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Thermomigration in Pb–Sn solder joints under joule heating during electric
current stressing
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Electronic Packaging Laboratory, SUNY at Buffalo, Buffalo, New York 14260

~Received 12 November 2002; accepted 2 January 2003!

Electromigration of solder joint under high dc current density is known as a reliability concern for
the future high-density flip chip packaging and power packaging. Biased mass diffusion within
solder joint from cathode to anode under high dc current density is observed in these experiments.
In this letter, the experiments on flip chip solder joints under dc current stressing are conducted and
thermomigration due to the thermal gradient in the solder joint caused by joule heating is reported.
A three-dimensional coupled electric thermal finite-element~FE! simulation of a realistic flip chip
module shows the existence of thermal gradient in the solder joint which is high enough to trigger
thermomigration. ©2003 American Institute of Physics.@DOI: 10.1063/1.1554775#
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The electromigration of solder joint under high curre
density is of reliability concern for the future high-densi
flip chip packaging and power packaging.1,2 Voids nucleation
near cathode side and hillock developing near anode
during current stressing indicates a biased mass diffu
from cathode to anode which is referred to as electromig
tion. During current stressing, heat is also generated du
joule heating. In a typical flip chip module, the cross sect
area of the metal trace on the silicon dies is much sma
than that of the solder joint. Thus, the primary heat sourc
the metal trace which contributes to the most of the elec
resistance of the module. The joule heating during curr
stressing may maintain a thermal gradient in the solder jo
Thermal migration is reported in Pb–In solder alloy at
thermal gradient of 1200 °C/cm by Roushet al.3 In this let-
ter, a three-dimensional coupled thermal electrical fin
element~FE! simulation on a realistic flip chip module i
performed, and the result shows that a thermal grad
greater than Roush’s reported value is possible in the so
joint. A series of experiments of flip chip solder joints und
high current stressing are studied in this letter. The meas
temperature on the silicon die agrees with that from the
simulation. In some cases, void nucleation is observed n
anode side in some solder joints which can not be explai
by electromigration. In these cases, anode side is also
hotter side~silicon die side!. The authors believe thermom
gration ~in the opposite direction of electromigration! is
dominant in these cases.

The test module used in the experiments has a dum
silicon die with only Al conduct trace on it. The silicon die
attached on a FR4 printed circuit board~PCB! through eu-
tectic Pb/Sn solder joints. The copper plates on the P
provide the wetting surface and electric connection to
solder joints. The solder joints are encapsulated in the un
fill between the silicon die and PCB. The thickness of the
trace is about 1mm and the width is about 150mm. The
solder joint has a diameter about 150mm and height of 100
mm. The test module was cross sectioned and finely polis
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to the center of the solder joints before current stressing.
each module, two solder joints were tested. The solder jo
on each test module are named in such a way that cur
always flows from copper plate through solder A into the
trace on silicon die and then flow through solder B out to
copper plate. Figure 1 shows the schematic cross sectio
the test module and the direction of current flow in the e
periments. During the course of current stressing, the
modules were taken off circuit for scanning electron micro
copy ~SEM! analysis and sometimes for nanoindentati
tests.

Figures 2 and 3 show the secondary SEM images
solder A and solder B from the same test module after 1
of 1 A current stressing. The calculated current density in
solders is about 1.33104 A/cm2. Severe voids nucleation i
observed on solder A near Si die side~which is also cathode!
as expected since the direction of electromigration is fr
cathode to anode. Hillock is observed near Cu plate side
anode side on solder A. Voids nucleation is also observed
solder B near Si die side which is anode side. Although
voids nucleation on solder B near Si die side is much l
severe compared to that on solder A, electromigration al
cannot explain this observation. If electromigration were
only driving process in microstructure evolution of sold
during current stressing, voids nucleation should be expe
to start near cathode side, e.g., Cu plate side for solde
which was not the case. Similar observations were found
several other test modules. There has to be another pro
operative during the current stressing.

We think this process is thermomigration. Since the
trace on the Si die contributes to the most of the elec

FIG. 1. Schematic cross section of the test module.
5 © 2003 American Institute of Physics
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resistance, most of the joule heating is generated in
which makes the silicon die side very hot. During the expe
ments, the temperature on top of the silicon die measure
a thermal couple ranged from 40–200 °C for different mo
ules under different current stressing level. Thus, it is reas
able to assume that there is a temperature gradient m
tained in the solder joint during current stressing. T
assumption is verified by a three-dimensional coupled th
mal electrical FE simulation of the test module as will
reported in the next section. Thermomigration would star
the solder joint with the existence of the thermal gradie
Roushet al.3 observed the thermomigration of Pb/In sold
alloy at a thermal gradient of 1200 °C/cm and reported t
both In and Pb move in the direction of the thermal gradie
Van Gurpet al.4 reported fast thermomigration in In and I
alloy films and found material is transported from hot to co
areas. Thermomigration in pure Pb has been observed
Johnset al.5 over the temperature range 322–202 °C. Th
reported that in all circumstances flow of material was fro
hot to cold. In our experiments, thermomigration in eutec
Pb/Sn solder is from hot side~Si die side! to cold side~Cu
plate side!, which agrees with aforementioned reports. Th
momigration may assist electromigration if the hot side
incides with cathode side as in solder A or it may coun
electromigration if hot side coincides with anode side as
solder B. If thermomigration outbalances electromigration
the overall diffusion process during current stressing in
latter case, voids nucleation would be found near anode
as is the case in Fig. 3. Thermomigration can also explain
observation that much more severe voids nucleation nea
die side in solder A than in solder B. This conclusion su
gests that thermomigration may not be omitted in the e

FIG. 2. Secondary SEM of solder A on one module after 16 h 1 A stress

FIG. 3. Secondary SEM of solder B on one module after 16 h 1 A stress
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tromigration analysis of flip chip solder joint when jou
heating from Si die is not negligible.

Besides the observation of void nucleation near an
side in solder B, inert marker movements also suggest m
flow in the opposite direction of electromigration on solder
on some test modules. SiC particles left on the surface du
polishing can be used as inert marker to measure the ato
motion in solder joint.2 Figure 4 shows the measurement
marker movement on solder B on the same test module
shown in Figs. 2 and 3. Inert marker is expected to move
the opposite direction of electromigration2 as shown in Fig.
4, or from Si die side to Cu plate side as in solder B. Figu
5 shows the marker movement versus stressing time, w
indicates markers actually moved in the same direction
electromigration~as indicated by the negative values!. This
observation suggests that the actual overall diffusion dir
tion is from Si die side~hot side and anode side! to Cu plate
side, indicating the influence of thermomigration during c
rent stressing. The measured marker movement on sold
of the same test module shows the mass diffusion from Si
side ~hot side and cathode side! to Cu plate side but with a
higher value since thermomigration assisted electromigra
in solder A.

A three-dimensional coupled thermal electrical FE sim
lation of the real structure of flip chip test module is co
ducted to determine the temperature distribution on the
der joint. Since in the experiment the module was cro
sectioned through the center of the solder joint, only cr
sectioned module is modeled in the simulation. Due to

g.

g.

FIG. 4. Marker measurement on solder B.

FIG. 5. Marker movement vs stressing time on solder B.
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symmetric geometric structure of the module, only half
the module is modeled. Joule heating by the conducting
electric current is the only thermal loading in the model. T
thermal boundary condition is that the temperature on the
end surface of the PCB is fixed at room temperature, 23
The thermal radiation is considered for all the external s
face of the module and an emissivity of 0.7 is assumed.
electric potential is fixed to be 0 at one end of the Al tra
and a concentrated current load is applied at the other en
Cu plate. The material properties used in the simulation
taken from Pechtet al.6 The temperature distribution for th
case of 1 A current loading is shown in Fig. 6. The Al tra
and Si die has the highest temperature of 150 °C, wh
agrees with the measured temperature in the test. The

FIG. 6. Temperature distribution on the module.

FIG. 7. Temperature distribution on the solder.
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perature distribution on the solder joint alone is shown
Fig. 7. Figure 8 shows temperature gradient through a ve
cal line across the solder joint. A thermal gradient of 1500
cm is predicted in the simulation which exceeds the therm
gradient reported by Roush. The real temperature gradien
the solder joint may not be exactly 1500 °C/cm due to
discrepancy between the simulation model and real mod
This simulation just verifies the existence of a great therm
gradient in solder joint to trigger thermomigration durin
current stressing.

Thermomigration of flip chip solder joints under curre
stressing is reported in this letter. The authors believe that
joule heating from the silicon die maintains a great therm
gradient within the solder joint, which triggers thermomigr
tion. An FE simulation result supports the existence of
thermal gradient. Thermomigration may assist or coun
electromigration depending on the direction of thermal g
dient and electric field. Besides electromigration, thermo
gration is also a reliability concern for flip chip solder join
under high current stressing.
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FIG. 8. Temperature distribution along the vertical line across the sold
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