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Printed circuit boards that use fine pitch technology have a greater risk of
open-circuit failure, due to void formations caused by the growth of inter-
metallic compounds. This failure mode is reported to be a result of electro-
migration (EM) damage. Current stressing occurs when current flows in a
solder bump, thereby producing EM. Joule heating is also a significant
occurrence under current stressing conditions, and induces thermomigration
(TM) in solder bumps during EM. This study investigated the intermetallic
compound (IMC) growth kinetics for Sn-0.7Cu solders, modeled by EM, TM,
and chemical diffusion. The modeling results concurred with the observed
kinetics of IMC growth. Electromigration influenced the growth of IMCs most
significantly for a current density of 10 kA/cm?. The effect of TM on the IMC
growth had to be considered for a thermogradient of 870°C/cm. However, the
effect of chemical diffusion was insignificant on IMC growth, specifically for a

current density of 10 kA/cm?.

Key words: Electromigration, thermomigration, Sn-0.7Cu solder,
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INTRODUCTION

The increase in the amount of data processed by
microchips requires a growing number of I/O (input
and output) pins for the chip to receive and send
data. Furthermore, the miniaturization of printed
circuit boards (PCBs) has resulted in a decrease in
the size of solder bumps and an increase in the
current density. The high current density at u-ball
grid arrays (u-BGA) in package-on-package (PoP)
devices raises serious concerns, which include open-
circuit failure. This phenomenon occurs because
electromigration (EM) accelerates the formation of
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Kirkendall voids and intermetallic compound (IMC)
growth at the solder bump joint.! For EM, electrons
from Al traces cause intensive joule heating in the
solder bump of the chip, and this solder bump finally
has a higher temperature than the substrate.
Different temperatures across a solder bump pro-
duce a thermogradient, which induces thermomi-
gration (TM) in the solder alloying elements, such
as Cu and Sn atoms.??

IMC formation is related to the reliability of u-
BGA, and the low mobility of Cu and Sn atoms in
IMCs accelerates void formation at the solder
joint.*® The studies on IMC growth conducted by
Chao and Chae et al. were focused on EM.%" Their
models predicted IMC growth by EM, and chemical
diffusion in the solder bump. Moreover, various
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experimental studies observed IMC growth by
EM,®? and long-time annealing.''3

Most studies on IMC growth induced by EM dealt
with Sn-Ag and Sn-Ag-Cu solders such as Sn-3.5Ag,
Sn-SA%-O.SCu, Sn-3.8Ag-0.7Cu, and Sn-3.5Ag-
0.5Cu.”'®1* Specifically, studies on TM in Sn-
0.7Cu solders are rare. Because practical solder
bumps have a smaller area than a Cu pad,® both EM
and TM affect IMC growth, and their respective
roles are difficult to clarify.'® Furthermore, there
are no studies where the effects of EM, TM, and
chemical diffusion have been effectively separated.

In this study, experiments were conducted to
separate EM and TM, using the same cross-sec-
tional areas of solder bump and Cu pad. They were
compared by the modeling of IMC growth. More-
over, the effects of chemical diffusion, EM, and TM
on IMC (CugSns, CuszSn) growth, were compared in
scale for Sn-0.7Cu solders.

MODELING AND EXPERIMENTAL
PROCEDURES

Modeling of EM, TM, and Chemical Diffusion
for CusSn and CugSns Growth

The IMCs formed in Sn-0.7Cu solder are CusSn
and CugSns. IMC growth was modeled for EM and
TM. For EM, Cu and Sn atoms move due to EM
momentum, when electrons transfer from the Cu
pad to the solder. For TM, Cu and Sn atoms move
due to heat flux momentum, caused by the thermo-
gradient that occurs when the temperature of the
Cu pad is higher than that of the solder.

For EM, atomic flux (J), caused by electron
momentum, is written as follows®16:

D Wl sk .
Jeoui = CCuvi%ZCu,iePJ "

JSn,i = CSn,i k—r.[" gnAiepj

where D is the diffusion coefficient, & is the Boltz-
mann constant, 7" is the absolute temperature, Z"is
the effective charge number, e is the electric charge
quantity, p is the resistivity, i is each phase, and j is
the current density. C is defined as the number of
atoms per unit volume (atomic concentration) and is
shown as follows:

Ci = Coni (2)

where Cj is the atomic density of each phase, and n;
is the atomic fraction of each phase (7).
For TM, atomic flux caused by heat flux is

expressed as follows'”:
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Fig. 1. Atomic fraction gradient between a Cu pad and the solder.

where (— %) is the thermogradient and @* is the

heat of transport, which means the minimum
enthalpy for atoms to transfer from the lattice site
in isothermal transport. Figure 1 shows the
atomic concentration of Cu atoms, following the
equilibrium phase diagram of Cu-Sn binary alloys
at 150°C. Table I shows the atomic fractions for
the compositional boundary of each IMC. In Fig. 1
and Table 1, Cu means the Cu concentration of
the Cu pad at the boundary between Cu and
CusSn, and CusSn* is the Cu concentration of
CusSn at the boundary between Cu and CusSn.
CusSn~ is the Cu concentration of CusgSn at the
boundary between CusSn and CugSns, and
CugSnt is the Cu concentration of CugSns at the
boundary between CusSn and CugSns. CugSnjs
signifies the Cu concentration of CugSns at the
boundary between CugSns and the solder, and Sn
is the Cu concentration of Sn at the border
between CugSns and the solder.

In real situations, the concentration profile
changes with time. The changes of the concentra-
tion profile can be described by Fick’s second
law:

oC o
% o @)

Since the compositional gap across the boundary
of each phase (Cu versus CusSn*, CusSn~ versus
CugSnz, and CugSn; versus Sn) affects both the
atomic flux (J) and concentration of Cu and Sn (n;),
the differences of concentration and flux are substi-
tuted into Eq. 4. Therefore, the atomic flux veloci-
ties affected respectively by EM and TM are
calculated as follows:

EM _dx 1 €ej
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Ucu =
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Equation 5 represents the flux velocity of a Cu
atom that is transferred by EM from the Cu phase
to the CusSn phase. Equation 6 indicates the flux
velocity of a Cu atom that transferred by TM from
the Cu phase to the CuzSn phase. Equations 5 and 6
are the flux velocities of a Cu atom, noted with
arrow @ in Fig. 1. In addition, the flux velocity of a
Sn atom is calculated through the same procedure,
using Eqgs. 5 and 6. Finally, the growth velocity of
CusSn is calculated by adding @, ®, @, and ® of
Fig. 1, and that of CugSnj is calculated by adding @,
®, ®, and ® of Fig. 1.

Chemical diffusion occurs due to the concentra-
tion difference of Sn and Cu atoms, with respect to
location. Figure 2 shows the concentration variation
of Sn and Cu atoms from the Cu pad to the solder.
The Cu atom moves from the pad, which has a high
concentration of Cu, to the solder, which has a low
concentration of Cu. However, the Sn atom moves
from the solder to the Cu pad. Atomic flux (J),
caused by the concentration gradient of Cu and Sn
atoms, is written as follows:

Table I. Cu atomic fraction determined from the
phase diagram of Sn-Cu binary alloy'®

Cu CugSn* CuzgSn~ CugSni CugSnj Sn

0.993 0.765 0.755 0.549 0.541 0.007

Sn

solder

0xy H 0x,

Fig. 2. Schematic diagram of Cu and Sn atom movements induced
by chemical diffusion.
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JCu,i = _DCuﬁi%
aCx ' (7)
Jni = —Dgp; —24
T Ox

Considering the concentration variation with
respect to time, Eqs. 8 and 9 are obtained after
applying Egs. 7 to 4 as follows:

*dt Coucu — Coucugsn®
9Ccucu
(nSn.CuDCuCu + nCu,CuDSn,Cu) T Oxca
x D D OCcu,Cugsn
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(8)
ome _dx_ 1
n dt CSn.Cu - CSn.CugSnJr
OCsn.cu
(nsncuDoucu + ncucaDsn.cu) Tt
X OCsn Cugsn
- (nSn,Cu3SnDCu‘Cu38n + nCu,CugSnDSn,CuSSn) DxCugsn
9)

Equation 8 represents the flux velocity of a Cu atom
moving from Cu to CuzSn, due to chemical diffusion,
and corresponds to arrow @ in Fig. 2. Using Eq. 8,
the flux velocity of a Cu atom at the boundary of
CusSn/CugSns and CugSs/Sn can also be calculated,
respectively, corresponding to arrows @ and @ in
Fig. 2. Using the same procedure, the flux velocity
of a Sn atom that transfers due to chemical diffu-
sion, is represented by Eq. 9.

Variable Selection for Modeling

Effective charge number (Z) and diffusion coef-
ficient (D) of Cu-Sn IMCs such as Cu3Sn and
CugSns are reported to have inconsistent values
and limited resources.’® However, consistent and
reliable values of Z and D, for Cu/Sn phases and
Cu-Pb IMCs, have been reported in the litera-
ture.'®23 Therefore, the variables to model Cu and
Sn atoms in CusSn and CugSns were selected from
the previous simulation study.?*27 The variables
used in the study are shown in Table II.

Experimental Procedure to Observe
Intermetallic Compound Growth by EM

The test specimen used in the EM experiment had
the shape of a Cu-solder-Cu joint. Two Cu blocks of
3 mm x 10 mm x 15 mm were connected by apply-
ing Sn-0.7Cu solder paste to the middle of the
blocks.®?> The solder layer had a thickness of
approximately 170 ym after reflow soldering. The
soldered specimen was wire-cut to a sandwich shape
of 240 ym x 250 ym x 6170 um, as shown in Fig. 3-
a. The specimen was fixed by applying Pb-Sn solder
to both ends of the test piece, as indicated in Fig. 3b.
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Table II. Coefficient values of Cu and Sn in a solder joint

Phase Species D (m?%/s) Z Q" (kJ/mol) R (Q-nm)
Cu Cu 2.44 x 1072928 720 21.34% 16.8%1
Sn 4.18 x 107%™ 10%* 1.36%¢
CusSn Cu 9.2 x 1063 30 21.34%° 89.3%7
Sn 5.3 x 107162 3224 1.36%¢
CugSnp Cu 1.8 x 1071724 2174 21.34%° 175%°
Sn 9.6 x 10 16* 21 1.36%¢
Sn Cu 2.01 x 10 13 2.5 21.34%° 11531
Sn 4.59 x 1071528 18% 1.36%¢
Solder @ "I e Cooling
module
250
"“‘ SSESses e 55°C
--------------------- Specimen
o I
158 po --- Hot plate
Fig. 4. Schematic diagram of the TM experiments.
(b)
J 1 J
and the top of the test specimen, respectively. The
temperature of the cooling module was controlled by
a temperature sensor, and a temperature variation
2 2 of 55-150°C was maintained between the upper and

\ Cathode(-) \ Anode(t)

Fig. 3. Schematics of (a) test specimen and (b) current stressing
method, for the EM experiments.?®

Finally, a constant current of 6 A and a current
dens1ty of 10 kA/ecm? was applied to the test spec-
imen. The EM test was conducted in a furnace at a
temperature of 120°C. In order to investigate the
IMC growth induced by EM, a temperature of 120°C
was maintained, since the specimen increased to a
temperature of approximately 120°C by applying a
constant current of 6A. Moreover, the temperature
of the solder bump in a practical package increases
to 120-150°C due to joule heating.®® Therefore, by
using a test specimen of constant cross- sectlonal
area (Fig. 3a), the effect of EM on IMC growth was
investigated with a minimized TM contribution.
IMC growth occurring in the Cu/solder interface
was observed over the time period from when the
EM test started (Oh, 25h, 50 h, 100 h, 150 h,
200 h, 250 h and 300 h).

Experimental Procedure to Observe
Intermetallic Compound Growth by TM

Figure 4 shows the schematic diagram of the TM
experimental setup. The hot plate (150°C) and the
cooling module (55°C) were attached to the bottom

lower sides. The TM experiment was conducted for
300 h.

The variation of IMC growth caused by EM and
TM was observed from the cold-mounted specimen
polished to 0.05 yum. This was followed by plating
with Au film, and analyzing using back-scattered
scanning electron microscopy (BS-SEM). The type of
IMC was confirmed using energy dispersive spec-
troscopy (EDS). IMC growth normally has a non-
uniform shape, containing corrugations and scal-
lops. Therefore, the IMC thickness was calculated
from the average area of IMC, divided by the linear
width of the SEM images, taken from five images at
the center of each specimen. The values of the IMC
area, and linear width were acquired by image
analysis.

RESULTS AND DISCUSSION
Intermetallic Compound Growth Under EM

Figure 5 shows the BS-SEM pictures of the IMCs
grown at the interface between the Cu and solder
under EM. Microstructures in Fig. 5 could be sep-
arated with a variation of black-white tone: white
from Sn-rich solder, light gray from CugSns;,
medium gray from CusSn, and dark gray from the
Cu pad. For quantitative evaluation of the CusSn
and CugSnjs layers, EDS was conducted on the cross-
section of the specimen, as shown in Fig. 6. P1 of
dark gray was the Cu layer, P2 of medium gray was
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CuzSn
10 um

Fig. 5. BS-SEM image of an IMC grown by EM.

100 h
~

~ 50h

I v

EDS points in SEM image EDS points  Cu (at%) Sn (at%) Au (at%)
P1 98.2 - 1.8
P2 71.6 26.4 2.0
P3 52.2 45.5 2.3
P4 48.9 48.7 2.4
PS - 97.2 2.8

Fig. 6. Chemical analysis of various microstructures in solder joints.

the CusSn layer, P3 of light gray was the CugSnj;
layer, and P5 of white was the Sn-0.7Cu solder. An
island phase of P4 was CugSns, which had grown
apart from the P3 layer. The composition of Au was
disregarded for phase analysis, because a thin layer
of Au was intentionally coated on the sample to
increase the resolution of the BS-SEM images.
Before the EM test (0 h in Fig. 5), the IMC consisted
mainly of CugSns. As the EM test continued to 25 h,
an IMC of CusSn appeared, and it had a thickness of
0.7 ym. Simultaneously, an IMC of CugSns grew to

1.6 um. During the 300 h of the EM test, CusSn
grew to 2.8 um, and CugSns to 11.3 um. The IMCs
continuously grew for the 300 h of the EM test, and
the increase of the CugSns thickness was more
significant than that of the Cu3Sn thickness. The
growth of IMCs by EM shows a similar trend to the
previous study.® In particular, after 200 h in the EM
test, a void was perceived at the interface between
the CugSns and the solder. This demonstrated the
significance of the relationship between IMC growth
and open circuit failure induced by void growth.?*
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0h 50h
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200 h
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Fig. 7. BS-SEM image of an IMC grown by TM.

150 h

100 h

Intermetallic Compound Growth Under TM

Figure 7 depicts the BS-SEM images of IMC
growth between Cu and solder under TM. In the
SEM image, unlike EM, the number of CugSnjs
islands increased during TM. At 50 h in the TM
test, CugSns that existed before the TM test had
grown to a thickness of 1.1 um. At this time, CusSn
first appeared in the TM test, and grew to 0.3 ym.
At 300 h, CugSnj increased to 1.64 um, and CusSn
to 0.53 ym. The IMC thickness increased propor-
tionately with the time of TM test. However, the
increase in thickness induced by TM, was signifi-
cantly slower than that caused by EM. IMC growth
induced by TM was conducted in the previous study.
The results of previous TM studies were under the
influence of EM and TM.?%36 However, this study
predicted IMC growth by TM without EM.

Simulation to Measure the Thermogradient
of a Solder Joint for TM

Thermogradient, one of important variables in
the TM test, represented by (—%) in Eq. 3, was

calculated through finite element analysis, because
the solder joint was too small to measure the
temperature directly. Thermal analysis using
ANSYS software was emeployed to estimate the
temperature distribution.®® The specimen for ther-
mal simulation had the same size as the specimen

Table III. Coefficient values of Cu and Sn-0.7Cu

Thermal conductivity

Phase (W/m K) R (Q-nm)
Cu 38337 16.8°!
Sn-0.7Cu 5337 89.3%7

used for the previous experiment (Fig. 3a). A tem-
perature of 150°C was maintained at the lower
heating side, and a temperature of 55°C was
maintained at the upper cooling side. The convec-
tion coefficient and ambient temperature were
10 W/m? °C and 25°C, respectively. The variables
to model Cu and the Sn-0.7Cu solder were selected
from the previous simulation study.?”*3” The
variables used in the study are shown in Table III.

Figure 8 shows the temperature distribution of a
solder joint simulated by ANSYS.?® The solder layer
between the Cu rods indicated 102°C on the bottom
and 95°C on the top. This translated to a temper-
ature gap of 7°C over a distance of 170 um, which
produced a thermogradient of 870°C/cm in the
solder layer. The thermogradient produced in this
study is large enough to induce TM, because a
thermogradient larger than 400°C/cm is required to
cause TM phenomena.?®



148

Comparison of the Modeling and
Experimental Results

Figure 9 shows both the predicted thickness of
IMC growth through modeling and the measured
thickness through the experiments. Specifically,
Fig. 9a represents the IMC growth by EM under a
current density of 10 kA/em?. The experimentally
measured IMC thicknesses are noted with a filled
rectangle for CugSns, and an open diamond for

150 Max
122
102
95
76
5§ Min
0 0 I
.0 3.0 (mm)
| — e
1.5
150 Max Top : 95°C
122
102
95
76 i i s Solder

55 Min

Bottom : 102°C
0.0 0.8 (mm)
[ —

0.4

Fig. 8. Temperature distribution in a solder joint (The inset is the
enlarged view of the solder layer between the Cu rods.).
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CusSn. Measuring the IMC thickness by BS-SEM
(Fig. 5), CugSns was thicker than CusSn. Moreover,
CugSns grew more rapidly than CuzSn under EM.
The IMC thicknesses modeled for EM and TM are
indicated with a solid line for CugSns and a dotted
line for CuszSn. The EM-induced IMC thickness of
CugSns and CusSn successfully matched the exper-
imental values. Previous studies on EM and IMC
growth®%12 dealt with a solder bump packaged on
flip-chip ball grid arrays (FC-BGA). Therefore, the
cross-sectional area of a bump entrance was nar-
rower than that of the Cu-pad, producing current
crowding at the entrance to the solder bump.?® The
complicated phenomena of EM and TM caused the
estimations for a practical solder bump of an FC-
BGA to differ from the observed IMC thickness.
However, the test specimen used in this study had a
constant thickness, and the atom transfer was
always in the vertical direction, to the boundaries
of the Cu-solder-Cu specimen. Thus, by using our
specimen geometry, the effect of current crowding
on both the joule heating and IMC growth were
minimized (Fig. 3a). Moreover, the EM test con-
ducted at the constant temperature of 120°C, min-
imized the thermogradient, and ultimately the TM
effects on IMC growth through the EM specimen.
This is why our study produced a very good
agreement between the modeled IMC growth and
the experimental IMC thickness.

Figure 9b shows the IMC growth induced by TM
under a thermogradient of 870°C/cm. The TM
simulation and experiments both indicated the
same behavior of the IMC growth increasing with
time. Furthermore, following the experimental IMC
behavior (Figs. 5 and 7), the growth velocity of IMC
(CugSns and CusSn) affected by TM was much
slower than that induced by EM. The simulated
IMC thickness showed a good agreement with the
measured values, and the thickness of CugSns was
simulated to increase more rapidly than that of
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Fig. 9. Comparison of modeling and experimental thickness of IMCs grown under (a) EM and (b) TM.
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Fig. 10. Effect of chemical diffusion on IMC growth: (a) chemical diffusion under EM, (b) chemical diffusion under TM, (c) EM combined with

chemical diffusion, and (d) TM combined with chemical diffusion.

CusSn. Specifically, the estimation of CugSns was
coincident with the measured value at 150 h. How-
ever, the measured thickness of CugSns was 14%
lower than the predicted values (by modeling), from
200 h onwards. This difference between the mod-
eled and experimental values can be explained by
the significant formation of a CugSnj island, which
was separated from the IMC continuous layers, and
therefore, not included in the measured thickness of
the IMC. Also, the reason for the underestimation of
CusSn, is that CugSns is first formed in the Cu-
solder interface, and CusSn is formed afterwards. In
our modeling, it was assumed that CusSn and
CugSnjs form at the same time.

The contribution of chemical diffusion on IMC
growth was comparatively calculated from the
measured IMC thickness induced by EM and TM,
respectively. The IMC thicknesses (measured every
50 h) were substituted into Eq. 8, and an interim

growth of IMC, within the 50 h time periods was
considered to follow a linear relationship. For Eq. 8,
if xcy,sn (the thickness of CusgSn induced by EM and
TM) increases, Jou,sn decreases. Therefore, the
atomic flux of Cu decreases as CusSn thickens. If
Xcuesns (the thickness of CugSns affected by EM and
TM) increases, Jcy.sn, decreases. Therefore, the
atomic flux of Cu decreases as CugSns thickens.
Figure 10a shows the contribution of chemical
diffusion on IMC growth induced by EM. The
contribution of chemical diffusion on the thickness
of CusSn (xcy,sn) Was more significant than that of
CugSns (xcugsn;)- In Fig. 8a, the growth of CugSns
(induced by EM) was larger than that of CusSn.
Therefore, Jcy.sn, (the atomic flux of Cu in the
CugSnjs phase) was relatively less affected by chem-
ical diffusion than J¢y,s,. However, the contribution
of chemical diffusion (on IMC growth induced by
EM) was 0.007-0.011 um, and it was insignificant



150

compared to the thickness of CugSns and CuzSn
growth.

Figure 10b indicates the contribution of chemical
diffusion on IMC growth induced by TM. For the
same reason discussed in Fig. 10a, the contribution
of chemical diffusion on the thickness of Cus3Sn
(%cussn) Was more significant than that of CugSns
(%Cugsn; ). The contribution of chemical diffusion on
IMC growth (induced by TM) was 0.03-0.05 um,
and it was approximately six times larger than the
chemical diffusion contribution on IMC growth
induced by EM. That was because the IMC thick-
ness induced by TM was smaller than that by EM
(Fig. 9).

Figure 10c and d represent the total thickness of
IMCs, induced by EM and TM combined with
chemical diffusion, respectively. The IMC thickness
measured experimentally is denoted with a filled
rectangle for CugSns, and an open diamond for
CusSn. The IMC thicknesses induced by EM and
TM are indicated with black and red dotted lines for
CugSns and CusSn, respectively. EM and TM com-
bined with chemical diffusion are denoted by black
and red solid lines for CugSns and CusSn, respec-
tively. The IMC growth caused by EM and chemical
diffusion combined, was mostly the same as that by
EM alone, because the contribution of chemical
diffusion to IMC growth under EM was insignifi-
cant, as shown in Fig. 10a. However, the contribu-
tion of chemical diffusion on the IMC growth
induced by TM was significant, as shown in Fig. 10-
d. Incorporating chemical diffusion with TM, CusSn
growth increased by 10%, and CugSns by 4%.
Specifically, the difference between the predicted
and measured CusSn thickness was improved by
considering chemical diffusion under TM. There-
fore, the effect of chemical diffusion was significant
on IMC growth induced by TM.

CONCLUSION

This study predicted IMC growth behavior mod-
eled from electromigration (EM), thermomigration
(TM), and chemical diffusion, for Sn-0.7Cu solders.
IMC thickness, modeled under a current density of
10 kA/cm?, showed a good agreement with the
measured value. This might be because a test
specimen with constant thickness was used in the
EM test, to remove the effects of both current
crowding and TM on the EM specimen. TM model-
ing produced the same trend of IMC growth when
compared with the experimental measurements.
However, CugSnjs thickness modeled by TM made
an overestimation of 14% in comparison to the
measured values. This discrepancy can be explained
by the significant formation of a CugSns island,
which was separated from the IMC continuous
layers and not included in the measured thickness
of IMC. The reason for the CusSn underestimation
is that CusSn and CugSnj are assumed to be formed
at the same time. We have determined that the

Baek, Park, Oh, Chun, and Kang

IMCs of CusSn and CugSns grew more significantly
by EM than by TM/chemical diffusion. Modeling of
TM should reflect the chemical diffusion effect on
the IMC growth. TM incorporated with chemical
diffusion increased IMC growth of CusSn by 10%,
and CugSns by 4%. Moreover, chemical diffusion
had little influence on IMC growth by EM. The test
specimen used for the study of EM and TM was very
beneficial for understanding IMC growth behavior.
The specimen had a constant thickness, and trans-
ferred the electrons/atoms in a vertical direction to
the boundaries of the Cu-solder-Cu specimen. Thus,
the effect of current crowding on both the joule
heating and IMC growth were minimized to better
understand the effect of EM and TM on IMC
growth.
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