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Effect of Al-trace dimension on Joule heating and current crowding
in flip-chip solder joints under accelerated electromigration

S. W. Liang, Y. W. Chang, and Chih Chen®

Department of Material Science and Engineering, National Chiao Tung University,

Hsin-chu, Taiwan 30050, Republic of China

(Received 31 January 2006; accepted 27 March 2006; published online 25 April 2006)

Three-dimensional thermoelectrical simulation was conducted to investigate the influence of
Al-trace dimension on Joule heating and current crowding in flip-chip solder joints. It is found that
the dimension of the Al-trace effects significantly on the Joule heating, and thus directly determines
the mean time to failure (MTTF). Simulated at a stressing current of 0.6 A at 70 °C, we estimate
that the MTTF of the joints with Al traces in 100 um width was 6.1 times longer than that of joints
with Al traces in 34 um width. Lower current crowding effect and reduced hot-spot temperature are
responsible for the improved MTTE. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2198809]

To meet the relentless drive for miniaturization of por-
table devices, flip-chip technology has been adopted for
high-density packaging due to its excellent electrical charac-
teristic and superior heat dissipation capability. As the re-
quired performance in microelectronics devices becomes
higher, the design rule indicates that in each bump the opera-
tion current is expected to attain a value of 0.2 A, with fur-
ther increase to 0.4 A likely in the near future." Loading with
such a high current at the confined space of the solder bump,
electromigration inevitably becomes a critical reliability
issue.” In addition, during accelerated electromigration test,
the applied current may reach 2.0 A’ rendering substantial
Joule heating in the solder bumps.4 The total length of the Al
trace is typically few hundreds to few thousands microme-
ters, which corresponds to a resistance of approximately few
hundreds milliohms or few ohms. In contrast, the resistances
of the solder bumps and the Cu trace in the substrate are
relatively low, typically in the order of few or tens of millio-
hms. Therefore, the primary contributor for Joule heating in
the solder joints is the Al trace. As a result, the temperature
in the bumps during accelerated testing is likely to be much
higher than that of the ambient because of the Joule heating.
The other critical issue is the current crowding effect in the
solder bumps. The line-to-bump geometry is believed to ren-
der undesirable current crowding behavior, resulting in el-
evated current density in the solder regime than the average
current density.5 These two issues play substantial roles in
the mean-time-to-failure (MTTF) analysis, as delineated by
Black’s equation,6

MTTF:A_ln exp<g>, (1)
Jj kT
where A is a constant, j is the current density, n is a model
parameter for current density, Q is the activation energy, k is
the Boltzmann constant, and 7 is the average bump tempera-
ture. It follows that the MTTF decreases exponentially with
increasing bump temperature. Wu et al.” conducted a series
of electromigration tests for SnPb solder bumps, and ob-
served that the MTTF decreased from 711 to 84 h as the

¥ Author to whom correspondence should be addressed; electronic mail:
chih@cc.nctu.edu.tw
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testing temperature was raised from 125 to 150 °C at a cur-
rent density of 5.0 X 10*> A/cm?. In addition, the MTTF de-
creased from 277 to 84 h as the current density was doubled
from 2.5X 10 to 5.0 X 10* A/cm? at 150 °C. Predicted by
Black’s equation and validated experimentally by Wu et al.,
the stressing temperature and the current density both play
substantial role in determining the observed MTTFE.

Several intrinsic material characteristics contribute to the
Joule heating and current crowding effects. They include the
dimension of Al trace, the thickness of under bump metalli-
zation (UBM), the UBM materials, the solder materials, as
well as the dimension of passivation.8 Among them, the di-
mension of Al trace is believed to be the critical one. How-
ever, no systematic studies have been initiated to elucidate
the effect of Al-trace dimension in Joule heating and current
crowding of the solder joints during electromigration. This is
because the solder joints are completely encapsulated by Si
die, underfill, and underlying substrate. Hence, it is some-
what difficult to analyze the temperature fluctuation and the
current density inside the solder joints. To overcome this
problem, in this study we used a three-dimensional thermo-
electrical simulation to identify the temperature and the cur-
rent density inside the solder bumps. This study offers a bet-
ter insight on the effect of Al-trace dimension in the Joule
heating and current crowding during accelerated electromi-
gration of solder joints.

To proceed our simulation, four models with identical
structure of solder bumps and Cu lines but with different
dimensions of Al trace were constructed. Shown in Fig. 1(a)
is a standard model, which includes two SnPb solder bumps
connected by an Al trace of 1840 um in length, 34 um in
width, and 1.5 um in thickness. For the second model, as
shown in Fig. 1(b), the width of the Al trace was increased to
100 wm with the remaining structure unchanged. Figure 1(c)
exhibits the third model, in which the thickness of the Al
trace was adjusted to 4.4 pum with the remaining dimension
identical to those of the first model. It is noted that the sec-
ond and the third model had the same cross-sectional area of
Al trace. For the fourth model, as depicted in Fig. 1(d), a
shorter Al trace which is 670 wm less than the standard
model was used while the remaining features identical to
those in the first model. The dimension of the Si chip was

© 2006 American Institute of Physics
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FIG. 1. The four models constructed in this study. (a) The first model with
a 34-pum-wide, 1.5-um-thick, and 1848-um-long Al trace. (b) The second

model with a wider Al trace of 100 wm. (c) The third model with a thick Al
trace of 4.4 um. (d) The fourth model with a shorter Al trace of 1178 pm.

7.0X 4.8 mm? with its thickness of 290 um. The dimension
of the bismaleimide triazine (BT) substrate was 5.4 mm in
width, 9.0 mm in length, and 480 um in thickness. The bot-
tom of the BT substrate was maintained at 70 °C and the
convection coefficient was set to be 10 W/m? °C in a 25 °C
ambient temperature. The intrinsic parameters of materials
used in this simulation can be found in our previous
publication.” Constant currents, ranging from 0.1 to 0.6 A,
were applied through the two Cu lines on the BT substrate.

The current crowding effect can be relieved to some ex-
tent by increasing the width or the thickness of the Al trace.
In this letter, we designate the crowding ratio to be the maxi-
mum current density inside the solder bump divided by the
average current density in the UBM opening, which was ob-
tained assuming the current spreads uniformly on the UBM
opening. The crowding ratio indicates the degree of nonbal-
ance in the current distribution in the solder bump. It is re-
alized that the current crowding would accelerate the damage
caused by electromigration because of the enhanced wind
force in the current crowding region. Figures 2(a)-2(d) dem-
onstrate the cross-sectional views for the current density dis-
tribution of the four models as they were stressed at 0.6 A.
As shown, the local current density inside the solder bump
near the entrance of the Al trace was reduced substantially in
the second and the third model. The crowding ratio for the
first model reached a value of 19.8. When the cross section
of the Al trace was increased by 2.9 times, the crowding
ratios were reduced down to 12.0 and 11.7 for the second and
the third model, respectively. Since the geometry of the Al
trace near the solder bump was not varied for the fourth
model, the distribution of current remained the same as the
first model. From our simulation, we conclude that increas-
ing the cross section of the Al trace directly reduced the

crowding ratio.
[. ":.
r. i.

=i E O Gl W W R LS LR

FIG. 2. The cross-sectional views for the current-density distribution in the
solder bump when they were stressed by 0.6 A. (a) The first model. (b) The
second model. (¢) The third model. (d) The fourth model.
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FIG. 3. The cross-sectional views for the temperature distribution in the
solder bumps when they were applied by 0.6 A at 70 °C. (a) The first
model. (b) The second model. (c) The third model. (d) The fourth model.

Furthermore, the dimension of the Al trace exerts signifi-
cant effect on Joule heating of the solder bumps. Figures
3(a)-3(d) illustrate the temperature distributions in the center
cross sections for the four models when they experience a
stress current of 0.6 A at 70 °C. A hot spot inside the solder
bump was observed near the entrance point of the Al trace
into the solder bump just beneath the passivation opening.
The mean temperature was obtained by averaging the node
temperatures in a 70 X 70 um? area, as shown in Fig. 3(a).
The temperatures in the hot spot were 102.8, 81.7, 83.6, and
90.3 °C for the four models, respectively, whereas the aver-
age temperatures were 97.9, 80.6, 82.0, and 86.1 °C, respec-
tively. It can be seen that the Joule heating effect was greatly
reduced when the cross section of the Al trace was increased.
Figures 4(a) and 4(b) show the hot-spot and average tem-
peratures as a function of the applied current up to 0.6 A.
Also, the trend for lower stressing current behaves the same
with smaller magnitude in temperature difference as that
stressed by 0.6 A. Due to the hot spot, a thermal gradient
was built up across the solder bump. The thermal gradient
was derived from the temperature difference between the
hot-spot and the average temperature of the solder close to
the BT side, divided by the bump height. It can be observed
that the second model exhibits the lowest thermal gradient
among the four models.

In general, the Al trace is considered to be the primary
Joule heating source during accelerated electromigration test
as its cross-section area is typically one to two orders of
magnitude less than that of the solder bump and the Cu line.
Under the same applied current, the Joule heating power is
proportional to the total resistance of the stressing circuit.
The resistance of the Al trace for the first model was
1331 m{), whereas it decreased to 530, 551, 532 m{) for the
rest of the three models, respectively. Therefore, the Joule
heating effect was less significant for the stressing circuit
configuration with smaller total resistance. In addition, for
the third and fourth models, the total resistance and the cross
section for heat dissipation were almost identical, yet there is
still 6.7 °C difference in hot-spot temperature. Since the av-
erage current density in the Al trace for the fourth model was
about three times larger than that for the third model, the
local Joule heat power, which is proportional to the square of
the local current density, is likely to be responsible for the
temperature difference in these two models.

Furthermore, the effect of Al-trace dimension on the
MTTF could be estimated using Eq. (1). For the same solder

joint with different dimensions of the Al traces under the
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FIG. 4. (a) The hot-spot temperature. (b) The average temperature. (c) The
thermal gradient in the solder bump as a function of applied current up to
0.6 A at 70 °C for the four models.

same stressing conditions, the activation energy Q and the
constant A are kept identical for the four models. Choi et al.
proposed that the term j~ in the equation needs to be revised
to (¢j)™ in order to include the high current crowding effect
in the solder joints. In addition, the temperature factor is
modified to (T+AT) to account for considerable Joule heat-
ing effect during the accelerated electromigration test. Bran-
denburg and Yeh found that n is equal to 1.8 for the eutectic
solder joints when the average current density is employed,
and the activation energy they measured was 0.5 eV for the
SnPb solder with Al/Ni(V)/Cu UBM.' Since voids typi-

Appl. Phys. Lett. 88, 172108 (2006)

cally form near the entrance point of the Al trace where the
solder experiences the maximum current density and the hot-
spot temperature, we propose that the (cj) term to be taken as
the maximum current density and the hot-spot temperature
should be adopted for the (T+AT) term. For the solder joint
in the standard model, the maximum current density reached
1.05X10° A/cm?> and the hot-spot temperature was
102.8 °C. For the solder joint with Al trace in 100 um
width, the maximum current density was 6.39 X 10* A/cm?
and the hot-spot temperature was reduced down to 81.7 °C.
The MTTF would be 6.1 times longer than that of the stan-
dard model under 0.6 A at 70 °C, in which the relief of
current crowding contributed about 2.5 times, and the de-
crease in Joule heating contributed approximately 2.5 times
on the lifetime increase. For the joint with Al trace in 4.4 um
thickness, the maximum current density decreased to
6.20 X 10* A/cm? and the hot-spot temperature was reduced
to 83.6 °C. The estimated MTTF would be 5.9 times longer
than that of the standard. For the fourth model, the MTTF is
about 1.7 times longer than that of the standard model,
mainly due to lower Joule heating effect. It is noteworthy
that the Joule heating effect could be further reduced if the
length of the Al trace is further decreased, but the current
crowding effect remains the same when only the length is
changed. The above estimation demonstrates that the solder
joints with wider or thicker Al traces could significantly in-
crease the electromigration resistance. In addition, it also in-
dicates that the Joule heating effect needs to be taken into
account during the accelerated electromigration test. Other-
wise, the MTTF may be underestimated.

In conclusion, the dimension of the Al trace plays a cru-
cial role in the Joule heating effect during accelerated elec-
tromigration test since the Al trace is the dominant heating
source. The solder joints with wider or thicker Al trace
would render reduced current crowding and Joule heating
effects. Therefore, the electromigration lifetime would be ex-
tended significantly for the solder joints with wider or thicker
Al traces under the same stressing conditions.
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Effect of three-dimensional current distribution on void formation in flip-chip solder joints during
electromigration was investigated using thermoelectrical coupled modeling, in which the current
and temperature redistributions were coupled and simulated at different stages of void growth.
Simulation results show that a thin underbump metallization of low resistance in the periphery of the
solder joint can serve as a conducting path, leading to void propagation in the periphery of the low
current density region. In addition, the temperature of the solder did not rise significantly until 95%
of the contact opening was eclipsed by the propagating void. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2220550]

Electromigration has become a critical reliability issue
for high-density solder joints in flip-chip technology.l'2
Electromigration-induced failures and mean time to failure
(MTTF) of flip-chip joints have been investigated for both
eutectic SnPb and Pb-free solders.>'® It was found that voids
were formed inside the solder adjacent to the underbump
metallization (UBM),* and propagated along the interface
between the solder and the UBM, causing opening failure of
the joints when the voids eclipsed the entire contact opening.
However, the mechanism of void nucleation and growth and
especially the corresponding change of current distribution in
the solder joint due to void formation are unclear. In particu-
lar, it is unknown why some voids are formed at the periph-
ery of the UBM opening under the dielectric, where the cur-
rent density is low.*"" In Blech structure of Al stripes, Tu et
al. proposed that resistive vacancy might move to the low
current density region to form voids due to the high gradient
of current density, which was as high as 10" A/cm3.”> How-
ever, for flip-chip solder joint, the gradient is estimated to be
only 1.33 X 10° A/cm? owing to its large dimension.® There-
fore, the growth of voids in the periphery of the UBM open-
ing, which is located at the low current density region, may
not be driven by the gradient of current density. In this letter,
three-dimensional finite element method was employed to
simulate the effect of void formation on redistribution of
current density and temperature in a flip-chip solder joint,
especially in the periphery area where a low-resistance thin-
film UBM exists.

Three-dimensional (3D) thermoelectrical coupled simu-
lation was carried out by finite element analysis to find out
the current density and temperature redistributions in our test
samples.13 The model used was a SOLID69 eight-node hexa-
hedral coupled field element with ANSYS software. The elec-
trical and thermal resistivities of the materials as well as the
boundary conditions used in this modeling followed those of
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our previous study.13 In our samples, the diameters of the
passivation opening and the UBM opening were 85 and
120 wm, respectively. Figure 1(a) shows the cross-sectional
view of the current density distributions before void growth
when 0.28 A was applied to the bump. The Al trace, the
UBM in the chip side, and the metallization in the substrate
were ignored. It was found that the current crowded into the
solder bump in the passivation opening. The current crowd-
ing behavior near the entrance of the Al trace can be clearly
demonstrated. The maximum current density reached 5.42
X 10* A/cm?, which is about 22 times higher than the aver-
age value. It is proposed that this local high current density
was responsible for the initial void formation due to flux
divergence.“’6 Figure 1(b) illustrates the temperature distribu-
tion before void formation. The maximum temperature inside
the solder bump was 109.6 °C; therefore, the increase in
temperature due to Joule heating was only 9.6 °C. The tem-
perature was quite uniform inside the bulk of the solder.

In stage I, a semicylindrical void, 45.5 um in diameter
and 13.0 um in height, was formed inside the solder near the
entrance of the Al trace. The current redistributed due to void
formation, and the maximum current density occurred in the
solder near the upper left corner of the periphery of the UBM
opening under the Al trace. As shown in Fig. 2(a), void for-
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FIG. 1. (a) Cross-sectional view of current density distribution in solder
joint before void formation; (b) corresponding cross-sectional view for tem-
perature distribution.

© 2006 American Institute of Physics
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FIG. 2. (a) Cross-sectional view of current density distribution in solder
joint at stage I; (b) corresponding cross-sectional view for temperature
distribution.

mation resulted in redistribution of current in two ways.
First, current may drift farther along the Al trace, passing the
void, and entered the solder. Second, the current may drain
down to the solder through the surrounding UBM/
intermetallic layer (IMC) layer. It is intriguing that the UBM/
IMC layers served as a current path, directing the current
into the upper left corner of the periphery of the UBM open-
ing. Since the UBM/IMC layers have much higher electromi-
gration resistance,” voids are formed mainly inside the sol-
der. It is clear that the solder on the left of the void has
higher current density than that under the passivation open-
ing. Therefore, voids may propagate toward the solder in the
UBM periphery. Compared with that shown in Fig. 1, the
maximum current density inside the solder has been reduced
to 4.43 X 10* A/cm? due to void formation. On the other
hand, the temperature inside the solder decreased slightly to
109.5 °C, which was 0.1 °C lower than that before void
formation, as illustrated in Fig. 2(b). This may be attributed
to the smaller crowding effect as a result of void formation.

Since the maximum current density occurred near the
periphery of the UBM opening, we assume that the void
propagates toward the left-hand-side periphery, as illustrated
in Fig. 3(a). The void depleted 50% of the UBM opening,
which is denoted as stage II. Since the UBM/IMC layers still
serve as a current path, the void may be able to propagate to
the edge of the solder bump. Therefore, we postulate that the
growth of void in the low current density region under the
periphery of the UBM opening is mainly attributed to current
redistribution, not to the gradient of current density. The
maximum current density inside the solder bump reduced
further to 4.04 X 10* A/cm? due to void formation. Figure
3(b) shows the corresponding temperature distribution in the
solder bump. The maximum temperature in the solder was
109.3 °C, which was 0.2 °C lower than that in stage II.
Again, this may be due to the smaller crowding effect in the
solder joint at this stage. Although there was a slight increase

Appl. Phys. Lett. 89, 022117 (2006)
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FIG. 3. (a) Cross-sectional view of current density distribution in solder
joint at stage II; (b) corresponding cross-sectional view for temperature
distribution.

in temperature in the Al pad, the temperature inside the sol-
der did not alter much at this stage. From the results reported
by Gee er al.,"" the shape of the void may resemble a pan-
cake shape for solder joints with thin-film UBM. In addition,
due to the limitation of our simulation modeling, semicylin-
drical voids were adopted in this study. However, whether it
is circular, semicircular, or irregular remains unclear at this
moment, and needs further experimental investigation.

The void was then assumed to propagate to fill 80.5% of
the UBM opening, as shown in Fig. 4(a). It is denoted as
stage III. The current entered the joints through a smaller
contact area, causing an increase in maximum current den-
sity. It rose to 8.70 X 10* A/cm?, and almost the whole pas-
sivation opening experienced current density higher than
1.0 10* A/cm?. Therefore, void propagation would expe-
dite in this stage. The maximum temperature in the solder
bump increased to 109.4 °C because of the higher current
crowding effect at this stage, as shown in Fig. 4(b). In the
absence of current flowing through the solder in the left-hand
side of the joint, the temperature on the right-hand side was
higher than that on the left-hand side. However, there was
still no obvious temperature increase in the solder close to
the entrance point of the current into the solder.

The solder in the passivation opening was completely
depleted at this final stage, leaving a small amount of solder
near the periphery of the UBM opening, as illustrated in Fig.
5(a). There was approximately 4.0% of contact area left for
conducting the current at this stage. With further decrease in
contact area, the maximum current density became 1.69
%X 10> A/cm?. The UBM/IMC layers served as a conducting
path to direct the current to the remaining solder. Hence, the
remaining solder near the periphery of the UBM opening
could be completely depleted and failure followed. Figure
5(b) shows the temperature distribution at this stage. The
maximum temperature in the solder bump was 110.4 °C,
which was 0.8 °C higher than that before void formation.

TABLE 1. The simulated maximum current density inside the solder, the corresponding crowding ratio as well

as the bump resistance at each stage.

Original
bump Stage 1 Stage II Stage I1I Stage IV
Void proportion (area%) 0 28.8 50.0 80.5 96.0
Maximum current density inside solder
(A/cm?) 542X 10 4.43x10* 4.04x10* 870x10* 1.69x10°
Bump resistance (m{}) 11.2 14.6 19.0 25.3 429
Maximum temperature inside solder (°C) 109.6 109.5 109.3 109.4 110.4
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FIG. 4. (a) Cross-sectional view of current density distribution in solder
joint at stage IIL; (b) corresponding cross-sectional view for temperature
distribution.

Our simulation also shows that bump resistance in-
creased gradually in the first three stages, and then increased
rapidly in the final stage, as shown in Table I. Bump resis-
tance was defined as the decrease in voltage between the
entrance point of the Al trace into the Al pad (disk) and the
junction point of the Cu line with the solder joint. In stage I,
the bump resistance increased from 11.2 to 14.6 m{}. It in-
creased to 19.0 and 25.3 m{) in stages II and III, respec-
tively. It rose to 42.9 m{) in stage IV. This increase in bump
resistance may also enhance the local Joule heating effect.
However, no significant local Joule heating was found in the
thermal simulation up to stage I'V. This may be attributed to
the fact that the major heating source was the Al trace.'* In
our model, the total resistance of the Al trace was about
1800 m€). Consequently, the increase in bump resistance
was quite small compared with that of the Al trace. In addi-
tion, the increase in bump resistance was mainly due to the
following manner: owing to void formation, the current
needed to drift farther in the Al pad (disk), and then flowed
down to the solder bump. Therefore, the local Joule heating
in the Al pad (disk) increased when voids were formed.
Since there was good heat dissipation in the Si side, the
increase in temperature due to void formation was quite
small. Nevertheless, the increase might be higher when
larger current was applied, since the overall Joule heating
would be significantly higher at higher stressing current.

In summary, we have employed the 3D finite element
method to simulate the current and temperature redistribu-
tions due to the formation and propagation of a pancake-
shape void in solder joints during electromigration. It is pro-
posed that current redistribution is the main reason
accounting for void formation and propagation, especially
the propagation into the low current density region below the
contact passivation. It is found that UBM provided a con-
ducting path for current to go below the passivation, and it

Appl. Phys. Lett. 89, 022117 (2006)

{b.l' 2

) pm—

i

- S Alc : :q'"l:

00 3eir? Tl Ixich 108.2 1086 108 110
L e —— U e —
0 1000 1xiD® 1x10° 1x10" 108 1084 10B.6 1085 125

FIG. 5. (a) Cross-sectional view of current density distribution in solder
joint at stage IV; (b) corresponding cross-sectional view for temperature
distribution.

directed the current to the periphery of the solder joint,
which is in agreement with the experimental observation of
void formation in those regions. Increase in temperature due
to void formation was not significant since the major heat
source was the Al trace and the applied current was as low as
0.28 A.
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Joule heating effect in solder joints was investigated using thermal infrared microscopy and
modeling in this study. With the increase of applied current, the temperature increased rapidly due
to Joule heating. Furthermore, modeling results indicated that a hot spot existed in the solder near
the entrance point of the Al trace, and it became more pronounced as the applied current increased.
The temperature difference between the hot spot and the solder was as large as 9.4 °C when the
solder joint was powered by 0.8 A. This hot spot may play an important role in the initial void

formation during electromigration. © 2006 American Institute of Physics.

[DOIL: 10.1063/1.2151255]

Electromigration has emerged as another reliability issue
for high-performance and high-density flip-chip solder
joints,l’2 and electromigration in solder joints has been stud-
ied in recent yealrs.S_7 The current crowding effect has been
found to be responsible for the failure in the chip/anode side
of the solder joint.g’9 The current used for typical accelerated
electromigration tests ranges from 0.5 A to 2.2 A. Although
whether a hot spot exists at the current crowding region is of
interest, only a few studies have addressed the Joule heating
effect in solder joints.'®™'* However, there are still no experi-
mental data to verify the temperature in the bump because
the solder joints are completely surrounded by a chip, a sub-
strate, and underfill; so no direct temperature measurement
can be made to investigate the Joule heating effect inside the
solder joints.

For this study, we used thermal infrared (IR) microscopy
to measure the temperature distribution in the Al trace at
various stressing conditions. Based on the experimental data,
we constructed a finite element model to simulate the tem-
perature distribution inside the solder bump during current
stressing. Therefore, this study provides a deeper understand-
ing of the Joule heating effect inside the flip-chip solder
joints during current stressing.

The fabrication procedure for the SnAg bumps can be
found in our previous publication.8 The thickness of the Si
chip was 300 um. The under-bump metallization (UBM)
consisted of 0.7 um Cu, 0.3 um Cr—Cu, and 0.1 pwm Ti. It is
assumed that a layer-type CugSns intermetallic compound
(IMC) of 1.4 wm thick grew in the interface of the UBM and
the solder, whereas a layer-type NisSny IMC of 1.0 um thick
formed in the interface of the pad metallization and the sol-
der in the substrate side. The UBM and passivation openings
were 120 um and 85 um in diameter, respectively. The Al
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trace on the chip side was 34 um wide and 1.5 pm thick.

The temperature increase inside the bumps when pow-
ered by electric current was detected by thermal IR micros-
copy, that had resolution of 0.1 °C in temperature sensitivity
and 2.8 um in spatial resolution.

On the basis of the experimental results, a three-
dimensional (3D) simulation was carried out by finite ele-
ment analysis. Only two of the solder bumps had electrical
current passing through. The electrical and thermal resistivi-
ties for the materials used in this modeling are listed in Table
I. The effect of temperature coefficient of resistivity (TCR)
was considered, and the TCR values for the metals are also
listed in Table I. In addition, 3D coupled thermal-electric
simulation was conducted to predict the steady-state tem-
perature distribution using the ANSYS software package de-
veloped by ANSYS, Inc. The model used in this study was a
SOLID69 eight-node hexahedral coupled field element. All the
boundary conditions followed the experiment setup. The area

TABLE I. Thermal conductivities, electrical resistivities, and temperature
coefficients of resistivity for the materials used in the simulation model.

Thermal Resistivity
conductivity (1 Q cm) TCR
Material (Wm~°C) at 20 °C (1073 K1)
Silicon 147.00 - -
Al trace 238.00 2.70 4.2
UBM(Ti+Cr/Cu+Cu) 147.61 5.83 4.9
SnAg3.5 33.00 12.3 4.6
Ni 76.00 6.8 6.8
Cu pad 403.00 1.7 43
BT (substrate) 0.70
Underfill 0.55
Passivation 0.34

Note: The materials not given in electric resistivity are assumed to be
electrical insulators.

© 2006 American Institute of Physics
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FIG. 1. (Color) (a) Temperature distribution in the package before current
stressing, showing a uniform temperature in the package; (b) Temperature
distribution in the Al trace measured by the IR microscope when powered
by 0.59 A; (c) Temperature profile along the white line in (b).

of the Si chip was 10.0 mm X 6.0 mm and the thickness was
290 wum, whereas the bismaleimide triazine (BT) substrate
was 4.75 mm wide, 7 mm long, and 350 wum thick.

Before the current stressing, calibration was performed
on a hot plate maintained at 70 °C. The temperature distri-
bution without current stressing is shown in Fig. 1(a). The
circuit of the Al trace can barely be seen since the Si sub-
strate is transparent to IR radiation. Figure 1(b) shows the
temperature increase for the Al trace in the package when
stressed by 0.59 A at the ambient temperature of 70 °C. The
current path is indicated by two of the arrows in the figure.
There were two solder bumps located directly below the two
circular Al pads/UBMs, as labeled in the figure. It is note-
worthy that the Al trace has much higher temperature than
the circular Al pads, which were directly connected to the
UBM and the solder bumps. The maximum temperature was

Appl. Phys. Lett. 88, 022110 (2006)
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FIG. 2. (Color) (a) Simulated temperature distribution in the stressing cir-
cuit when powered by 0.59 A. (b) Temperature distribution inside the solder
for one of the cross sections near the Al trace. A hot spot was found in the
entrance point of the Al traces.

as high as 134 °C, which occurred approximately at the
middle of the Al trace, whereas the temperature was only
about 105 °C for the Al pads above the solder bumps. The
inner circle of the Al pad in Fig. 1(b) represents the passiva-
tion opening, whereas the outer circle corresponds to the
UBM opening of the solder joint.

Furthermore, whether a hot spot exists inside the solder
is of interest for electromigration study. Figure 1(c) illus-
trates the temperature profile along the 75 um long dashed
line in Fig. 1(b). The points A and B in Fig. 1(b) represent
the edges of the UBM and the passivation openings, respec-
tively. The temperatures at points A and B were approxi-
mately 118.2 °C and 109.7 °C, respectively, which are much
higher than the average temperature of 105.2 °C in the Al
pad. The average temperature was calculated by averaging
the temperatures in a 10 wm X 10 wm square in the center of
the passivation opening. In addition, there is a thermal gra-
dient since the temperature at the Al pad near the entrance of
the Al trace was higher than that at the opposite end. The
gradient in this junction was as high as 1700 °C/cm.

Figure 2(a) shows the simulated temperature distribution
in the Al trace and in the solder joints when stressed by
0.59 A. The simulation results fit the experimental results
very well. The temperature distribution inside the solder in
one of the cross sections near the entrance of the Al trace is
shown in Fig. 2(b). A hot spot existed in the solder adjacent
to the entrance points of the Al trace into the solder at the
passivation opening. The temperature at the spot was
95.6 °C, which was 4.5 °C higher than the average value in
the solder. The temperature on the chip side was higher than
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FIG. 3. (Color) (a) Simulated temperature in the solder joint and in the hot
spot as a function of applied current up to 0.8 A. (b) Vertical and horizontal
thermal gradients in the solder bumps as a function of applied current
up to 0.8 A.

that on the substrate side. In addition, the vertical thermal
gradient was measured to be 276 °C/cm, whereas the hori-
zontal thermal gradient was calculated to be 634 °C/cm at
this stressing condition. The thermal gradient is denoted in
this letter as the subtraction of the temperature in the hot spot
by the temperature at the opposite end of the solder, then
divided by the distance between the two locations. Under
this stressing condition, the current density in the Al trace
was 1.1X10® A/cm?. The average current density in the
joint was 5.2X 10° A/cm? based on the UBM opening. In
the hot spot, the maximum current density was 1.7
X 10° A/cm?, whereas the average current density involved
in a volume of 5 um X5 um X5 wum was estimated to be
1.4X10% A/cm?.

The Joule heating effect was also inspected at various
applied currents. Figure 3(a) depicts the temperature in the
hot spot and the average temperature in the solder as a func-
tion of applied current up to 0.8 A. Both of them increased
rapidly with the increase of applied current. The difference in
these two temperatures increases as the applied current in-
creases, and it may be as high as 9.4 °C when stressed by
0.8 A. Figure 3(b) shows the vertical and horizontal thermal
gradients as functions of the applied current. They also in-
crease with the increase in stressing current. Moreover, the
horizontal thermal gradient rose more quickly than the verti-
cal one, reaching 1320 °C/cm under the stressing of 0.8 A.

The existence of the hot spot may be attributed to two
reasons. First, it may be due to the local Joule heating inside

Appl. Phys. Lett. 88, 022110 (2006)

the solder itself. The heating power can be expressed as
P=PR=j>pV,

where P is Joule heating power, [ is the current, R is the
resistance, j is the local current density, V is the volume of
the material, and p is the resistivity. The product of I?R is the
total heating power, whereas j’p is the heating power per
unit volume. In our simulation model, the total resistance of
the Al trace was about 900 m{), and the resistance of the
solder bump was about 10 m{). Therefore, the Al trace gen-
erated most of the heat. Due to the serious current crowding
in the solder joint, the current density in the vicinity of the Al
entrance into the solder joint is typically one to two orders
higher than the average value,” causing local Joule heating
there. Second, the Al trace has higher Joule heating effect,
and the hot spot was close to the Al trace. At lower stressing
current, the hot spot is not obvious because there is less heat
generation. However, it became more pronounced as the ap-
plied current increased due to large heat generation and dif-
ficulty in heat dissipation. The solder in the hot spot was the
most vulnerable part in the solder joint during electromigra-
tion testing, since it may experience much larger electron
wind force due to the higher current density and the higher
diffusivity owing to the higher temperature as well as its low
melting point. Hence, voids start to form at this spot.8

In summary, the Joule heating effect in the solder joints
has been experimentally investigated using an IR microscope
and a 3D coupled thermal-electrical simulation. The tem-
perature distribution in joints can be determined thoroughly.
A hot spot was found in the vicinity of the entrance point of
the Al trace, which is detrimental to the electromigration
lifetime of the solder joints.
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Critical length of electromigration for eutectic SnPb solder stripe
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The critical length of eutectic SnPb solder was investigated using solder stripes. By employing focus
ion beam, solder stripes of various lengths, including 5, 10, 15, 20, 30, 100, and 200 wm, can be
fabricated. Length-dependent electromigration behavior was observed, which implies that there may
be back stress under stressing. The critical length was determined to be between 10 and 15 um
under stressing by 2 X 10* A/cm? at 100 °C, and the corresponding critical product was between 20
and 30 A/cm. Both values show good agreement with their theoretical values. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2200158]

With the portable devices becoming smaller and more
compact in size, flip-chip technology has been adopted for
fine-pitch packaging in microelectronics industlry.1 Area ar-
ray of tiny solder joints can be fabricated on Si chips to
achieve high-density packaging. In addition, as the required
performance continues to increase, the input/output (I/O) pin
count of flip-chip products has dramatically increased and
the current that each bump needs to carry continues to in-
crease, resulting in higher current density flowing in each
solder bump. Therefore, electromigration (EM) has become
an important reliability issue in solder joints.z_4

A lot of research has been done on electromigration of
solder joints. However, only a few studies have been focused
on the measurement of fundamental electromigration param-
eters of solder. Liu et al. found that the dominant diffusion
species was Sn atoms in a thin SnPb stripe when stressed at
room temperature.5 Huynh et al. conducted another elec-
tromigration study at 150 °C using V-groove samples, and
found that Pb atoms were the dominant diffusion species.
Yeh et al. used Blech structure to measure the threshold cur-
rent density.7 However, one of the fundamental parameters of
electromigration, the critical length, has not been measured
experimentally. The critical length represents the stripe
length below which there was no electromigration damage
due to balanced back stress.® The critical length for the Al
and Cu lines has been investigated, from which an very im-
portant parameter, critical product, can be obtained.*” The
critical length of solder has not been measured because it is
very difficult to prepare short solder stripes. In this letter, we
report a technique that is capable of fabricating solder stripes
with various lengths down to a few microns. Therefore, the
critical length for solder can be obtained experimentally.

In general, the mass transport by electromigration in
Blech specimens is governed by the following equation: 10

=—Z'eE-— , (1)

where J is the net electromigration flux, C is the atomic
concentration per unit volume, D is the diffusivity, Z" is the
effective charge number, E is the electric field, k is Boltz-
mann’s constant, 7 is the absolute temperature, o is the

¥ Author to whom correspondence should be addressed; electronic mail:
chih@cc.nctu.edu.tw

0003-6951/2006/88(18)/182105/3/$23.00

88, 182105-1

hydrostatic stress in the metal, and () is the atomic volume.
The first term on the right-hand side of the equation repre-
sents the flux due to electromigration, whereas the second
term stands for the opposite flux due to back stress.'” Under
the same current density, the shorter the stripe is, the higher
the back stress will be. Back stress increases with decreasing
stripe length due to higher stress gradient. At the critical
length, the stress balances with the wind force, and thus there
is no net electromigration flux. If we assume that —do/dx is
equal to o./L,, the critical length can thus be expressed as

_ o) _ o) 2
©Z'eE Zejp’

where o is the stress at the critical length, L, is the critical
length, j is the applied current density, and p is the resistivity
of the stripe.

To investigate the critical length of solder, short Blech
stripes down to a few micrometers need to be fabricated. We
have reported a technique for fabricating solder Blech stripes
of 370 um long in a Si trench.” Nevertheless, it is quite
challenging to fabricate short solder stripes because it is very
difficult to reflow the solder on underbump metallization
(UBM) of less than 20 wm long. In addition, the thickness of
the solder stripe was not uniform at both ends, since the two
ends were thinner due to reflow and polishing process. To
overcome these problems, focus ion beam (FIB) was em-
ployed to fabricate short stripes from the 370-um-long sol-
der stripe. Figure 1(a) shows the SnPb stripe of 370 wm long
fabricated using our previous approach. The stripe was
80 wm wide and 2.1 wm thick. FIB was used to etch away
part of the stripe, and desired lengths of solder stripes can
thus be fabricated on a Blech specimen. Figure 1(b) shows
the stripes with abrupt edges fabricated by the above tech-
nique. The FIB etched away three solder slices of 80
X 10 wm? at the desired positions. Various lengths, including
10, 30, 100, and 200 wm, can be fabricated on a Blech speci-
men. Figure 1(c) shows the tilt-view scanning electron mi-
croscopy (SEM) image for one of the surfaces after the FIB
etching. The solder layer was almost etched away and it
became discontinuous. The intermetallic compounds (IMCs)
below the solder were also etched slightly, but it was still
continuous. They might not migrate during the electromigra-
tion test, because CugSns and CusSn IMCs have higher melt-
ing point and higher elastic modulus. They were expected to

© 2006 American Institute of Physics
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FIG. 1. (a) Plan-view SEM image for the fabricated solder Blech specimen
of 370 um long. (b) Plan-view SEM image for a solder Blech specimen
after FIB etching. Solder stripes of 30, 100, and 200 um long were fabri-
cated. (c) Tilt-view SEM image showing the surface after FIB etching. Sol-
der stripe became discontinued after etching.

have better electromigration resistance. The etching depth
was controlled so that the Ti film remained intact, and thus it
was able to carry the stressing current. Since the remaining
solder/IMC on the etched surface became isolated, and their
length might be shorter than the critical length of solder and
IMC, they did not migrate during current stressing, thus af-
fecting the electromigration behavior of the neighboring sol-
der stripes. The sample was annealed at 150 °C for 5 h prior
to electromigration testing to remove the damage in the sol-
der caused by FIB etching.

Figure 2 shows the cross-sectional schematic for the sol-
der stripes in Fig. 1(b). The IMC was about 0.8 wum thick,
and the SnPb solder was about 1.3 um thick. There was a
400 nm Cu metallization layer on a 120 nm Ti film before
the reflow process, and it was almost consumed after the
reflow process. Thus, there was almost no additional IMC
formation during electromigration testing. Because the solder
was thinner on both ends of the solder stripe in Fig. 1(a), the
electromigration behavior for the solder stripe on the far left
was not considered. During electromigration test, a constant
current was applied through the pads on the two ends. There
was around 80% of the applied current drifting in the solder
strip, 19% in the IMC layer, and only 1% in the Ti layer.

Critical length of the solder stripe could be determined
using these short strips. Figure 3(a) shows the same speci-

FIG. 3. Tilt-view SEM image showing the solder stripes in Fig. 1(b) after
current stressing of 5 10* A/cm? at 100 °C for 104 h. Depletion occurred
for all solder stripes, and it was larger for longer solder stripes.

men in Fig. 1(b) after stressing by the current density of
5x10* A/cm?* at 100 °C for 104 h. It is found that elec-
tromigration occurred in the three solder stripes of 30, 100,
and 150 um long. In addition, the longer the stripe is, the
higher the electromigration rate will be. Length-dependent
electromigration behavior was also observed on the solder
stripes, which means that there may be back stress in the
solder stripe under stressing. The critical length is below
30 um from these results. To further explore the critical
length, shorter solder stripes of 5, 10, 15, 20, and 30 um
long were fabricated, as shown in Fig. 4(a). Lower current
density of 2 X 10* A/cm? was used in order to determine the
critical length more precisely. After the stressing condition at
100 °C for 490 h, electromigration occurred in the stripes
longer than 15 um as indicated by the arrows in Fig. 4(b),
yet no depletion was observed in those of 5 and 10 um long,
as shown in the figure. Therefore, the critical length for eu-
tectic SnPb solder was determined to range between 10 and
15 pum. The corresponding critical product was between 20
and 30 A/cm.

To examine whether the measured critical length is rea-
sonable, the theoretical value in Eq. (2) was estimated. We
take the critical compressive stress in the anode end of the
SnPb solder stripe to be the yield strength of solder, which is
27.2 MPa. Wang et al. reported that the stress gradient is
linear in an Al stripe of 200 wm long,11 therefore, it is as-
sumed that the gradient in the solder stripe behaves linearly.
If we assume that the tensile stress in the cathode end is also
27.2 MPa, the stress difference between the anode side and
cathode side will be 54.4 MPa. In addition, Z", Q, and p are
taken to be 30, 2.78 X 1072 ¢cm?, and 14.5 X 107% Q) cm, re-
spectively. By substituting all the parameters in Eq. (2), the
critical length is estimated to be 11 wm under the current
density of 2 X 10* A/cm?, which is quite close to our experi-

FIG. 2. Cross-sectional schematic of the solder stripe
inside a Si trench. The solder layer and the IMC layer
were about 1.3 and 0.8 um thick, respectively.
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FIG. 4. (a) Back-scattered SEM image showing another solder Blech speci-
men with stripes of 5, 10, 15, 20, and 30 um long before current stressing.
(b) The same specimen in (a) after current stressing of 2 X 10* A/cm? at
100 °C for 490 h. No depletion was found for the 5 and 10 um stripes.

mental value. The corresponding value of critical product is
22 A/cm.

It is estimated that the current density required to cause
failure in a solder joint is about two orders of magnitude less
than that needed for an Al or Cu line to fail.® Electromigra-
tion in a flip-chip solder joint occurs at lower current density
because of the high lattice diffusivity in the solder alloys,
together with higher resistivity, lower Young’s modulus, and
higher effective charge number of the chemical elements in
solder alloys than those of Al or Cu. The critical product is
1260 A/cm for a 115 wm Al stripe at 350 °C,8 whereas it is
3700 A/cm at 340-400 °C for dual-damascene Cu/oxide
interconnects.” These values are about 50—150 times larger
than those obtained in our experiment. Therefore, the critical
product we measured is quite reasonable.

Significant phase redistribution was observed after cur-
rent stressing for stripes longer than 15 um, as shown in Fig.

Appl. Phys. Lett. 88, 182105 (2006)

4. The Pb-rich phase migrated toward the anode end, and
thus Pb atoms were found to be the dominate diffusion spe-
cies at 100 °C. This phase redistribution may have effect on
the back stress. In addition, after stressing for a long time,
the Pb-rich phase accumulated on the anode end, leaving the
Sn-rich phase on the cathode end. This redistribution also
affects the yield stresses on the cathode and the anode ends.
Further study is needed to address these issues.

In conclusion, eutectic SnPb solder stripes of various
lengths have been fabricated using FIB. It is found that no
electromigration damage occurred for the 5 and 10 um
stripes under stressing by the current density of 2
X 10* A/em? at 100 °C for 490 h, whereas length-
dependent electromigration behavior was observed for
longer stripes. The critical length was between 10 and
15 wm, which is quite close to the theoretical value of
11 pum. The corresponding critical product was between 20
and 30 A/cm, which is approximately two orders of magni-
tude smaller than that of the dual-damascene Cu/oxide inter-
connects.
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Kelvin bump probes were fabricated in flip-chip solder joints, and they were employed to monitor
the void formation during electromigration. We found that voids started to form at approximately
5% of the failure time under 0.8 A at 150 °C, and the bump resistance increased only 0.02 m{) in
the initial stage of void formation. Three-dimensional simulation was performed to examine the
increase in bump resistance at different stages of void formation, and it fitted the experimental
results quite well. This technique provides a systematic way for investigating the void formation
during electromigration. © 2006 American Institute of Physics. [DOI: 10.1063/1.2226989]

Electromigration in flip-chip solder joints has become an
important reliability issue due to the high-density and high-
performance requirements,l’2 and it has been studied exten-
sively in recent years.377 The current-crowding-induced
voiding on the cathode/chip side was proposed to be respon-
sible for the failure at the cathode/chip side of the solder
joints.2’4’5 For Al and Cu interconnects, void nucleation and
propagation during electromigration are monitored by the
change in resistance.> " In addition, Kelvin probes have
long been employed to measure via or contact resistance in
the interconnects.''™* With the aid of Kelvin probes, via or
contact resistance can be monitored to investigate the initial
stage of void formation or microstructure change in the via
or in the contact. In previous electromigration studies of flip-
chip solder joints, daisy-chain structures were used to moni-
tor the change in resistance. Nevertheless, the resistance of a
solder bump was estimated in the order of a few milliohms,
whereas the resistance of the metallization trace ranges from
a few hundred to a few ohms, depending on its dimension.
Thus, the bump resistance is quite small compared with the
resistance of the metallization traces,'* and the daisy-chain
structure cannot detect the slight changes in resistance due to
void formation in the solder joint. Kelvin probes have re-
cently been implemented in flip-chip solder joints for elec-
tromigration study.lil(’ However, void nucleation and propa-
gation as well as the change in bump resistance due to void
formation remain unclear.

In this study, we used Kelvin bump probes to monitor
the change in bump resistance during electromigration. It
was found that a change in bump resistance as small as
0.01 mQ could be detected. The increase in bump resistance
due to void formation can be examined at different stages.
Three-dimensional (3D) finite element modeling was also
performed to simulate the increase in bump resistance due to
void formation. This approach facilitates the systematic
study of void formation due to electromigration in flip-chip
solder joints.

We have designed and fabricated Kelvin probes for flip-
chip eutectic SnPb solder joints. Figure 1(a) shows the cross-
sectional schematic for the structure. The test structure con-
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sisted of four bumps, which were connected by an Al trace.
The four bumps were labeled bump 1-bump 4. The Al trace
was 1.5 pm thick and 100 um wide. The pitch for the solder
joints was 1 mm. Six Cu lines on the FR4 substrate were
connected to the four bumps, and they were labeled as nodes
1-6, as shown in the figure. The Cu lines were 30 um thick
and 100 um wide. With these six Cu lines, various experi-
mental setups can be performed to measure the bump resis-
tance for bump 2 or bump 3, or the resistance for the middle
segment of the Al trace. In this study, current was applied
through nodes 3 and 4, i.e., electrons flowing from the chip
side to the substrate side for bump 3, and the opposite direc-
tion for bump 2, as illustrated in Fig. 1(a). The voltage
change in bump 2 was monitored through nodes 1 and 2,
whereas the voltage change in bump 3 was monitored
through nodes 5 and 6. Therefore, the change in bump resis-
tance during electromigration for the two bumps with oppo-
site direction of electron flow can be monitored simulta-
neously. In general, void is formed in the chip side of bump
3 due to the serious current crowding effect.” Hence, we will
present the results only for bump 3 in this letter. The power
supply used in this measurement was a Keithley 2400, which
has a 0.1 wV resolution in voltage measurement. The error in
measuring resistance in this study was estimated to be
1-10 uf).

The schematic structure of the flip-chip bumps used in
this study is shown in Fig. 1(b). The underbump metalliza-
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FIG. 1. (a) Cross-sectional schematic of the layout design. The Al trace
connected all the four solder bumps together. (b) Schematic structure for the
solder bump used in this study.
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TABLE 1. The properties of materials used in the simulation models.

Materials Al Cu  Ni  NizSny;  Eutectic SnPb  Electroless Ni

Resistivity 3.2 1.7 6.8 28.5 14.6 70 ) O cm

tions (UBM) was 0.5 um Ti/0.5 um Cu/5 pm Cu/3 pum
Ni. The Ti layer and the 0.5 um Cu seed layer were sput-
tered, whereas the 5 um Cu and the 3 um Ni layers were
electroplated. The passivation and UBM openings were 110
and 125 um in diameter, respectively. Eutectic SnPb solder
was used for the joint. The dimension of the pad opening was
280 um in diameter. Owing to the large opening in the sub-
strate side, the bump height was as small as 25 um. Our
previous simulation results showed that current crowding ef-
fect occurred within 20 um depth in solder bump near the
entrance of the electron flows on the chip side."” Therefore, it
is expected that mechanism of void formation for these low-
bump-height joints should be quite similar to those with nor-
mal bump height of about 100 pm.

3D simulation was performed to examine the change in
bump resistance due to void formation. The morphology of
Ni;Sn, intermetallic compound (IMC) was assumed to be of
layered type with uniform thickness of 1.0 um, as shown in
Fig. 1(b). The resistivity values of the materials used in this
simulation are listed in Table I. ANSYS simulation software
was employed and the model used in this study was SOLID5
eight-node hexahedral coupled field element.

The increase in bump resistance during electromigration
can be precisely measured using Kelvin bump probes, and it
can be employed to monitor the void formation and micro-
structure change during electromigration. Figure 2(a) shows
the total resistance for the stressing circuit as a function of
stressing time up to failure when powered by 0.8 A at
150 °C. The initial resistance was 1.77 ), and no obvious
increase in resistance could be observed until 90% of the
stressing time. Yet, the enlarged curve up to 80% of the
failure time shows that the total resistance decreased initially,
and then increased with stressing time, as illustrated in the
inset of Fig. 2(a). The decrease in total resistance may be
attributed to the reduction in contact resistance of the whole
stressing circuit. The total resistance increased about 30 m{}
after stressing for 80% of the failure time. This resistance
increase may be mainly due to the degradation or oxidation
of Cu lines in the FR4 substrate and of the Cu wires used to
connect the package to the power supply during current
stressing, since no obvious resistance increase was detected
in the Al trace between bumps 2 and 3. In addition, the noise
of the resistance curve was about 5—10 m{). The noise may
be mainly attributed to the temperature coefficient of resis-
tance (TCR). If we take the average TCR value for the stress-
ing circuit to be 4 X 1073 K~!, the fluctuation in resistance in
the stressing circuit would be 7 m{)/deg. However, the
bump resistance measured by Kelvin bump probes showed a
different behavior. This can be seen in Fig. 2(b), which
shows the measured resistance of bump 3 up to failure. The
initial bump resistance was only 0.6 m{). As the stressing
time increased, the bump resistance continued to increase
slowly up to 80% of failure time, and the bump failed when
the resistance rose abruptly at around 756.6 h. The inset in
Fig. 2(b) shows the data in 2(b) up to 80% of the stressing
time. The bump resistance started to increase after 20 h. The
time for the resistance to reach 1.03 times of the initial value
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FIG. 2. (a) The total resistance as a function of normalized stressing time.
The inset shows the change in resistance up to 80% of the failure time. (b)
The bump resistance measured as a function of normalized stressing time up
to failure. The inset shows the data up to 80% of the failure time.

was 29.8 h, which was 4% of the failure time. Voids may
start to form at this stage, and we will discuss this point
below. In contrast to the results from the daisy-chain struc-
ture, this technique can detect the subtle change in bump
resistance. This is because the total resistance of the daisy-
chain circuit was in the order of several ohms and noise in
resistance due to TCR effect was over 7 mQ,2 whereas the
increase in resistance in the initial stage of void formation is
less than 1 m{). Therefore, the noise in the total resistance
makes it difficult for the daisy-chain structure to detect the
slight change in resistance due to void formation.

The initial bump resistance was only 0.6 m{) measured
at 0.8 A at 150 °C, which was much lower than expected.
Two reasons may be responsible for this low bump resis-
tance. First, the bump height was only 25 wm, which was
about a quarter of the typical value. Second, the Kelvin
probes for measuring voltage drop were located in a low
current density region of the Al pad. Our previous 3D simu-
lation showed that the current did not spread uniformly in the
UBM opening, instead the current crowded into the solder
bump in a small volume near the entrance point of the Al
trace."’ Since only a small amount of the current passed
through the opposite end of the entrance point of the current,
the voltage drop measured by the Kelvin probes was lower
than expected.

The Kelvin probes can detect different stages of void
formation and propagation, and Figs. 3(a)-3(c) show the
void formation at different stages. Figure 3(a) shows the
cross-sectional scanning electron microscope (SEM) image
for the bump before current stressing, while Fig. 3(b) shows

the SEM image for another bumP stressed by 0.8 A at
.aip.org/apl/copyright.jsp
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FIG. 3. (a) Cross-sectional SEM image for the bump before current stress-
ing; cross-sectional SEM image for the bump stressed by 0.8 A at 150 °C
for (b) 29.8 h and (¢) 101.5 h.

Eued B

150 °C for 29.8 h. The bump resistance increased from
0.60 to 0.62 m{) after the current stressing, which is an in-
crease of 1.03 times the initial value. The direction of the
electron flow is indicated by the arrow in the figure. This
condition is denoted as stage I in this letter. Small voids
started to form under the IMC layer in the left corner of the
passivation opening, where current crowding occurred most
seriously. Owing to the slower IMC formation rate between
Ni and Sn, no clear IMC formation was observed in the
initial stage. Another bump was stressed at the same condi-
tion for 101.0 h, and the current was terminated when the
bump resistance reached 1.10 times the initial value. The
cross-section image is shown in Fig. 3(c), which shows
larger voids at the interface of the solder and the IMC. This
condition is denoted as stage II. Under the stressing condi-
tions, voids started to form at approximately 5% of the fail-
ure time, and they grew for the rest of the stressing time. The
incubation time for void formation is relatively short com-
pared with the failure time. This may be attributed to the fact
that the cross section of the UBM opening is quite large, and
thus it takes time for the voids to propagate and deplete the
UBM opening.

To investigate the change in bump resistance due to void
formation, 3D modeling was performed to simulate the volt-
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FIG. 4. (a) Simulation results showing the voltage distribution in the solder
joint when 0.2 A was applied (a) without void formation, and then after the
void formed (b) at stage I and (c) at stage II.

Appl. Phys. Lett. 89, 032103 (2006)

age distribution in the solder joint. Figure 4(a) shows the
voltage distribution in the solder joint without void forma-
tion when 0.2 A was applied. The voltage drop on the right-
hand side was much smaller than that on the left-hand side,
resulting in the low bump resistance of about 0.5 m{) mea-
sured by the Kelvin probes. The simulated voltage drop
across the right-hand side of the solder was 0.002 mV, and
thus the corresponding bump resistance was 0.4 m{), which
is close to the experimental values. Figure 4(b) illustrates the
voltage distribution in the solder joint for stage I when a
small void is formed near the entrance of the Al trace on the
left-hand side. The void depleted about 8% of the UBM
opening. The bump resistance increased only 0.02 m{},
which is about 1.04 times of the initial value. As the void
grew bigger, the available cross section for conducting cur-
rent became smaller and more current drifted to the right-
hand side of the bump, resulting in the increased bump re-
sistance, as shown in Figs. 4(c). The bump resistance
increased to 1.11 times its initial value for stage II. The ex-
perimental and simulation results for the two stages show
good agreement.

In summary, the Kelvin probes appear to be very sensi-
tive to void formation and propagation, so they can detect the
different stages of void formation during electromigration.
Therefore, they can be employed to investigate the elec-
tromigration behavior systematically.
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Three-dimensional simulations for relieving the current crowding effect in solder joints
under current stressing were carried out using the finite element method. Three
possible approaches were examined in this study, including varying the size of the
passivation opening, increasing the thickness of Cu underbump metallization (UBM),
and adopting or inserting a thin highly resistive UBM layer. It was found that the
current crowding effect in the solder bump could be successfully relieved with the
thick Cu UBM or with the highly resistive UBM. Compared to the solder joint with
Al/Ni(V)/Cu UBM, for instance, the maximum current density in a solder bump
decreased dramatically by a factor of fifteen, say from 1.11 x 10° A/cm? to 7.54 x

10° A/em? when a 20-pwm-thick Cu UBM was used. It could be lowered by a factor of
seven, say to 1.55 x 10* A/cm?, when a 0.7-pwm UBM of 14770 p{) cm was adopted.
It is worth noting that although a resistive UBM layer was used, the penalty on overall
resistance increase was negligible because the total resistance was dominated by the Al
trace instead of the solder bump. Thermal simulation showed that the average
temperature increase due to Joule heating effect was only 2.8 °C when the solder joints

with UBM of 14770 n{) cm were applied by 0.2 A.

. INTRODUCTION

The flip-chip solder joint has become the most impor-
tant technology of high-density packaging in the micro-
electronics industry.' Thousands of solder bumps can be
fabricated into one chip. To meet performance require-
ments, the input/output (I/O) numbers keep increasing,
and the size of the joints progressively shrinks. Their
diameter is about 100 wm or less.> The design rule of
packaging requires that each bump is to carry 0.2-0.4 A,
resulting in a current density of approximately 2 x 10°
to 2 x 10* A/cm®. Therefore, electromigration has be-
come an important reliability issue for flip-chip solder
joints.>™

In this work, current density distribution in a solder
joint was thoroughly studied by a three-dimensional fi-
nite element simulation. It was found that the maximum

® Address all correspondence to this author.
e-mail: chih@cc.nctu.edu.tw
DOI: 10.1557/JIMR.2006.0004
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current density in a solder bump can be much higher than
the average one that was previously projected. It locates
itself near the solder/underbump metallization (UBM)
interface, which serves as a vacancy flux divergence
plane and favors electromigration occurring at that loca-
tion. Consequently, the solder joint is more prone to elec-
tromigration. The cause of such locally high current den-
sity is a result of the current crowding effect. Current
crowding occurring in the solder joints is due to the
current flow experiencing a dramatic geometrical and
resistance transition from the thin on-chip metal line to
the solder bump. Because the cross-section of the Al
trace on the chip side is about two orders smaller than
that of the solder joints, the majority of the current will
tend to gather near the AI/UBM entrance point to enter
the solder bump instead of spreading uniformly across
the opening before entering the bump. The materials near
the entrance point experience a current density of about
one order of magnitude higher than the average value.
The materials included a bump metallization (UBM), in-
termetallic compound (IMC), and solder, where the

© 2006 Materials Research Society 137
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solder has high lattice diffusivity, higher resistivity,
lower Young’s modulus, and a higher effective charge
number than the other two materials.>®° Therefore, the
current crowding effect enhances the possibility of voids
forming in the solder near the entrance and then propa-
gating to cause electromigration failure. Current crowding

{a)

(&)

q
L3

oints X
@ ubstrate
FIG. 1. (a) Schematic diagrams of the solder joint with Al Ni(V)/Cu

UBM used in this study. (b) Three-dimensional view of the model in
(a) with meshes contained in it.

TABLE I. Properties of materials used in the simulation models.

Thermal conductivity Resistivity

Material (W/m °C) (nQ cm)
Silicon(chip) 147.0 e
Al trace 238.0 32
UBM(Ti + Cr/Cu + Cu) 147.6 18.8
Eutectic SnPb 34.1 14.6
Ni 70.0 6.8
Cu pad 403.0 1.7
BT (substrate) 0.7
Underfill 0.55
Polyimide 0.26 B
Ni(V) 714 63.2

Y1 : UBM layer

(k]

FIG. 2. Current density distribution in the solder joint with Al Ni(V)/
Cu UBM when powered by 0.567 A. (b) Cross-sectional view along
the Z-axis of (a). Current crowding occurs in the entrance of the Al
trace. The dotted lines show the six cross-sections examined in this
study.
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FIG. 3. Current density distribution in the different cross-sections: (a) cross-section Y1, located inside the UBM; (b) cross-section Y2, the IMC
layer between the UBM and the solder; (c) cross-section Y3, the top layer of the solder connected to the IMC; (d) cross-section Y4, which has
the largest diameter in the joint; (e) cross-section Y5, which has a smaller diameter due to the solder mask process; (f) cross-section Y6, which

is situated at the bottom of the solder joint.

plays a critical role in the electromigration failure of the
solder joints.'®

Hence, increasing the electromigration resistance of
the joints is an important and urgent issue. There are two
approaches to increasing electromigration resistance:
first, using a solder alloy that has better electromigration
resistance; second, relieving the current crowding effect
in solder joints by proper circuit or UBM design. For the
former approach, Wu et al. developed a Pb-free solder
alloy that has excellent electromigration resistance, close

to that of the high-Pb solder.'' For the latter approach, it
is expected that relieving the current crowding effect in
solder joints would retard the formation rate of the voids
and thus would increase the lifetime of the solder joints.
However, no literature related to this issue has been
reported so far. For this paper, we used finite element
analysis to simulate the current density distribution of the
solder joints with various structures of flip-chip solder
joints. Possible solutions for the relieving current crowd-
ing effect will be proposed.

TABLE II. Maximum current density and crowding ratios at different cross sections for the solder joint with the Al/Ni(V)/Cu thin film UBM.

Cross section

Y1, UBM Y2, IMC Y3, top layer Y4, middle Y5, necking Y6, bottom
Method layer layer of solder layer of solder layer of solder layer of solder
Standard Maximum 2.09 x 10° 1.81x 10° 111 x 10° 3.45x 10° 7.55 x 10° 591 x 10°
Ratio 41.9 36.2 22.2 0.7 1.5 1.2
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Il. SIMULATION

The simulation model used in this study is schemati-
cally shown in Fig. 1(a). Throughout this text, it will be
denoted as the standard model. A thin film UBM of
0.4-pm Al/0.3-pm Ni(V)/0.4-pm Cu was adopted for the
chip side, and Ni metallization was used on the substrate
side. Eutectic SnPb solder was adopted for the bump

(=

afpred
& a0 1 Anig

FIG. 4. (a) 3D current density distribution in the solder joint with a
larger passivation opening of 100 wm in diameter. (b) Current density
distribution in the top layer of the solder (cross-section Y3) in (a).

00 3000 #0000 000 1wED” Jxd

materials. The Cu layer in the UBM was assumed to be
completely consumed to form 1.4 pm CugSng IMC.
Therefore, an effective layer of 0.7-wm UBM with an
effective resistivity of 29.54 p{) cm was used in the
simulation model. On the substrate side, we assumed that
1 pm Ni;Sn, IMC was formed in the interface of the
solder and the Ni metallization. Both CuySn5 and Ni;Sn,
IMCs were assumed to be the layered-type. The resistiv-
ity and thermal conductivity values of the materials used
in this simulation are listed in Table I. The model used in
this study was SOLID69 8-node hexahedral coupled field
element using Ansys simulation software (Ansys Inc.,
PA). For thermal simulation, we used an infrared micro-
scope to measure the temperature in the solder bumps
during current stressing'? and then adjusted the simula-
tion parameters so that the simulated temperature in the
solder matched the one measured by the infrared micro-
scope under the same applied current. The three-
dimensional (3D) schematic solder joint with meshes
is shown in Fig. 1(b). The dimension of the mesh was
3.8 pm. The passivation and UBM openings are 85 and
120 pm in diameter, respectively. The contact opening
on the substrate is 144 pm in diameter. The dimension of
the Al trace is 34 wm wide and 1.5 pm thick, whereas the
Cu line on the substrate side is 80 wm wide and 25 pum
thick. A current of 0.567 A was applied from the Al
trace, which drifted out of the bump from the Cu line. If
one assumes the current drifts uniformly through the
joint, the average current density in the Al trace was
1.11 x 10° A/cm?, and the calculated average current
densities were 5.01 x 10° and 3.48 x 10°> A/cm® for the
UBM opening of the chip side and the contact opening of
the substrate side, respectively. Figure 1(c) shows the
constructed model for thermal simulation, in which only
two solder joints were stressed by current, as indicated by
one of the arrows in the figure. The dimension of the Si
chip was 7.0 x 4.8 mm and the thickness was 290 um,
whereas the dimension of the bismaleimide triazine (BT)
substrate was 5.4 mm wide, 9.0 mm long, and 380 wm
thick.

The current density distribution of the flip-chip solder
joint was shown in Fig. 2(a). Current crowding is clearly
observed in the vicinity of the entrance of the Al trace
into the solder bump. However, it spreads out prior to
reaching the half distance of the bump height, and there
is no obvious current crowding at the bottom of the

TABLE III. Maximum current density and crowding ratios at different cross sections for the solder joint with larger passivation opening.

Cross section

Y1, UBM Y2, IMC Y3, top layer Y4, middle Y5, necking Y6, bottom
Method layer layer of solder layer of solder layer of solder layer of solder
Passivation opening: Maximum 2.33x 10° 2.03 x 10° 1.22x 10° 3.67 x 10° 8.16 x 10° 6.04 x 10°
100 pm Ratio 46.6 40.6 244 0.7 1.6 1.2
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FIG. 5. Current density distribution in the cross-section along the Z
axis for (a) 0.7-pm Cu UBM, (b) 5-pm Cu UBM, and (c) 20-pm Cu
UBM.

solder bump. The cross-sectional view of Fig. 2(a) along
the Z-axis is shown in Fig. 2(b). The current crowding
effect can be clearly seen at the entrance of the Al trace.
The maximum current density inside the solder is 1.11 x
10° A/cm?. In this paper, to evaluate the current crowding
effect, we denote a “crowding ratio” as the local maxi-
mum current density divided by the average current den-
sity at the UBM opening. The average current density at
the UBM opening is 5.01 x 10* A/cm? for the standard
simulation model. Therefore, the corresponding crowd-
ing ratio for the solder near the entrance is 22.2, which
means that the local current density at the solder bump
near the Al entrance is 22.2 times larger than the average
value at the UBM opening. The larger the value is, the
higher the current crowding effect.

To examine the current density distribution in various
locations of the joint, six cross-sections were inspected.
Their locations are shown in Fig. 2(b), in which cross-
section Y1 is located inside the UBM layer, cross-section
Y2 represents the IMC layer, cross-section Y3 is located
in the top layer of the solder joint connecting to the IMC,
and cross-section Y4 is situated near the middle of the
solder joint, which has the largest cross-section 184 pm
in diameter. Cross-section Y5 is situated between the
middle and the bottom of the solder, which has a necking
due to the necessity of there being a solder mask, and
cross-section Y6 represents the bottom of the solder joint
close to the Ni;Sn, IMC on the substrate side.

The current density distributions at the six cross sec-
tions are shown in Figs. 3(a)-3(f). The current density
distribution in the UBM layer is shown in Fig. 3(a), in
which the maximum current density occurs near the Al
entrance inside the passivation opening. The value
reaches 2.09 x 10° A/cm?, and its crowding ratio is as
high as 41.9. For the IMC layer shown in Fig. 3(b), the
maximum value is 1.81 x 10> A/cm?, and the correspond-
ing crowding ratio is 36.2. The maximum current density
inside the solder occurs near the Al entrance inside the
passivation opening, as shown in Fig. 3(c). The value
reaches 1.11 x 10° A/cm?, and its crowding ratio remains
as high as 22.2. For the remaining three layers, as shown
in Figs. 3(d)-3(f), current distribution became more
uniform, and thus the crowding ratios for the three
layers were 0.7, 1.5, and 1.2, respectively. Therefore,
changing the angle between the Al trace and the Cu
conductor may not be able to alter the current density
distribution. These results agreed with the thermal simu-
lation results conducted by Lee et al.'* The maximum
current density and the crowding ratios at different cross
sections for the solder joint are listed in Table II. Since
the top-layer of the solder (Y3 plane) is the most vulner-
able location during current stressing, we will examine
the current density distribution on this layer for the fol-
lowing models that aim to relieve the current crowding
effect.
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lll. METHODS FOR RELIEVING CURRENT
CROWDING EFFECT

A. Effect of the dimension of the
passivation opening

Figure 4(a) shows the 3D distribution of current den-
sity in the solder bump with a larger passivation opening
100 wm in diameter. The cross-section area of the contact
opening in this case is 1.4 times larger than that of

standard model. However, as seen in Fig. 4(a), current
crowding still occurs in the vicinity of the Al entrance.
Figure 4(b) shows the distribution of current density in
the top layer of the solder. Surprisingly, its maximum
current density increases up to 1.22 x 10° A/cm?, which
is higher than 1.11 x 10° A/cm? for the standard model.
This increase may be attributed to the decrease in bump
resistance since the cross section of the bump became
larger after the enlargement of the UBM opening.

TABLE IV. Maximum current density and crowding ratios at different cross sections for the solder joint with various thicknesses of Cu UBM.

Cross section

Y1, UBM Y2, IMC Y3, top Y4, middle Y5, necking Y6, bottom
Method layer layer layer of solder  layer of solder  layer of solder  layer of solder

UBM Cu thickness (pm) 0.7 Maximum  2.58x10°  236x 10° 1.17 x 10° 4.07 x 10° 823 x 10° 6.10 x 10°
Ratio 51.5 47.1 234 0.8 1.6 1.2

5 Maximum ~ 6.15x10°  7.53x 10* 4.37x10* 3.31x10° 7.75 % 10° 5.92x 10°
Ratio 122.6 15.0 8.7 0.7 1.5 1.2

20 Maximum  1.55x 10°  1.27 x 10* 7.54 x 10° 3.04 x 10° 7.71 % 10° 5.78 x 10°
Ratio 309.2 2.5 1.5 0.6 1.5 1.2

el [

FIG. 6. 3D current density distribution in the solder joint with different UBM resistivity values: (a) 295.4 n€) cm, (b) 1477 L) cm, (c) 2954 pQ)
cm, and (d) 14770 pQ cm.
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Table III lists the maximum current density and the cor-
responding crowding ratio at cross sections Y1 to Y6 for
this model. Hence, solder bumps with larger passivation
opening have no effect on relieving the current crowding
effect.

B. Effect of UBM thickness

To examine the effect of UBM thickness on the dis-
tribution of current density, three thicknesses of Cu UBM
were simulated, including 0.7, 5, and 20 pm.
Figures 5(a)-5(c) show the 3D distribution of current
density in the solder joints for the three models, respec-
tively. Although serious current crowding still occurs
near the entrance of the Al trace for the three models, the
solder bump is moved away from the crowding site due
to the thicker UBM. The net effect is a lower maximum
current density in the solder joint, and the current density
inside the solder becomes more uniform. The maximum
current density and the corresponding crowding ratio at
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FIG. 7. Current density distribution inside the solder along the Z axis
for the five UBM resistivity values at the top layer of the solder
(cross-section Y3).

cross sections Y1 to Y6 for the three models are listed in
Table IV. The maximum current densities in the top layer
of the solder are 1.17 x 10°, 4.37 x 10*, and 7.54 x
10° A/cm?, respectively. It was surprising that the value
dramatically decreased to 7.54 x 10° A/cm? for the solder
joint with 20-pm Cu UBM, which corresponds to a low
crowding ratio of 1.5. Thus, the current crowding effect
inside the solder bump was effectively relieved by add-
ing a thick UBM, that is, by moving the UBM/solder
interface away from the current crowding region.

C. Effect of UBM resistivity

The best method of suppressing the current crowding
effect in this study was to use a resistive UBM layer. In
this simulation, we simulated four solder joints with 295,
1477, 2954, and 14770 p) cm, which corresponded to
10, 50, 100, and 500 times the UBM resistivity of the
standard model. Figures 6(a)-6(d) show the 3D distribu-
tion of current density in the solder joint for the four
models. It was found that the current density redistrib-
uted in the contact opening. With the increase in UBM
resistivity, a greater amount of current traveled further
along the Al pad before flowing down into the contact
opening. In addition, the current density distribution in
the top layer of the solder became more uniform as UBM
resistivity increased. Figure 7 shows the current density
distribution inside the top layer of the solder along the Z
axis. The current became uniformly distributed inside the
solder layer, and maximum current densities ranged from
7.01 to 1.55 x 10* A/cm?. The corresponding crowding
ratios are 14.0, 7.4, 5.4, and 3.1 for the solder joint with
UBM resistivities of 295, 1477, 2954, and 14770 () cm,
respectively, as listed in Table V. Furthermore, the cur-
rent distribution in the UBM, IMC layers, and solder
bump also became more uniform when highly resistive
UBM layers were used.

Because the insertion of the resistive layers may in-
crease the bump resistance and thus cause higher Joule
heating in the solder joints, thermal simulation was per-
formed to examine temperature distribution in the above

TABLE V. Maximum current density and crowding ratios at different cross sections for the solder joint with various UBM with high resistivities.

Cross section

Y1, UBM Y2, IMC Y3, top layer Y4, middle Y5, necking Y6, bottom
Method layer layer of solder layer of solder layer of solder layer of solder
UBM resistivity 295.4 Maximum 9.52 x 10* 1.04 x 10° 7.01 x 10* 3.40 x 10° 7.45 % 10° 5.87 x 10°
(pd-cm) Ratio 19.0 20.8 14.0 0.7 1.5 1.2
1477 Maximum 434 % 10* 5.00 x 10* 3.69 x 10* 3.23x 10° 7.27 x 10° 5.80 x 10°
Ratio 8.7 10.0 7.4 0.6 1.5 1.2
2954 Maximum 2.96 x 10* 3.49 x 10* 2.68 x 10* 3.16 x 10° 7.17 x 10° 5.76 x 10°
Ratio 59 7.0 54 0.6 1.4 1.2
14770 Maximum 1.49 x 10* 1.87 x 10* 1.55 x 10* 3.10x 10° 7.04 x 10° 571 % 10°
Ratio 3.0 3.7 3.1 0.6 14 1.1
29540 Maximum 1.25 x 10* 1.60 x 10* 1.36 x 10* 3.10 x 103 7.01 x 10° 5.70 x 10°
Ratio 2.5 32 2.7 0.6 1.4 1.1
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models. Figures 8(a)-8(e) show the temperature distribu-
tions in the solder joints with 29.5 (standard model), 295,
1477, 2954, and 14770 pQ-cm UBM, respectively. The
solder joints were applied by 0.567 A, and the bottom of
the BT substrate was maintained at 70 °C. For the stan-
dard model in Fig. 8(a), the average temperature in the
solder bump was 94.5 °C, which was obtained by aver-
aging the temperatures in the white dotted line in the
figure. The solder near the entrance area of the Al trace
has higher temperature of 98.8 °C. As the resistivity of
the UBM increased, Joule heating effect became signifi-
cant, as shown in Figures 8(b)-8(e). The temperature in-
crease due to Joule heating was as large as 30.7 °C for
the solder joint with 14770 w() cm UBM. However, the
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current flowing in the solder joints is generally less than
0.2 A during device operation. Figure 8(f) shows the
temperatures in the solder joints as a function of applied
current up to 0.567 A. It is found that Joule heating effect
was not serious under 0.2 A. For the standard model, the
temperature increase was 2.2 °C, whereas it was 2.8 °C
for the solder joint with 14770 n{) cm UBM. This indi-
cates that the temperature increase due to the resistive
UBM was only 0.6 °C at 0.2 A.

IV. DISCUSSION

Figures 9(a)-9(c) depict the crowding ratios at cross
sections Y1 to Y6 for the above four methods. It is clear
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FIG. 8. Temperature distribution in the solder bumps when stressed by 0.567 A: (a) standard model, (b) solder joint with resistive UBM of
295.4 pnQ-cm, (c) solder joint with resistive UBM of 1477 pQ-cm, (d) solder joint with resistive UBM of 2954 wQ-cm, (e) solder joint with
resistive UBM of 14770 pQ-cm, and (f) simulated temperature in the solder joint as a function of applied current up to 0.567 A.
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FIG. 9. The crowding ratios for the Y1 to Y6 cross-sections for (a)
effect of dimension of passivation opening, (b) effect of Cu UBM
thickness, and (c) effect of UBM resistance. It shows that the current
crowding effect can be successfully relieved in the solder joints with
a thick Cu UBM or with the highly resistive UBM.

that there is no effect on relieving current crowding by
the enlargement of the passivation opening, as shown in
Fig. 9(a). A thicker Cu UBM can relieve current crowd-
ing in the solder bump by moving the UBM/solder in-
terface away from the current crowding region, as seen in
Fig. 9(b). The thicker the UBM is, the less the current
crowding effect. Figure 9(c) shows that the crowding ra-
tios in the solder joint can be lowered to 3.1 through use
of more resistant UBM. This UBM layer can suppress
current crowding at the UBM/solder interface.

The best methods for relieving the current crowding
effect inside the solder bump fall into two categories:

(i) moving the UBM/solder interface away from the cur-
rent crowding region, and (ii) suppressing current crowd-
ing at the UBM/solder interface. If the UBM/solder in-
terface can be moved away from the current crowding
region, the threat from the high current density can be
avoided. As shown in Figs. 6(a)-6(c), one can clearly see
that the current density drops very rapidly when it is
moved way from the chip side. Therefore, if one in-
creases the thickness of UBM, the current crowding re-
gion will locate within the UBM, and therefore, the
UBM/solder interface will be further away from it. Thick
Cu UBM has been adopted for use in the flip-chip solder
joints.'* Thus, it is expected the joints would have better
electromigration resistance.

To suppress the current crowding effect, the best sce-
nario would be to have the current flowing though the
whole solder uniformly. To achieve this goal, increasing
the resistivity of UBM would be the best method. Our
simulation shows that the current crowding ratio can be
reduced to 3.1 when the UBM resistivity is increased to
4770 Q) cm. However, the tradeoff is the increase in the
resistance of the solder joint. The vertical resistance of
the standard model was estimated to be 1.2 m{). The total
resistances of the solder joint became 1.4, 2.1, 3.0, and
10.3 mQ) for the solder joints with a UBM resistivity of
295, 1477, 2954, and 14770 L) cm, respectively. This
resistive layer could be a TiN, TaN, or Ta material, and
could be deposited with UBM, or it could be an addi-
tional layer between the Al pad and the UBM. Further-
more, our thermal simulation shows that the Joule heat-
ing effect due to the resistive layers was less than 0.6 °C
when the applied current was less than 0.2 A. Therefore,
the insertion of the resistive layers could relieve current
crowding effect significantly and cause very small Joule
heating effect at low applied current. Nevertheless, it is
still unknown if it is compatible with the current flip-chip
manufacturing process, and thus it requires further ex-
perimental study.

Furthermore, one can use the hybrid of the above ap-
proaches to relieve the current crowding effect. If one
adopts the highly resistant layer to relieve the current
crowding effect, increasing the cross-section of the pas-
sivation opening would have a further effect in reducing
the maximum current density in the solder bump. When
the model in Sec. III. B is used with a larger passivation
opening and the high resistivity UBM of 14770 pn() cm
is adopted, the maximum current density can be further
reduced down from 1.6 x 10* to 1.3 x 10* A/cm?.

V. CONCLUSIONS

A three-dimensional simulation was used to demon-
strate that current crowding in the solder joints can be
successfully suppressed either by thick Cu UBM or a
highly resistive UBM layer. The crowding ratio in the
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solder can be reduced from 23.4 to 1.5 when a 20-pm Cu
UBM is used, and it can be diminished to 3.1 when a
0.7-pm UBM of 14770 p{) cm in resistivity is adopted.
In addition, the current crowding effect could not be
relieved merely by increasing the diameter of the passi-
vation opening or changing the angle between the Al
trace and the Cu line. The solder joints with a lower
crowding ratio were expected to have better electromi-
gration resistance, and experimental data are needed to
verify the simulation results.
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