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In 3D IC technology, when the size of the micro-bump solder joint is reduced to 10 um, the scallop-type
CugSns grains on opposite sides of the joint can interact directly by contacting each other during the
solid-liquid interdiffusion reaction. Upon contact, an extremely rapid grain growth of the scallops occurs.
We propose that the liquid solder wets the grain boundary between scallops and provides an extremely
fast kinetic path of liquid channel for grain growth. The width of the liquid channel has been estimated
to be about 1.5 nm. This is a unique phenomenon observed in micro-bump solid joints.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

In solid-liquid interdiffusion (SLID) reactions of solder joint
formation, the study on growth of intermetallic compounds (IMC)
is essential, especially scallop-type CugSns. [1-10] When the
solder joint size is large as in C-4 s (controlled-collapsed-chip-
connection), which has a diameter of about 100 um, the scallop-
type IMC on both sides of the joint are far apart, so they do not
interact directly. The growth kinetics of the scallops were found
to be a non-conservative ripening reaction because the total
volume of scallops increases with time, yet the total surface area
of scallops is constant, thus it obeys the constraint of a constant
surface area or a constant contact area. The volume increase
comes from the rapid diffusion of Cu via the channels between
scallops, and the channels are assumed to be liquid channels.
|3] The scallop-type ripening is different from the classic ripening
model according to LSW theory, [5,6] which assumes a constant
volume during ripening.

In micro-bumps for 3D IC, the thickness of the solder is only
10 pum, [11-15] so the two rows of scallops, on the upper and lower
interfaces, can actually contact each other as shown in Fig. 1. What
has been a very surprising discovery is that when the two oppos-
ing scallops contacts, they appear to merge quickly into a single
columnar grain without forming a grain boundary between them
[11]. There have been several reports on this unique finding [7-10],
yet no clear model was presented to explain the mechanism. Here,
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we propose the existence of a liquid channel between the two scal-
lops under direct contact, and the fast diffusion along and across
the liquid channel leading to the extremely rapid grain growth. Our
calculation supports the experimental finding. The width of the lig-
uid channel is estimated to be about 1.5 nm. Up to now, it is still
very difficult to experimentally measure the liquid channel width
because it solidifies during sample preparation for SEM and TEM
observations.

Fig. 1(a) and (b), respectively, shows scanning electron mi-
croscopy (SEM) and EBSD cross-sectional images of a SnAg solder
of about 10 pm in thickness between two Cu microbumps reflowed
at 260 °C for 3 mins. There are two rows of CugSns scallops (the
upper and the lower) facing each other in these figures. The solder
is almost completely consumed by IMC formation, as indicated by
one of the arrows in the figure. With one more minute of reflow at
260 °C, most of the CugSns scallops have grown across the entire
joint, as illustrated in Fig. 1(c). The results indicate that the grain
growth of scallop-type CugSns in molten solder is very fast.

It is known that the grain boundaries between grains of CugSns
can be wetted by liquid solder [3,16]. Experimentally, a sample of
the scallop-type IMC was annealed below the melting point of the
solder at 150 °C for 24 h, the scallops disappeared and transformed
to a layer-type IMC with the formation of grain boundaries be-
tween the IMC grains. When the excess solder was etched away,
the SEM image of the top IMC surface reveals a polycrystalline
microstructure, as shown in Fig. 2(a). The cross-sectional image
showed that the grain boundaries are vertical lines [16]. However,
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Fig. 1. (a) SEM image showing a microbump with Cu under-bump metallization on
both sides after reflow at 260 °C for 3 min. (b) EBSD orientation image maps in the
rolling direction for the CugSns intermetallic compounds. (¢) Another microbump
reflowed for 4 min at 260 °C.

Fig. 2. (a) The top-view SEM image of surface of CugSns polycrystalline grains after
solid state aging at 150 °C for 24 h and followed by the etching of the unreacted
solder away. (b) The top-view SEM image of the surface of scallop-type Cu6Sns
grains right after SLID and followed by etching of the unreacted solder away.

when a layer of solder was re-deposited on the top surface of the
layer-type IMC and annealed above the melting point of the solder
for just 1 min, the molten solder wetted the IMC grain boundaries.
This is verified by cooling the sample to room temperature and
etching the excess solder away, and the top surface is shown in
Fig. 2(b), where the scallop-type IMC reappeared with deep valleys
or channels between them, but no grain boundaries.
The condition of full wetting is given below

YeB = Vam > 2V (1)

where ygp = Vyu, Vuuig are surface energy of grain boundary
of CugSns, and interfacial energy between CugSns and liquid sol-
der, respectively. In general, grain boundary energy between ad-
jacent grains depends on the mis-orientation between them. The
highest grain boundary energy is realized at the high-angle grain
boundaries, and such boundaries are certain to be wetted. If the
boundary is a low-angle type, such as a low angle tilt-type or

twist-type, it has a low grain boundary energy, so that the wet-
ting condition of Eq. (1) may not be valid.
Therefore, we may distinguish two cases:

(A) Immediate merging with the formation of a small angle
grain boundary

If for the opposite IMC grains, ¥ cg = ¥ yjy < 2¥ yjiig UPON Meet-
ing they will just merge into one column, forming a solid small an-
gle grain boundary between them. To observe this grain boundary
directly at a cross-sectional image could be a problem because of
small mis-orientation and close image contrast.

(B) Consuming one grain by the opposite growing grain due to
atomic flux crossing a narrow liquid channel between them

Let Eq. (1) of the two opposite grains to be valid. When these
two grains approach one another to the distance, §, which is the
width of liquid channel, the direct diffusion from one grain to the
other across the liquid channel becomes the main reason of the
growth of one grain at the expense of the other grain. The thick-
ness of the liquid channel is of nanoscale, to be proven both ex-
perimentally and theoretically later, which makes the gradient of
chemical potentials between neighboring grains larger, even in the
case when the difference of Gibbs-Thomson potentials ) e 2[R
between them is not that large [17,18]:

|,!12 — M1| _ |yq/meIrQ/R2 e yn/me!tQ/Rli

|gmdfi| = 3 5
B yn/meh‘sz i B l’
=35 | & (2)

Here Q is the atomic volume, the curvature radius is positive
for a convex shape and negative for a concave shape.

An initial configuration with both convex shapes at the moment
of contact between opposite scallops is shown in Fig. 3a. We may
expect a transition period when the remnants of bulk liquid solder
between the scallops disappear due to the continuing fluxes of Cu
both from the “bottom” and “ceiling” via the liquid channels. As
a result, we expect the formation of normal “grain” structure but
with a significant part of large angle “grain boundary” being wet-
ted by liquid solder, thus, actually becoming the liquid interlayers
of critical thickness, 6, as shown in Fig. 3b. In an extreme case of
Fig. 3¢, when two opposite grains are connected by a liquid inter-
layer of constant curvature of 1/R, the two radii are almost equal
by absolute value and opposite by sign, so that |% - R]_ll — %.

We shall evaluate this with the simplest situation in Fig. 3c. The
Cu flux density over the channel is [19]:

(3)

Jou = L GEDE pa — 1 (ammS)
QT ORT 8 m2s

Here C!* is an atomic fraction of melted Cu and C¥ /2 is the
number of Cu atoms per unit volume of the liquid. Obviously, the
Sn flux is accommodated to the Cu flux in order to form CugSns,
because we have plenty of Sn atoms in the remaining liquid solder
phase. The local velocity of interface movement is determined by
the flux balance equation below,

melt pymelt _ atoms
Vi= W(Qjﬂl *0) = t Cfu =2 S5 ! ( 2 ) (4)
G — (G — Cele)kT m?s

Here G ngu is the atomic fraction of Cu in CugSns, and “0" is
the flux inside grain. Using Eq. (2) for driving force, we obtain

~ 4C816”DEHLTR yq,/mel'tQ (5)
(G—Crer)kT RS~

We take the following reasonable parameters:
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Fig. 3. Schematic diagram of the meeting of two CugSns scallop-type grains with a
liquid channel between them: (a) Initial touching of opposite scallops, (b) Forma-
tion of grain structure with fully wetted grain boundaries and (c) Marginal case of
fastest grain growth by direct consuming of some grain by the opposite one.

=&, qmet = 0,02, y =054, Q=18.10-20 M pmelt _

m’ arom*

1079™ R=5.10"5m, § =1.5.10°m (Here CI, =& is a stoi-
chiometric fraction of Cu in 7-phase, CE”UB" = 0.02is an equilibrium
atomic fraction of copper in molten solder in equilibrium with
n-phase, estimated from CALPHAD data [20-22]. Surface tension
between solid CugSns and liquid solder is estimated according to
Amore et al. [23]. Atomic volume 2 can be taken, for example,
from [24]. Diffusivity of copper in tin and corresponding inter-
diffusivity in Sn-Cu liquid alloy was estimated, for example, in
|25,26]. Channel width has several estimations of the same order
of magnitude: in [27] by indirect methods it was estimated as
2.5 nm. In [26] it was estimated as 0.7-0.8 nm. So, with our rough
estimations we assume it to be somewhere in between such as
1.5 nm.) Then we obtain V = 1.35.10°° @, Thus, the time to form
a columnar grain of H = 30 pm from two contacting scallops
should be about (30 x 10-6/2)/(13.5 x 10-%) = 1 s. Thus, when
the two IMC grains contacts each other, they can merge into one
right away.

Now we consider a more general situation, corresponding to
Fig. 3b. We may expect the normal grain growth but with mo-
bility determined by fast diffusion across liquid interlayers. For a
rough evaluation, we will use the well-known mean-field Hillert
model [28] of normal grain growth in 3D-polycrystalline, in which
the growth/shrinkage rate of any grain size is determined by the
equation

dR B C&eIngfir I_Lmeanffiefd — i (R)
dt ~ (CCueSMs _ quet)kT 8
_ Gt 2@ (i - l) (6)
T 5\ T

Using the Hillert parabolic solution for 3D case of normal grain
growth, we may evaluate the change of the squared mean radius
as

CénueIrD:CnUeit ZV Q .

AR?~0.2
(Ceoe>s — coett )k &

(7)
Result (7) allows us to estimate the time of grain growth from
the contact between opposing scallops (when, roughly, R = H/2) to
single grain size from “bottom” to “top” (roughly, R = H).
Taking roughly AR?~H? — (H/2)? = JH?, H~3.10°m, we
obtain,

CugS
. 0.75H?(CEe™ — Cmelt)kT S N

2y QCEDEE

20s

The time is longer than that in case (c), but still much faster
than the normal scallop growth in solid state reaction.

We compare this result with the time needed to grow a scallop
of 15 um size in the usual flux-driven ripening process [3]:

It/ It/e
, 9 Drcn:f( (Cgf n o Cg:]e [/f)
R ~ 5 o 8-t (8)
Cu

here Cg:f'””, Cgl'f'”g are the atomic fractions of melted Cu for equi-
librium state, respectively, with phases 7n(CugSns)and &(Cu3Sn),
their difference is a little bit less than one percent [26]. Thus,

22 R 12/11+107"

It/ ey 9-10-°1022.10° 6000s
me; b/ me .4 . o
9D'c“§"(ccu = )5

e

The difference between 1 s, 20 s, and 6000 s is pronounced, and
the reason is that the usual flux driven ripening growth is con-
trolled by the in-flux of Cu in the ripening zone via the narrow
liquid channels. In contrary, at the final stage of grain growth be-
tween the opposing CugSns, the flux goes only from grain to grain
across the channel, which has a very narrow width & of one-two
nanometers.

About theoretical estimation of the liquid channel width, we
note that during last decade several attempts were made, both
experimentally and theoretically [26,27,29,30]. So far, it is diffi-
cult to observe it directly because the channel will freeze and
transform into a grain boundary in sample preparation. Strictly
speaking, we have a paradox: due to Gibbs free energy profit
of reaction, the liquid Sn tends to react with coming Cu atoms,
transforming the channels into IMC structure. On the other hand,
this transformation should lead to emerging of a large-angle
grain boundary, instead of two IMC/melted interfaces, which is
non-profitable according to Eq. (1).

Consider a channel with a width of § between two neighboring
grains. Due to supersaturation of melted Cu in flux-driven ripening
[3], some heterogeneous fluctuation creates the nucleus of CugSns
phase which represents a kind of solid bridge between the two
grains. Let's suppose this bridge has the shape of cylinder (disk)
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with a height § and radius R. The change of Gibbs free energy due
to formation of a disk is equal to

A
AG(R, 8) = (g”g‘*”)m?a + (Yom — 2¥niig) - TR?

+ Vg - 27 RS (9)

The first term is proportional to the bulk energy of transfor-
mation per atom, Agpey _, 5. As analyzed in [3] and later in more
details in [19], it can be reduced by the driving force Ag, coiger—.y
of the reaction 2Cu3zSn+3Sn-=>CugSns (Cu atoms come to the melt
from the layer of Cu3Sn phase via the liquid channels). The sec-
ond term corresponds to change from two solid/liquid interfaces
into one grain-boundary. The third term corresponds to the cylin-
der side surface. After rearrangement, we end up with:

Ag -
AG(R,8) = (Vn/n — 2V tiquia — *SZ"“’S) -TR?

+yr}/liq -27RS (]O)

The dependence of Gibbs free energy of cylinder radius R varies
at different fixed widths of & - larger or smaller than some “criti-
cal” width,

5% — Yo — 2V tiquid Q (11)
Ags+solder—>n

under which further filling of the liquid channel by the Cu3Sn
phase is impossible. Namely, dependence of Eq. (10) on AG(R)

(1) has a nucleation type form with barrier (saddle-point) at
8 > 0%,
(2) monotonically increases with increasing R at § < §*.

To numerically estimate Eq. (11), we take Ag, soder—y
041 Q~18.1029m3 [29,24]. To evaluate the difference

y,,mﬂrzm2yw,,-qu,-d is a complicated problem. In case of full wetting
it is positive (condition of liquid channel formation), but the ex-
act value depends on misorientation of neighboring scallops and
should be calculated, for example, by DFT. For sure, this value
should be between 0 and 1]/m? [23] corresponding (according to
Eq. [11]) to the range 0 < 8* < 45nm. To obtain 6* =1.5nm
(value used in the above estimate of the rapid grain growth),
Yurn = 2¥nliquia Should be about 0.33]/m?2.

In summary, when the size of micro-bump solder joint is re-
duced to 10 pm in 3D IC technology, the scallop-type grains of
CugSns on the opposite sides of the joint can interact directly by
contacting each other to form a grain boundary during the SLID
reaction, Upon touching, an extremely rapid grain growth of the
scallop-type grains occurs if the grain boundary is large angle and
has high energy. We propose that this is because the liquid sol-
der wets the large angle grain boundary and the wetting channel
provide an extremely fast kinetic path for grain growth. On the
other hand, if the grain boundary is a small angle of tilt-type or
twist-type, the liquid solder will not be able to wet it, so no rapid
grain growth occurs. Furthermore, in large size C-4 solder joints,

the opposite IMC grains will not contact each other, so no rapid
grain growth was observed. The rapid grain growth of CugSns is a
unique phenomenon in micro-bump solid joint technology.
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