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Concentration Gradient of Ni in Reduced SnAg Thickness
in Ni/SnAg/Cu Microbumps during Solid-State Aging
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‘We investigate the cross-interaction in Cu/SnAg/Ni microbumps with a reduced solder thickness of 30 and 10 wm. The concentration
of Ni atoms at the opposite site increased with the decrease in solder-height. A considerable concentration gradient of Ni was detected
in 10-wm microbumps sample, which strongly triggers the diffusion of Ni atoms to the Cu side. The diffused Ni atoms at Cu side
form the ternary intermetallic compounds of (Cu,Ni)sSns, which possesses a lower free energy than CusSns does. Eventually, the
growth of the Cu3Sn was inhibited due to the formation of the thermodynamically stable (Cu,Ni)eSns,
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Three-dimension (3D) integrated circuits (ICs) packaging offers
a high system integration by connecting multiple ICs chips which
have different functions. To minimize the vertical packaging size,
microbumps are adopted for connecting the I/O pads on between
chips.'™ The bump height of the microbump is typical between 5 to
20 wm and the solder volume is smaller than traditional solder bumps.
The distance between the two metallization pads across the solder is
very close as well.

During the reflow processes, solder reacts with the metallization
materials, to form the intermetallic compounds (IMCs). Two chips
are joined together through the IMCs in the microbumps. When two
different metallization materials are adopted across the solder joints,
interdiffusion can occur inside the solder joints during reflow process
or solid-state aging.>”” For example, it is quite common that Cu is
adopted as one of the metallization material, and Ni serves the other
one on the opposite side. Cu atoms may diffuse to the Ni side to
affect the growth of the interfacial IMCs. Ni atoms can also migrate
to the Cu end to influence the IMCs there.®"'? Furthermore, the minor
species in solder can also affect the growth of interfacial IMCs.!3?!
For instance, a small amount of Ni in solder is able to influence the
growth of microstructure in the CugSns IMCs.?>> It is reported that
the addition of Ni atoms will ease the formation of Cu;Sn.?*?’

During solid-state aging, Chang et al.” found that the atomic flux of
Ni is about 25-40 times lower than that of Cu in ball grid array (BGA)
and flip chip packaging. Nevertheless, Ni atoms still diffused through
400 pwm solder and affected the interfacial reaction on the other side
after several hundred hours of thermal aging. As the bump height
continuous to shrink in 3D IC packaging, the interdiffusion between
the two metallization materials become more significant, but only few
studies discussed the issue. Huang et al.?® reported a Ni concentra-
tion gradient in reflowed microbumps dominated the IMCs thickness
during reflow process. However, whether there exists a Ni concentra-
tion gradient during solid-state aging and the Ni distribution in the
Cu-Ni-Sn ternary IMCs are not clear. However, the concentration of
Ni across the low-bump-height solder joint and its effect on the IMCs
growth have not been reported. In this study, we investigate the cross-
interaction across the solder joints with two different bump heights.
A detailed focused ion beam (FIB) study including cross-sectional
polishing and morphologies observation of (Cu,Ni)¢Sns and CuzSn
IMCs has been performed. Compositional analysis by electron probe
X-ray microanalyzer (EPMA) was performed to map the distribution
of Cu and Ni atoms in the microbumps.

Experimental

To prepare the microbumps, materials for under bump metallurgy
(UBM) were firstly deposited on a Si substrate by electroplating a
metal layer of 3-wm Ni or 10-pwm Cu, and then followed by the elec-
troplating of Sn2.3Ag lead-free solder on the Ni or Cu UBM. A chip
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with Cu/Sn2.3Ag microbumps was flipped over and joined to an-
other chip with Ni/Sn2.3Ag microbumps at 260°C for 3 min on a hot
plate. Thus, Cu/Sn2.3 Ag/Ni sandwich samples can be fabricated. Sim-
ilarly, controlled samples of Cu/Sn2.3Ag/Cu structure were prepared
by bonding two chips with Cu/Sn microbumps. The solder height
was controlled to a thickness of approximately 10 wm and 30 pm
in the bonded microbumps. Then solid-state aging was performed at
150°C for 0, 100, 500 and 1000 h in a nitrogen-filled oven. To clearly
observe the morphologies of IMCs, the aged samples were cross-
sectioned and were polished utilizing a dual-beam FIB. The details
for the polishing procedure is reported in our previous publication.?
Therefore, the microstructure of the thin CuzSn and (Cu,Ni)sSns can
be observed without suffering mechanical destruction. Elemental dis-
tributions were analyzed by FE-EPMA (JXA-8800M, JEOL).

Results and Discussion

With the FIB polishing, different layers exhibit clear contrasts in
FIB images, as shown in Figures 1. Figure 1a shows the cross-sectional
FIB image for an as-fabricated microbump. The (Cu,Ni)¢Sns IMCs
form in both the solder/Ni and solder/Cu interfaces with 10-pm-
thick solder. The IMCs thickness on the Cu side was thicker than
that on the Ni side, which has been reported by Huang et al.”®A
thin Cu3Sn layer formed between the (Cu,Ni)¢Sns and Cu UBM, as
labeled in the Figure. Compositional analysis by EPMA indicates that
the Ni concentration is 0.7 at.% in the solder close to the (Cu,Ni)sSns
IMC on the Cu side. Yet, it is 1.3 at.% in the solder near to the
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Figure 1. Cross-sectional FIB image for (a) the as-fabricated Cu/Sn2.3Ag/Ni
microbump reflowed at 240°C after 3 min; and solid-state aged at 150°C for
(b)100 h; (c) 500 h; (d) 1000 h.
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Figure 2. (a) The measured thickness of CuzSn IMCs at 150°C against the
square root of the aging time for Cu/Sn2.3Ag/Ni and Cu/Sn2.3Ag/Cu mi-
crobumps. (b) The average thickness of (Cu, Ni)sSns on the Cu and Ni sides
as a function of the aging time for Cu/Sn2.3Ag/Ni microbumps.

(Cu,Ni)¢Sns IMCs on the Ni side. Thus, there exists a Ni concentration
gradient across the solder joint during solids-state aging at 150°C,
which provides the driving force for the Ni to diffuse to the Cu side.
In addition, it is reported that the formation of ternary Cu-Ni-Sn IMCs
will lower the free energy of the system.’*3! Thus, the change of the
free energy also drives the diffusion of the Ni atoms to the Cu side.

The Ni UBM can effectively inhibit the growth of the Cu;Sn IMCs
at the Cu side. Figure 1b to 1d present the cross-sectional FIB images
for the Cu/Sn2.3Ag/Ni sample after aging at 150°C for 100,500, and
1000 h, respectively. The IMCs on the both interfaces grew thicker
when the aging time increased. In particular, the (Cu,Ni)¢Sns IMCs
on the Cu side grew from 3.8 yum to 7.2 wm after the aging for 1000
h. However, it is interesting that the CusSn layer did not grow much.
The thickness of the Cus;Sn was only 1.0 wm after 1000 h aging. For
comparison, the controlled sample of Cu/Sn2.3Ag/Cu was also aged
at 150°C for 1000 h. Figure 2a shows the measured CuzSn thickness
as the square root of the aging time for both samples. It is apparent
that the CuszSn IMC:s in the Cu/Sn2.3Ag/Cu grew faster than that in
the Cu side of the Cu/Sn2.3Ag/Ni sample. The Cu;Sn layer can grow
to 3.2 pm after aging for 1000 h in Cu/SnAg/Cu sample. Figure 2b
illustrates the thickness of (Cu,Ni)¢Sns IMCs against the aging time
in the Cu/Sn2.3Ag/Ni sample. The IMCs on the Cu side grew much
faster than that on the Ni side. Yet, the Cu;Sn layer grew to only
1.0 wm after 1000 h aging. Therefore, it is evident that the Ni UBM
can ease the growth of the Cu;Sn layer on the Cu side, although the
(Cu,Ni)eSns on the Cu side has grown to 7.2 pum.
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Figure 3. EPMA color mapping of Cu/Sn2.3Ag/Ni microbumps aged at
150°C showing Ni distributions for (a) 0 h; (b) 100 h; (¢)500 h and (d) 1000 h.

To examine how the Ni atoms can ease the growth of the Cu;Sn,
elemental mapping of Cu and Ni atoms was carried out by EPMA.
Figure 3a through 3d shows the evolution of Ni distributions in the
microbumps after aging for 0, 100, 500, and 1000 h. In addition,
quantitative analysis was also performed to measure the concentration
of Cu, Ni, Ag and Sn in the samples at various locations. Table I lists
the measured concentrations for the four elements. The results show
that Ni atoms diffused to the Cu side to form (Cu,Ni)¢Sns IMCs.
The Ni atoms dissolved in the IMCs relatively uniformly. In addition,
as the aging time increased, not only the IMCs on Cu side became
thicker, but also the Ni concentration in the IMCs increased. The Ni
concentration was 2.0 at.% in the (Cu,Ni)¢Sns close to the solder. It
increased to 2.4 at.% after the aging for 500 h and 1000 h. The trend
behaves the same in the (Cu,Ni)sSns IMCs close to the Cu;Sn layer.
Therefore, a lot of Ni atoms diffused to the Cu side during the solid
state aging. The formation of the (Cu,Ni)sSns IMCs may inhibit the
growth of Cu;Sn layer on the Cu side due to the (Cu,Ni)¢Sns IMCs
possess a lower free energy than CusSns does.?®? During solid-state
aging, CuzSn IMCs grows at the expense of CugSns.>? Therefore,
the Cu;Sn layer grow slowly when the CusSns IMCs transform into
(Cu,Ni)Sns IMCs, which has a lower free energy than CugSns.

The EPMA results indicate that a Ni concentration gradient across
the solder joints is increased with the decrease in solder-height.
Figure 4a and 4b show the cross-sectional SEM image of the 10-um
and 30-pm solder, respectively. The numbers labeled on the figures
represent the locations for EPMA compositional analysis. Table 11
lists the Ni concentrations of the three locations and the correspond-
ing concentration gradient of Ni across the solder joint. The average
Ni concentration is 2.3 4+ 0.3 at.% and 0.9 £ 0.2 at.% in (Cu,Ni)sSns
IMCs on the Cu side of the 10-pwm and 30-pwm solder, respectively.
Furthermore, in 10-pm solder sample, both the concentration of Ni
in solder and the concentration gradient of Ni are higher than those
in the 30-wm solder sample. For 30-pm solder sample, the Cu side
(Cu,Ni)sSns IMCs and Cu3Sn grew to 7.4 pwm and 2.8 pm, respec-
tively. It is evident that the Ni flux to the Cu side in the 10-pm solder
sample is higher than that in the 30-pum solder sample, which may be
mainly attributed to the higher Ni concentration gradient in the 10-pum
solder sample. As mention earlier, the thickness of Cu;Sn IMCs in
10-pm solder sample is only 1.0 wm. The higher Ni flux eliminates
the Cu;Sn effectively.
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Table I. Result of compositional analysis by EPMA (beam size 0.5 pm) at different locations in the Cu/Sn2.3Ag/Ni microbumps.

Atomic percentage (%)

Aging Point Location Sn Ag Cu Ni
Oh 1 (Cu,Ni)sSns close to CuzSn on Cu side 25.0 < 0.1 74.5 0.4
2 (Cu,Ni)gSns close to solder on Cu side 44.5 0.2 53.3 2.0
3 Solder near Cu side 95.5 < 0.1 3.8 0.7
4 Solder near Ni side 95.7 < 0.1 2.9 1.3
5 (Cu,Ni)sSns at Ni side 45.0 0.1 50.6 4.3
500 h 6 (Cu,Ni)sSns close to CuzSn on Cu side 25.0 < 0.1 74.4 0.6
7 (Cu,Ni)gSns close to solder on Cu side 46.8 < 0.1 50.7 2.4
8 Solder near Cu side 96.2 < 0.1 32 0.6
9 Solder near Ni side 95.5 < 0.1 2.4 2.1
10 (Cu,Ni)sSns at Ni side 45.1 < 0.1 30.5 24.4
1000 h 11 (Cu,Ni)sSns close to Cu3Sn on Cu side 26.2 < 0.1 72.6 1.1
12 (Cu,Ni)sSns close to solder on Cu side 45.8 < 0.1 51.6 2.4
13 Solder near Cu side 95.8 < 0.1 3.8 0.5
14 Solder near Ni side 95.8 < 0.1 2.6 1.7
15 (Cu,Ni)sSns at Ni side 40.8 < 0.1 26.9 32.3

Figure 4. Cross-sectional SEM image showing the locations of EPMA quan-
titative analysis for the Cu/Sn2.3Ag/Ni microbumps with a bump-height of
(a) 10 wm and (b) 30 pm, aged at 150°C for 1000 h.

Conclusions

In summary, we have examined the cross-interactions in the Ni/
Sn2.3Ag/Cu in the 10-pwm and 30-pwm solder-height microbumps.
When the solder-height reduce to 10 wm, it is found that the
(Cu,Ni)¢Sns IMCs on the Ni side grew slowly during solid state aging
at 150°C. However, the (Cu,Ni)sSns IMCs on the Cu side grew faster
than those on the Ni side. The formation of the ternary (Cu,Ni)sSns
on the Cu side suppress the growth of Cu;Sn IMCs due to the lower
free energy of the ternary IMCs. EPMA quantitative analysis demon-

Table II. Result of compositional analysis by EPMA at different
locations in the Cu/Sn2.3Ag/Ni microbumps in Figure 4.

Bump Ni Solder length between ~ Concentration gradient
height Point at.% the measured points(jutm) (at.% per pm)

1 0.3 5.1 0.24

2 1.5

3 0.5 29 0.31
0pum 4 1.4

5 0.9 10.0 0.04

6 1.3

7 0.7 27.8 0.01

8 0.9
30pm 9 0.8 17.8 0.01

10 07

11 0.8 244 0.00

12 07

strated that the Ni concentration gradient of the microbumps plays an
important role to the Ni diffusion during solid-state aging.
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