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Abstract
The use of a nonconductive film (NCF) to establish and enhance the stability of microbumps is crucial. Even though it is 
normal to apply NCF to microbump interconnection layers, understanding the behavior of microbump stability without 
the protection from a NCF is important. A free standing structure without a NCF can be used to determine the mechanical 
response of a single microbump. This information can be used to design robust interconnect structures. Electromigration 
(EM) tests were performed at 150 ℃ and 1.3 × 105 A/cm2 to investigate the effect of a NCF on the electrical reliability of 
Cu/Ni/Sn-Ag microbumps. The EM test results show different failure times and failure modes for Cu/Ni/Sn-Ag microbumps 
with the NCF and without the NCF. The microbump test samples with the NCF had a time to failure that was three times 
longer than that without the NCF. At a constant current density condition, the contribution of temperature-induced acceler-
ated degradation and mechanical deformation factors were considered. A series of finite element and electron backscattered 
diffraction analyses revealed that the NCF restricted solder deformation and led to an increase in the back stress, which 
prolonged the EM lifetime.

1 Introduction

Due to the rapid development of miniature, lightweight, 
high-performance, and multifunctional electronic devices, 
electronic device packages are adopting multipin and fine 
pitch structures to increase performance. Three-dimen-
sional (3D) chip stack structures integrating various func-
tional chips have been designed and developed [1–4]. 
Along with flip-chip packaging technology, multistacked 
structures with fine and complex designs have been 
increasingly used in the electronics industry in recent years 
[3–5]. Though challenges remain, solder bumps are limited 

to a fine pitch below 100 μm because of the increased risk 
of bump bridging and misalignment. Even smaller bumps 
have been implemented and enabled, which increases in 
the current density, leading to an increased risk of elec-
tromigration (EM)-induced failure modes [6, 7]. Underfill 
has been commonly used in flip-chip joints and provides 
structural stabilization between the chip and substrate. It 
also relieves stress concentrations in the interconnections 
located at the perimeter of the chip and ensures reliable 
thermal cycling performance [8–16]. However, a fine pitch 
below 100 μm is in great demand, and two major chal-
lenges need to be overcome: the formation of voids within 
the underfill material and microbump bridging [17–19]. 
These two major risks can be mitigated with the use of 
nonconductive film (NCF). The application of a NCF, as 
an alternative to the conventional underfill process, dem-
onstrates less voiding than a conventional underfill mate-
rial, and the assembly process can be simplified [20–23]. 
Various studies were conducted to correlate the underfill 
material and EM. Yamanaka et al. reported the underfill 
effect on EM lifetime; it was found that the lifetime was 
closely correlated to the back stress because the underfill 
material restricted solder deformation [24]. A simula-
tion study on different underfill materials revealed that a 
change in the Young’s modulus of the underfill had little 
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impact on the current density and temperature distribution 
but impacted the bump deformation and hydrostatic stress 
distributions [25]. Various publications are available that 
consider the relationships between a NCF and humidity 
and the thermal cycling reliability of microbumps, but a 
limited number of reports are available that correlate NCF 
materials and interconnect EM response [26, 27]. This 
study considers the effect of NCF on the EM intercon-
nect reliability of Cu/Ni/Sn-Ag microbumps. Microbump 
structures with and without a NCF were prepared and EM 
tested. 3D finite element analysis (FEA) was performed 
to determine the distribution of Joule heating and ther-
mal stresses. Electron backscattered diffraction (EBSD) 
was performed to identify any localized strain and stress 

distributions and determine the baseline thermomechani-
cal responses of the interconnects to understand the effect 
of the NCF.

2  Experimental procedures

The test vehicle used in this study comprised the stacked 
multichip components shown in Fig. 1, which consisted of 
a top and bottom chip with dimensions of 5 × 5  mm2 and 
10 × 10  mm2, respectively. Both the top and bottom chips 
had identical thicknesses and bump structures, as each had 
Cu pillars with a 100 μm pitch, 20 μm diameter, and 8 μm 
height. A Sn-Ag solder was electroplated on a 5 μm Ni 

Fig. 1  a 3D finite element model showing the structures in the Cu/Ni/Sn-Ag microbump. Initial microstructure after thermo-compression bond-
ing of Cu/Ni/Sn-Ag microbumps b with the NCF and c without the NCF observed with SEM
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barrier for the top die before the thermo-compression bond-
ing assembly process was done. The bottom die contained 
1 μm electroplated Au on top of the Ni barrier to improve the 
wettability of the bonding interface during assembly [28]. 
Bonding was performed using a thermo-compression bonder 
after the NCF was dispensed over the Au/Ni/Cu pillars on 
the bottom chip. The peak reflow temperature and bonding 
load were 260 ℃ and 20 N, respectively. For the Cu/Ni/
Sn-Ag microbump samples without the NCF, bonding was 
performed using the same thermo-compression parameters 
without dispensing the NCF over the Au/Ni/Cu pillars on 
the bottom chip. A schematic of the structure and initial 
cross-sectional view after thermo-compression bonding for 
each sample structure is shown in Fig. 1a–c. The overall 
heights of the microbumps after thermo-compression bond-
ing were identical due to the same bonding parameters. For 
EM testing, a constant current of 0.408 A was applied to 
each sample condition, which resulted in an average current 
density of 1.3 × 105 A/cm2 at a constant temperature of 150 
℃. The resistance change was monitored in-situ using a con-
trol unit and power supply. To investigate the microstructural 
changes and failure modes in the solder joints induced by the 
EM tests, a set of microbumps were cross-sectioned before 
and after current stressing at various periods of time and 
examined with scanning electron microscopy (SEM) and 
EBSD. FEA analyses using ANSYS 18.2 were performed 
to determine the distribution of Joule heating and thermal 
stresses within the stacked multichip package under the cur-
rent stressed conditions. The finite element model used in 

this study consisted of the SOLID226 3D 20-node thermo-
electric coupled-field solid element provided by ANSYS. 
The temperature distributions used in the thermal stress 
analysis were imported from the results of the Joule heating 
simulation. Furthermore, the stress-free temperature was set 
to 298 K. The material properties used in the Joule heat-
ing and thermal stress analyses are listed in Tables 1 and 2, 
respectively.

3  Results and discussion

Figure 2 shows the electrical resistance changes of the Cu/
Ni/Sn-Ag microbumps with and without the NCF. For the 
Cu/Ni/Sn-Ag microbump without the NCF, the time to fail-
ure was approximately 196 h, while it was approximately 
572 h with the NCF under a current density of 1.3 × 105 
A/cm2 and at a temperature of 150 ℃. For both cases, the 
resistance increased linearly and then abruptly increased 
afterward. Compared to the NCF applied sample, the sam-
ple without NCF microbumps showed higher acceleration 
in resistance increase from the beginning and a much faster 
increase than the sample with NCF applied microbumps. 
In both sample configurations, the constant increase in the 
resistance was possibly due to the consumption of the Ni 
barrier and the formation of a Ni–Sn intermetallic compound 
(IMC), and the subsequent rapid increase in the resistance 
was due to the exhaustion of the Ni barrier and accelerated 
formation of Cu-Sn IMCs. Thus, the possible reason for the 

Table 1  Material properties of 
the Joule heating simulation

Materials Thermal conductivity 
(W/m·K)

Resistivity 
(mΩ·cm)

Temperature coefficient of 
resistivity  (K−1)

Source

Sn-2.5Ag 33 12.3 4.6 × 10−3 [25]
Ni 76 28 6.8 × 10−3 [31]
Cu 403 6.8 4.3 × 10−3 [25]
Wafer-level NCF 0.55 – – [25]
Si 147 – – [32]

Table 2  Material properties of thermal stress simulation

Materials Model E (GPa) CTE(ppm/K) Poison ratio Source

Sn-2.5Ag Temperature-dependent elastic-isotropic 46.8 @ 298 K 26 
@ 433 K

22.5 0.4 [33]

Ni Elastic-isotropic 186 12.5 0.342 [34]
Cu Elastic-isotropic 122 17.1 0.35 [35]
Wafer-level NCF Temperature-dependent elastic-isotropic 6.4 @ 223 K

6 @ 273 K
5.6 @ 298 K
4.5 @ 353 K
2.3 @ 398 K

45 [35]

Si Elastic-isotropic 169.5 3 0.28 [35]
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main difference in the resistance increase between the sam-
ples with and without the NCF, shown in Fig. 2, seems to 
have been caused by the difference in the growth rate of the 
IMCs. Based on the resistance change curve alone, the NCF 
prolonged the EM time to failure by 291% for the Cu/Ni/
Sn-Ag microbumps compared to that for the sample with-
out the NCF. The cross-sectioned Cu/Ni/Sn-Ag microbumps 
with the NCF before and after the current stressing for 600 h 
at 150 ℃ with a current density of 1.3 × 105 A/cm2 are shown 
in Fig. 3a and b. Prior to the current stressing, as shown in 
Fig. 1b and c, (Au,Ni)Sn4 and  Ni3Sn4 IMCs were observed 
in the bulk Sn-Ag solder. Following current stressing, the 
failure of Cu/Ni/Sn-Ag microbumps without the NCF was 
related to the consumption of the Cu pillar and Ni barrier, 
as shown in Fig. 3a and b, respectively. The arrow marks the 
direction of electron flow. In the bump with the downward 
flow of electrons, as shown in Fig. 3a, the Ni barrier edge 
on the cathode into which the electrons flow was consumed 
by the reaction with Sn. As a result, the Sn and Cu pillars 
beneath the Ni barrier at the bottom chip were transformed 
into (Cu,Ni)6Sn5 and  Cu3Sn IMCs. In addition, the disso-
lution of nearly the entire Ni barrier on the cathode side 
was observed after 600 h of EM testing. A large amount 
of (Cu,Ni)6Sn5 IMC was observed in the middle of the sol-
der bump. In the opposite case for the downward electron 
flow, as shown in Fig. 3b, the symmetrical structure at the 
top and bottom resulted in the formation of IMCs, similar 
to the case with the upward electron flow. Figure 3c and 
d show SEM images of the cross-sectioned Cu/Ni/Sn-Ag 
microbumps without the NCF after current stressing for 
200 h at 150 ℃ with a current density of 1.3 × 105 A/cm2. 
The Ni barrier on the cathode was fully consumed by the 

formation of (Cu,Ni)6Sn5 IMC, regardless of the electron 
flow. Although the time to failure was significantly different, 
the EM-induced degradation at the interconnect was similar 
for the Cu/Ni/Sn-Ag microbumps with and without the NCF, 
regardless of the prolonged current stressing time. Similar 
observations were made on the underfill effects of solder 
bumps reported in previous studies, where the back stress 
was increased by the confinement of the underfill, and it 
was relieved by solder deformation, resulting in an increased 
EM time to failure [24]. A comparison of the microbumps 
with and without the NCF indicated that a height difference 
after EM testing can be seen. The microbumps with the NCF 
maintained a constant bump height after the EM test for 
600 h compared to the initial bump height shown in Fig. 1b. 
However, the microbumps without the NCF revealed an 
increase in bump heights after EM for both the upward and 
downward current stressed bumps after 200 h, as shown in 
Fig. 3c and d. Given that the initial bump heights were iden-
tical initially, a height increase was expected to occur dur-
ing EM. The microbumps without the NCF were expected 
to have fewer constraints and be able to maintain the gap 
distance between the stacked dies, resulting in a net positive 
increase in the bump height. Additionally, plastic deforma-
tion during EM increased the defect density and accelerated 
the diffusion of the microbumps, resulting in an accelerated 
IMC growth rate, which explains the accelerated increase in 
the resistance in Fig. 2.

In general, the mass transport by EM in a pure metal 
material in a strip structure can be expressed by the follow-
ing equation [29, 30]:

where J is the net atomic flux from EM, and C, D, k, T, 
Z*, e, ρ, j, Ω, and dσ/dx are the atomic concentration, the dif-
fusivity, Boltzmann’s constant, the absolute temperature, the 
effective charge number, the electron charge, the resistivity, 
the current density, the atomic volume, and the back stress 
gradient (σ is the hydrostatic stress in the material), respec-
tively. The first term on the right-hand side of the equation 
represents the atomic flux due to the EM drift force, while 
the second term represents the backflow due to the back 
stress. Thus, there is no net EM drift when these two forces 
are balanced, and the critical length is defined as a length 
in this condition. Based on the backflow concept, the effect 
of the NCF on the EM failure time indicated that the NCF 
increased the back stress and inhibited net atomic movement 
since the other variables on the right-hand side of Eq. (1) 
were the same [24].

To identify the NCF effect on Joule heating and thermal 
stresses, FEA simulations were performed. Figure 4 shows 
the current density distribution under a current of 0.408 
A at a temperature of 150℃. Figure 4a and b show the 

(1)J =
CD

KT

(

Z∗e�j − Ω
d�

dx

)

Fig. 2  Relative changes in the electrical resistance with increasing 
current stressing time of Cu/Ni/Sn-Ag microbumps with and without 
the NCF at 150 ℃ with a current density of 1.3 × 105 A/cm2
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current density distributions in the Cu/Ni/Sn-Ag micro-
bumps with and without the NCF during the EM test. The 
maximum current density for the microbump with the NCF 
in Fig. 4a and b is 1.77 × 106 A/cm2, which occurred near 
the interface between the Cu trace and Cu pillar. Due to 
the small diameter of the microbumps, the difference in 
the cross-sectional area between the traces and the micro-
bumps was not large. Therefore, the maximum current 
density inside the solder region was only 1.57 × 105 A/cm2, 
with an average density of 1.3 × 105 A/cm2. The tempera-
ture distribution in Fig. 4c indicated that the maximum 
temperature of the hot spot was 161.2 ℃ at the bottom chip 
area. In comparison, the simulation results for the Cu/Ni/
Sn-Ag microbumps without the NCF indicated that the 
maximum temperature of 163.2 ℃ was also at the bottom 
chip area, as shown in Fig. 4d.

In terms of the temperature distribution, for the Cu/Ni/
Sn-Ag microbumps without the NCF, the maximum temper-
ature was approximately 2 ℃ higher than that of the Cu/Ni/
Sn-Ag microbumps with the NCF. This increase contributed 
to the higher acceleration of the IMC formation in the micro-
bumps without the NCF, but the temperature difference was 
expected to have a minimal effect. There was a minimal 
differentiation in the maximum temperature between the 
microbumps with and without the NCF. Figure 5 represents 
the distribution of hydrostatic stresses in the Sn-Ag solder 
of the Cu/Ni/Sn-Ag microbumps under a current of 0.408 A 
at 150 ℃ to confirm the effect of the back stress on the NCF 
application. Figure 5a shows the hydrostatic stress distribu-
tion in the Cu/Ni/Sn-Ag microbumps with the NCF during 
the EM test. The edge of the solder had a compressive stress 
of 34.6 MPa, since both the NCF and solder expanded due 

Fig. 3  SEM images of the cross-sectioned surface of Cu/Ni/Sn-Ag microbumps (a) (b) with the NCF after current stressing for 600 h and (c) (d) 
without the NCF for 200 h at 1.3 × 105 A/cm2 and 150 ℃. a c Images after downward current stressing and b d upward current stressing
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to the increased temperature. The top and bottom centers of 
the solder had a tensile stress of 199 MPa due to the expan-
sion of the NCF in the vertical direction. Because of the 
dissimilar coefficients of thermal expansion (CTE) between 
the NCF and the solder material, the solder bumps were 
also strained in the vertical direction. Figure 5b shows the 
hydrostatic stress distribution in the Cu/Ni/Sn-Ag micro-
bumps without the NCF during the EM test. Because the 
under-bump metallization structure had a lower CTE value 
than the solder, the center of the solder had a compressive 
stress of 30 MPa induced by its inhibited expansion. On the 
other hand, the edge of the solder showed a tensile stress of 
19 MPa since the side of the solder expanded freely with 
increasing temperature. According to the FEA results, the 
NCF application had little impact on the current density 
distribution and a minimal effect on the temperature dis-
tribution. However, the strain inhibition at the edges of the 
bump and vertical deformation increased the overall hydro-
static stress distribution in the solder, which contributed to 
an increase in the back stress during EM. Even though the 
impact was minimal, the higher stress level in the center of 
the microbumps with the NCF created a condition that can 
limit diffusion compared to lower stress level in the micro-
bumps without the NCF.

The EBSD analysis of the microbumps before and 
after the EM testing is comparable to the FEA analysis 
and observations. The EBSD images of the initial state 

of the microbumps with the NCF before current stressing 
(Fig. 6a) and after current stressing (Fig. 6b). The energy-
dispersive X-ray spectroscopy (EDS) map of the Ag distri-
bution revealed that the once uniformly distributed  Ag3Sn 
intermetallic precipitates shifted to the top region near the 
IMC interface that was aligned with the upward current 
direction. The band contrast image and inverse pole figure 
(IPF) images indicated that the number of small Sn grains 
increased after current stressing for 600 h with an overall 
decrease in the localized strain, which can be seen with 
the strain contour map. However, as indicated by the white 
box in the strain contour map and grain reference orien-
tation distribution (GROD) map, a higher level of strain 
and residual stress is observed for the microbumps with 
the NCF. Figure 6c and d show the microbump without 
the NCF. The tendency of the grains to grow after current 
stressing is similar to that for the microbumps with the 
NCF, and  Ag3Sn intermetallic precipitates also accumu-
lated and shifted and became aligned to the downward 
current direction. However, unlike the microbumps with 
the NCF after EM, the microbumps without the NCF had 
a more decentralized local strain and residual stress dis-
tribution, as indicated by the white boxes. The series of 
EBSD observations is consistent with the FEA analysis, 
which indicates a centralized stress for microbumps with 
the NCF and a decentralized stress distribution for micro-
bumps without the NCF.

Fig. 4  FEM simulation results for the current density distribution a b and temperature distribution c d in microbumps with and without the NCF 
microbump under a current of 0.408 A at 150 ℃
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4  Conclusion

EM phenomena were investigated in Cu/Ni/Sn-Ag micro-
bumps. Two types of microbumps were fabricated with the 
same solder material according to the presence of NCF: 
one was encapsulated with the NCF, while the other was 
not encapsulated with NCF. The EM tests were performed 
under a current density of 1.3 × 105 A/cm2 and at 150 ℃. 
The presence of the NCF improved the EM failure time 
of the Cu/Ni/Sn-Ag microbumps. The FEA revealed that 
the application of the NCF limited the solder deforma-
tion and increased the total hydrostatic stress inside the 

solder. Based on these results, the strain inhibition of the 
solder sides and vertical deformation increased the over-
all hydrostatic stress in the solder, which is considered 
to indirectly contribute to an increase in the back stress 
during EM. Additionally, as a result of EBSD analysis, a 
higher level of strain and residual stress is observed for the 
microbumps with the NCF compared to the microbumps 
without the NCF. Thus, it was concluded that the increase 
in the back stress due to the restriction of solder deforma-
tion by NCF increased the EM lifetime.

Fig. 5  FEA simulation results for the hydrostatic stress distribution in a with the NCF microbump and b without the NCF microbump under a 
current of 0.408 A at 150 ℃
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