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Resistance curves play a crucial role in detecting damage of solder joints during electromigration.

In general, resistance increases slowly in the beginning, and then rises abruptly in the very late

stage; i.e., the resistance curve behaves concave-up. However, several recent studies have reported

concave-down resistance curves in solder joints with no satisfactory explanation for the

discrepancy. In this study, electromigration failure mode in Sn2.5Ag solder joints was

experimentally investigated. The bump resistance curve exhibited concave-down behavior due to

formation of intermetallic compounds (IMCs). In contrast, the curve was concave-up when void

formation dominated the failure mechanism. Finite element simulation was carried out to simulate

resistance curves due to formation of IMCs and voids, respectively. The simulation results indicate

that the main reason causing the concave-down curve is rapid formation of resistive Cu6Sn5 IMCs

in the current-crowding region, which are 9 times larger than Cu IMCs. Therefore, when Cu

reacted with Sn to form Cu6Sn5 IMCs, resistance increased abruptly, resulting in the concave-down

resistance curve. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867048]

I. INTRODUCTION

Flip-chip solder joints have become the most popular

packaging technology for high-density input/output (I/O)

microelectronic devices.1 The thickness of the flip-chip sol-

der joints ranges from 70 to 100 lm, and the diameter of the

joints is about the same dimension as their thickness. In

order to further reduce the dimension of devices, the solder

joints have to shrink accordingly. In addition, the required

performance of the devices becomes higher and the operat-

ing current in each solder joint increases progressively.

Hence, electromigration has become one of the most persis-

tent reliability issues in microelectronic devices.2–7

A lot of efforts have been devoted to understanding the

electromigration behavior.8–14 Serious current crowding was

observed in flip-chip solder joint. Electromigration may

induce void formation in solder.15–17 In addition, electron

flow may enhance the dissolution of under bump metalliza-

tion (UBM), causing extensive formation of intermetallic

compounds (IMCs).18–22 Therefore, Cu columns of about

50 lm thick were adopted as UBMs to relieve the current-

crowding effect.23

Only a few papers had reported on the electromigration

failure mechanism for solder joints with Cu column

structures.23–25 Nah et al. found that 50-lm-thick Cu col-

umns can relieve the current-crowding effect in solder

joints.24 Consequently, the electromigration lifetime was

enhanced by thick Cu columns.25

During electromigration in typical flip-chip solder joints,

the resistance of the joints does not increase much during the

initial stage of current stressing. The resistance then

increases gradually but rises abruptly towards the end of

electromigration, thus giving a concave-up resistance

curve.26 However, for electromigration in microbumps with

solder thickness less than 20 lm under high current densities,

the resistance curve behaves completely different.27–30 The

resistance increases abruptly in the beginning, followed by

more gradual increase, thus causing the resistance curve to

behave concave-down. Wei et al. conducted electromigra-

tion tests in microbumps by 9.6� 104 A/cm2 at 168 �C and

they observed concave-down resistance curves.27 Lin et al.
stressed microbumps at 1.23� 105 A/cm2 at an ambient tem-

perature of 130 �C and they detected concave-down resist-

ance curves.28 Similar results were also found in 5

lm-thick-solder microbumps with 30 lm pitch stressed at

104–105 A/cm2 at 150 �C.29 Chen et al. also reported a fast

initial rise in resistance, then gradually taper-off and reaches

a steady state after prolonged stressing in microbumps

stressed under 1.0� 105 A/cm2 at 140 �C.30 However, there

have been no studies addressing this interesting phenomenon

and the discrepancy in results.

This study examined the electromigration in 15-lm

SnAg solder joints with 50-lm-thick Cu column UBMs.

Concave-down resistance curves were observed experimen-

tally at current stressing of 2.72� 104 A/cm2 at 100 �C.

Finite element analysis (FEA) was employed to investigate

the main reason for the concaved resistance curve. It is found

that formation of resistive Cu6Sn5 IMCs in the

current-crowding region is responsible for the interesting

behavior of the resistance curve.

II. EXPERIMENTAL

Lead-free Sn-2.3Ag solder joints were adopted for the

electromigration tests. The schematic drawing of the solder

joints is shown in Fig. 1(a). The thickness of Cu wiring was

5 lm on the chip side and 27 lm on the FR-5 substrate side.

Both traces were 100 lm wide. The dimension of Cu column

UBM on the chip side was 50 lm thick. The UBM opening
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was 140 lm in diameter. The bump height was approxi-

mately 15 lm. On the substrate side, the metallization was

also Cu with a 140-lm opening. For the as-fabricated sam-

ple, the interfacial IMCs were Cu6Sn5 on both chip and sub-

strate sides. Figure 1(b) shows the Kelvin bump structures

employed to measure individual bump resistance. Some of

the solder joints were stressed by 2 A at 100 �C, producing a

nominal current density of 2.72� 104 A/cm2 on the UBM

opening. The real stressing temperature was calibrated using

the temperature coefficient of resistivity of the Cu trace on

the chip side. The real stressing temperature increased to

176 �C under current stressing due to the Joule heating effect

in the solder joints. Some of the joints were stressed at

1.82� 104 A/cm2 at 176 �C.

When the bump resistance increased by 5% of the initial

bump resistance, current stressing was terminated and cross-

sectional observation was performed by a JEOL 6700 scanning

electron microscope (SEM). Energy dispersive spectrometer

(EDS) was employed to analyze the composition of the solder

joint and IMCs. Focused ion beam (FIB) was utilized to

observe the microstructures change after current stressing.

III. SIMULATION

To analyze the reason accounting for the concave-down

resistance curve, FEA was employed to simulate the changes

in resistance due to formation of void and IMCs at various

stages. The detailed simulation method has been previously

described.31 To obtain the evolution of the resistance curve

for each specimen, 75 models were constructed to simulate

the effect of IMC formation at different stages on increase in

bump resistance.

IV. RESULTS AND DISCUSSION

Extensive IMC formation was observed after stressing

by high current densities. Figure 2(a) shows the microstruc-

ture of the as-fabricated bump with binary IMCs of Cu6Sn5

formed at the interface of Cu and solder on both chip and

substrate sides. Figure 2(b) shows the change in microstruc-

ture when bump resistance increases by 5% of its original

value after current stressing by 2.72� 104 A/cm2 at 176 �C
for 366 h. As can be seen, electrons migrated from the

bottom-left corner to the upper right corner. The solder joint

became a complete Cu6Sn5 joint when bump resistance

increased by 5% of its initial value. There was no void for-

mation near the electron entrance region. The entire solder

layer can react with Cu metallization to form complete IMC

joints. Therefore, the change in resistance was mainly attrib-

uted to formation of IMCs.

The resistance curve behaves concave-up when voids

form and propagate along the interface of solder and UBM

during electromigration.17 Figure 3(a) shows the cross-

sectional SEM image of void formation after electromigration

at 6.5� 103 A/cm2 at 150 �C for 756 h. The corresponding

resistance curve is shown in Fig. 3(b). The bump resistance

rose slowly in the initial stage of electromigration. As voids

propagated along the solder/UBM interface, the resistance

FIG. 1. (a) Schematic structure of solder joint configuration used in this

study. (b) Layout for electromigration tests and four-point structure for

measuring bump resistance.

FIG. 2. (a) Cross-sectional SEM image showing the microstructure of an as-

fabricated solder bump. (b) The microstructure of solder joints with an

upward electron flow after current stressing by 2.72� 104 A/cm2 at 176 �C
for 366 h. The solder layer was converted into a Cu6Sn5 joint.
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increased gradually as voids grew. At the final stage, the

resistance increased abruptly due to the very small contact

opening left.

On the other hand, the resistance curve exhibits a

concave-down behavior for solder joints subjected to high-

density current stressing. Figure 3(c) presents the cross-

sectional SEM image for the solder joint with 15-lm bump

height after the electromigration test at 1.82� 104 A/cm2 at

156 �C for 2619 h. Extensive IMC formation was found at

the current-crowding region. Figure 3(d) illustrates the

detected resistance curve, which shows a behavior com-

pletely different from that seen in Fig. 3(b). The resistance

curve in Fig. 3(d) increased rapidly right after current stress-

ing, followed by a gradual rise in resistance. This behavior

was also reported in several previous studies.27–30

To investigate the reason behind the different behaviors

of the resistance curve, FEA modeling was carried out. The

structure of the solder joint was almost identical to the one in

Fig. 2(a), in which the solder thickness is 15 lm. Figure 4

presents the constructed model with meshes for a solder

joint. The electron flow enters the joint from the bottom-left

Cu line and leaves the joint from the upper-right trace. In

this model, it is assumed that the solder can react only with

the “Cu reaction layer” on the substrate side. The Cu reaction

layer was labeled in Fig. 4 and the thickness is 7.5 lm. On

the other hand, voids form only in the “void formation

layer,” as shown in Fig. 4.

When the resistance increase is caused by void forma-

tion only, the resistance exhibits a concave-up behavior.

Figures 5(a)–5(e) display the evolution of void when void

formation dominates the failure mechanism, showing 0%,

25%, 50%, 75%, and 95% void depletion of the bottom con-

tact opening, respectively. The corresponding evolution of

current density is depicted in Figs. 5(f)–5(j). Void formation

started from the bottom-left corner of the joint and propa-

gated toward the right-hand side of the joint. Figure 5(k)

presents simulated resistance values as a function of void

depletion percentage of the bottom contact opening. To

obtain this curve, 75 stages were constructed to measure the

bump resistance at different void sizes. The behavior of the

curve is quite similar to the one in Fig. 3(b). The resistance

increased slowly in the early and middle stages, but rose

abruptly in the final stage.

However, when the formation of IMCs dominates the

failure mechanism, the resistance curve behaves quite differ-

ently. The location of IMC formation also has a significant

impact on the behavior of the curve. Figure 6(a) presents a

cross-sectional for the constructed model before the

electromigration-induced IMC formation, in which the elec-

tron migrated from the bottom-left corner of the joint to the

joint at the upper-right corner. Hence, the current density on

the left-hand side of the solder was higher than that on the

right-hand side. In this model, it is assumed that the Cu6Sn5

IMCs started to grow at the maximum current-density Sn

region. As the Sn at this region was consumed to form IMCs,

the simulation program chose the remaining Sn region with

the highest current density to react with Cu in the “Cu reac-

tion layer” with the highest current density to form Cu6Sn5

IMCs. A total of 75 stages were constructed to simulate the

resistance curve. Figures 6(b)–6(e) present the evolution of

FIG. 3. (a) Cross-sectional SEM image

showing electromigration-induced

void formation in a solder joint with a

downward electron flow after current

stressing by 6.50� 103 A/cm2 at

150 �C for 756 h. (b) The correspond-

ing curve for bump resistance as a

function of stressing time for the joint

in (a). (c) Cross-sectional SEM image

presenting extensive IMC formation in

a solder joint with an upward electron

flow after current stressing by

1.82� 104 A/cm2 at 156 �C for 2618 h.

(d) The corresponding curve for bump

resistance as a function of stressing

time for the joint in (c).

FIG. 4. Schematic meshed model of the constructed solder joint for FEA

simulation. The dotted line at the bottom of the Sn layer is the void forma-

tion layer. The dotted line on the top of the Cu layer on the substrate side is

the Cu reaction layer.
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the Cu6Sn5 IMC growth at some of the stages. The percent-

age values represent the consumption ratios of the 7.5-lm

“Cu reaction layer” on the substrate side. This Cu region was

labeled by the dotted black rectangle in Fig. 6(a). Figures

6(f)–6(j) show the evolution of current-density distribution

at different stages. As can be seen, more current stayed drift-

ing in the Cu line on the substrate side when more Cu-Sn

IMCs formed at the interface of Cu/solder on the substrate

side because Cu-Sn IMCs have higher resistivity than Cu

IMCs. However, the difference is not as large as the results

shown in Fig. 5. There was still much current passing

through the resistive IMC layer. The resistivity of Cu6Sn5

IMCs is approximately 9 times larger in magnitude than that

of Cu IMCs; hence, the resistance increased significantly

when Cu6Sn5 IMCs formed. Figure 6(k) presents the evolu-

tion of resistance during various stages of IMC formation.

The resistance rises abruptly in the initial stage before 25%

consumption of the Cu layer, followed by approximately lin-

ear increase. The abrupt rise in the initial stage is attributed

to the Cu6Sn5 formation at the current-crowding region, and

most of the Cu there was transformed into resistive Cu6Sn5

IMCs. The behavior of the simulated curve in Fig. 6(k) is

similar to the experimental curve shown in Fig. 3(d).

Therefore, the concave-down behavior is caused by the resis-

tive IMC formation in the current-crowding region.

To examine whether the location of IMC formation

would affect the behavior of the resistance curve, more simu-

lation was performed. Figures 7(a)–7(f) present the simula-

tion results when Cu6Sn5 grew uniformly on the two

solder/Cu interfaces. The simulation curve was illustrated in

Fig. 7(g). It is intriguing that the resistance increases linearly

with the thickening of the IMC layers. This case may happen

when there is no current effect in the solder joint. In addition,

when the Cu6Sn5 IMCs started to form from the low

current-density region, and then grew toward the high

current-density region, the resistance curve behaves differ-

ently. It is noteworthy to state that this is a fictitious case

because the Cu UBM dissolves faster at regions with high

FIG. 5. Simulation of void formation at (a) 0%, (b) 25%, (c) 50%, (d) 75%,

and (e) 95% void depletion of the UBM opening, and the corresponding cur-

rent density distribution in the solder joint at (f) 0%, (g) 25%, (h) 50%, (i)

75%, and (j) 95% void depletion of the UBM opening. (k) The simulated re-

sistance curve as a function of void depletion percentage of the UBM

opening.

FIG. 6. Simulation of Cu6Sn5 IMC formation at (a) 0%, (b) 25%, (c) 50%,

(d) 75%, and (e) 100% of the Cu reaction layer consumed, assuming that

IMCs started to form at the high current-density region, and the correspond-

ing current density distribution in the solder joint when (f) 0%, (g) 25%, (h)

50%, (i) 75%, and (j) 100% of the Cu reaction layer was consumed. (k) The

simulated resistance curve as a function of volume percentages of the Cu

reaction layer consumed.
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current densities than those at low current densities. Figures

8(a)–8(f) show the evolution of IMC growth at various

stages. The right-hand side was the low current-density

region, whereas the left-hand side was the high

current-density region. IMCs started to form in the low

current-density region, as illustrated in Fig. 8(b), and then

propagated toward the high current-density region. As

depicted in Figs. 5(f) and 6(f), the Cu with the lowest current

density located at the bottom-right corner of the Cu reaction

layer. Thus, Cu started to dissolve there. In addition, the sol-

der with the lowest current density located approximately at

the middle-bottom of the joint. Therefore, the Cu-Sn IMCs

stared to form there and grew upward to bridge the joint.

Then they propagated to the right-hand side of the joint.

Once the IMCs formed, they would disturb the distribution

of the current density, resulting in the irregular shape of the

IMCs. Figure 8(g) presents the simulated resistance curve.

Surprisingly, the resistance curve behaves concave-up. This

is because when the resistive Cu6Sn5 IMCs formed at the

low current-density region, only little current passed through

the IMCs. Therefore, the resistance did not increase much in

the beginning. However, more current passing through the

resistive IMCs at later stages resulted in abrupt increase in

resistance. Thus, the resistance curve behaves concave-up. It

is noted that this case do not happen in real solder joint dur-

ing electromigration.

It is noteworthy that in order to observe the concave-

down resistance curve, the current density should be large

enough to trigger IMC formation at the initial stage. In gen-

eral, the current density should exceed 1� 104 A/cm2 and

the temperature should be above 130 �C.30 The stressing con-

ditions for microbumps are usually more stringent than these

conditions. Therefore, an abrupt increase in resistance was

observed in the literature.27–30 However, if the current den-

sity is small and the temperature is low, then IMC formation

does not occur in the beginning. Thus, the resistance curve

will not behave concave-down.

V. CONCLUSIONS

Both experimental and simulation approaches were car-

ried out to investigate the resistance curve during electromi-

gration. When void formation dominates the failure

FIG. 7. Simulation of Cu6Sn5 IMC formation at (a) 0%, (b) 20%, (c) 40%,

(d) 60%, (e) 80%, and (f) 100% of the Cu reaction layer consumed, assum-

ing that IMCs grew uniformly at the two Cu/solder interfaces. (g) The simu-

lated resistance curve as a function of volume percentages of the Cu reaction

layer consumed.

FIG. 8. Simulation of Cu6Sn5 IMC formation at (a) 0%, (b) 20%, (c) 40%,

(d) 60%, (e) 80%, and (f) 100% of the Cu reaction layer consumed, assum-

ing that IMCs started to form at the low current-density region. (g) The

simulated resistance curve as a function of volume percentages of the Cu

reaction layer consumed.
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mechanism, the resistance increases very slowly in the be-

ginning and middle stages, followed by an abrupt rise in the

final stage. The resistance curve thus behaves concave-up.

On the contrary, when IMC formation becomes the dominant

failure mechanism at high current densities, the resistance

increases rapidly in the initial stage due to formation of resis-

tive IMCs at the current-crowding region, followed by grad-

ual increase in resistance. Therefore, a concave-down

resistance curve is observed. In addition, if the IMCs grow

uniformly at the Cu/solder interfaces, the resistance increases

linearly. This study provides a better understanding on the

behavior of resistance curve during current stressing.
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