20.32 kHz to 4. 79 kHz and the other experi-
mental conditions are the same as above, the re
sults are shown in Fig. 3. Sinusoidal capillary wave
on the jet can be clearly seen in both Fig. 3(b) and
Fig.3(¢) for different orifice diameters. The case
under vibrating frequency 2.94 kHz is also the
same as shown in Fig. 3.

As can be seen clearly from the research re-
sults, the formation of the capillary wave depends
on the relationship of the orifice diameter and



Vol 15 Ne 5 Capillary wave formation on excited solder jet and fabrication of lead-free solder ball+ 999 -

(a) | | (b)

! =(c)li T

83.1 um/gnd ‘
I i g i

i ‘ 1

| i J {
83.1 um/gnd 1
[ [N =

Fig. 2 Jet morphologies at vibration frequency(f) and orifice diameter( d)
(a) —No imposed vibration, d= 90 Hm; (b) —f'= 20.32kHz, d= 90 Bm; (¢) —f = 20.32kHz, d= 180 Hm
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Fig. 3 Jet morphologies at vibration frequency(f) and orifice diameter( d)
(a) —No imposed vibration, d= 180 Pm; (b) —f= 4.79kHz, d= 90 Bm; (¢) —f'= 4.79 kHz, d= 180 Hm

imposed vibration frequency. The capillary wave
can emerge on the jet surface for certain vibration
frequency with different orifice diameters, as
shown in Fig. 3, or the capillary wave can not e
merge as shown in Fig. 2(¢). Therefore, the first
problem needs to be resolved is how to select the
proper vibration frequency for certain orifice diam-
eter in order to make the capillary wave form on
the jet and breakup into droplets.

The study of liquid jets has a long and rich

history. Rayleigh provided the foundation for

breakup of liquid jets'”. He developed the first

linear stability analysis where he considered an in-
finitely long, circular, inviscid jet subject to a tem-
poral disturbance growth. He found that disturb-
ances of the radius grow exponentially with time
and sinusoidally with space. The radial disturbance
on the surface of the issuing jet will be unstable
and grow resulting in droplet formation when the
non-dimensional wave number Bis less than unity,
where Bis defined as the ratio of the initial stream
circumference to the wavelength of the imposed
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disturbance. In 1931, Weber'"” included aerody-
namic terms to the theory proposed by Rayleigh.
The inclusion of aerodynamic terms predicted the
experimentally observed shorter stream breakup.
The growth factors of inviscid flow were calculated
by an energy method, the maximum growth rate
occurs when the dimensionless wavelength ( A/ d))
is 4. 508 by Rayleigh's analysis or 4. 443 by
Weber s analysis for inviscid flow, where M is the
optimum capillary wavelength, and d; is the jet dir
ameter. More detailed descriptions of the droplet
formation process from capillary stream breakup
can be found in the review articles by Bogy''"! and
McCarthy!"”. In brevity, Lord Rayleigh's study
showed that if 0< B< 1, i. e. the applied disturb-
ance is chosen with its wavelength greater than the
stream circumference, the capillary waves will be-
come unstable and grow exponentially in time as
e”, ultimately resulting in droplet formation. Re-

" showed that the most uniform

cently, Orme''
droplet stream is the one that is perturbed with a
disturbance whose frequency associated with the
maximum B,

The mechanism of the relationship of capillary
wave characteristics and perturbing conditions still
remains unclear, however, lot of experimental and
modeling studies have been conducted on it. Gal-

14 pointed out the term that involves

lego-Juarez
acceleration due to gravity can be omitted, if the
frequency of vibration is above 10 kHz. In this
case, Ois about 0. I N/m, he got the threshold am-
plitude for the generation of capillary waves which
is given by

Guo= 21 1/ (T %) 1™ (1
where Gu is threshold amplitude; T 0 and P are
viscosity, surface tension and density of the liquid,
respectively; f is imposed vibrating frequency.

Considering the relationship between frequen-
cies of driving oscillations and capillary waves, one
can get the expression for the capillary wavelength

A

* 8T (7)1 (2)

Forrest' ™ studied the modeling Faraday exci
tation of a viscous fluid, and got the predictions for
the scaling between excitation wavelength and ex-
citing frequency. For liquids with low non-dimen-
sional wave number ( corresponds to ultrasound
frequency below 40 kHz) the scaling between excr
tation wave number, k(k= 2T/ X, and the exciting
frequency, f, was determined to be

k= 0.62616( Q" f*? (3)

According to the exciting frequency and melt
and by
combination with Eqns. (2) and ( 3) after substitu-
ting k= 27 Ainto Eqn. (3) , the expression for the
scaling between excitation wavelength and exciting

characteristics used in this experiment,

frequency can be written as

X Ca( 0 1/3f7 23 (4)
where C. is the value of imposed vibration coef-
ficient.

By comparison of the research results of Eis-
enmenger, Forrest, MIT and this work, as shown
in Fig. 4, It can be concluded that the scaling be
tween excitation wavelength and exciting frequency
in molten metal jet breakup process is similar to
that in ordinary medium jet breakup process pre
dicted by Eisenmenger and Forrest, and the value
of capillary wavelength locates closer to that pre-
dicted by Eisenmenger.

3000
L — Forrest prediction

E 2400 - Elsenmenger prediction
= + Slef-expemental result
%‘“ 1 800 L% ~ MIT expemental resuit
2
]
= x
= 1200F:
2z :
Q T
&
S eoof

0 5 10 15 20 25 30
Vibration frequency/kHz

Fig. 4 Relationship between vibrating frequency
and capillary wavelength

The surface tension and density of liquid tin
are 0. 544 N/m and 7 000 kg/ m*"', respectively.
By substituting these values and the mean values of
the measured wavelength X listed in Table 2) into
Eqn. (4), the value of C.i, can be obtained as listed
in Table 2. Also it can be seen from Table 2 and
Fig. 4, the capillary wavelength increases as the vi-
The value of Cu

tends to increase with increase of the vibrating fre-

bration frequency decreases.

quency and the orifice diameter. From Eqns. ( 3)
and (4), it can be gotten that the values of C.i, are
2.9 and 10, respectively. According to the experi
mental results of tin melt jet breakup process ob-
tained by MIT and this work, the value of C.i, ran-
ges from 3 to 7. So, it seems that the value of C.i,
for molten metal ranges from 2.9 to 10 being loca-
ted near the lower limit.

Generally, the issuing jet diameter is a little
less than the orifice diameter, as shown in Table
2, due to the action of the surface tension. Accord-
ing to Rayleigh's study, the jet is unstable to dis-
turbances (axisymmetric) when the wavelength of
the disturbance is greater than the circumference of
the issuing jet. As can be seen from Table 2, the
capillary wavelength is 365 Hm at vibration fre-
quency of 20. 32 kHz and orifice diameter of 90 Pm
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and is larger than the circumference of 83 Hm in di-
ameter jet but less than that of 159 Hm in diameter
jet, and thus it makes the difference between
Fig. 2(b) and Fig. 2(c).
at vibrating frequency 4. 79 kHz is obviously larger
than both the circumferences of 83 Bm and 159 Hm
in diameter jets, and thus the sinusoidal capillary

The capillary wavelength

waves emerge in both cases. So does the case at vi-
brating frequency of 2. 94 kH z.
Therefore, Eqn. (4)

though not very accurately, to predict the forma-

can be simply used,

tion of the capillary wave under the selected fre-
quency ( generally bellow 40 kHz) of imposed vi-
bration for certain orifice diameter in order to en-
sure the breakup of molten metal jet into droplets.

3.2 Fabrication of lead free solder balls

On the basis of the above experimental re-
sults, Smm4. 0A g-0. 5Cu solder ball with good sphe-
ricity and narrow distribution was produced by
controlling the breakup of a continuous laminar jet
into uniform droplets and then by slowly solidif-
ying the droplets in the coolant tank filled with sil-
icone oil, as shown in Fig. 5 and Fig. 6.

As the solder balls have not been precisely
classified, there are some egg-like particles shown
in Fig. 5. The processing parameters, especially
temperature gradient of the coolant, need further
optimizing. Fig. 6 shows the size distribution of
three hundred balls picked up randomly from one
of the batches. About 60 percent of the solder
balls ranges between the narrow distribution of 3%
of mean diameter of 280 Hm with a standard devia-
tion of 10 Bm. A second peak appears near the
diameter of 380 Hm in Fig. 6. Taking into account

Fig. 5 SEM photographs of
Sr4. 0A g-0. 5Cu solder balls made by

melt jet breakup process

two solder balls of the same size merging into a
single one, the diameter of the new one is 1.26
times, i.e. 2" times that of the former. Though
380 Mm is 1. 36 times the mean diameter of 280 Pm,
a little more than the calculated value, we still as-
cribe the existence of the second peak in diameter
distribution to the agglomeration of two droplets.
The difference between the calculated and experi-
mental values may result from imperfect round-
ness, not exactly the same size of the droplets and
analysis error caused by the image instrument.
The spheroidization process of the coalesced parti-
cle having not completed, exhibiting the incomple-
ted form of dumbbell or snowman, is shown in

Fig. 7.

Table 2 Imposed vibration coefficient and capillary wavelength values for

different orifice diameter and vibrating frequency

Vibrating frequency of 4. 79 kHz

Vibrating frequency of 20. 32 kHz

Orifice diameter/ Hm Jet diameter/ Pm

XN Bm C.ib N HEm C.ib
90 83 464 3.1 365 6.4
180 159 583 3.9 - -
X 100 5 TR
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Fig. 6 Droplet diameter distribution curve of Smr4. 0Ag-0. 5Cu solder balls made by melt jet breakup process
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Fig. 7 Coalesced particle morphologies exhibiting form of dumbbell formed by two particles similar in

size(a) and snowman formed by one big particle and a smaller one(b)

4 CONCLUSIONS

1) The formation of capillary wave of molten
metal iet was observed and measured through rap-
idly solidification. It shows that molten metal jet
can be broken-up into uniform droplets under the
condition of good match of disturbance frequency
with orifice diameter.

2) An empirical formula, which can be writ-
ten as &= Cu( 0 "°f™ %7, to predict the relation-
ship betw een wavelength of capillary wave and fre-
quency of imposed vibration was obtained, where
the value of imposed vibration coefficient C.i tends
to increase with increase of disturbance frequency
and orifice diameter, and particularly, the value of
Cvi ranges from 3 to 7 for tin melt jet.

3) Sn-4. 0A g-0. 5Cu lead free solder ball with
narrow distribution and good sphericity was pro-
duced. The molten metal jet breakup process is

promising for effectively manufacturing solder
balls.
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