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a b s t r a c t

Special experiments are designed to obtain the solid reactants directly from a liquid solder during phase
transformation. Series of such tests performed throughout reflow, which enables to investigate the entire
formation process of intermetallic Ag3Sn plates out of liquid SnAgCu solder bumps. The results show that
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Ag3Sn plates are formed first in the middle of the cooling stage. In the plane, they have two preferable
growth directions. By varying thermal conditions during reflow, the formation mechanism of these plates
is discussed.

© 2009 Elsevier B.V. All rights reserved.
rystal growth
ntermetallics

. Introduction

In the eutectic SnAgCu solder, one of the most promising Pb-
ree materials for interconnections in electronic packages, Ag is
asically introduced to reduce the melting point as well as modify
etallurgical and mechanical characteristics of this alloy. During

oldering, Ag combines with Sn, forming Ag3Sn intermetallic com-
ounds (IMCs). In normal cases, Ag3Sn IMCs are present in �-Sn
atrix in the form of small particles (or fibres), composing eutec-

ics in a SnAgCu grain [1–3]. However, such particles are not the
nly morphology of Ag3Sn IMCs. Sometimes, large Ag3Sn plates,
hich can stretch across the entire joint, are found [3–5]. Since
g3Sn plates are brittle and their size in some cases is compa-
able with that of the joint, their morphology and distribution
an play an important role in mechanical properties, and, conse-
uently, influence the reliability of the joint. It has been reported
hat cracks can initiate and propagate along the interface between
g3Sn plates and the solder [6,7], and that the existence of Ag3Sn
lates can reduce joint’s ductility [8,9]. Therefore, the formation of
hese unusual plates has attracted considerable attention [10–12].
horough investigations are required. In this paper, an experiment,
hich is able to capture Ag3Sn IMC plates in a molten SnAgCu

older at an arbitrary moment of reflow, is implemented. By a
eries of these tests through reflow, the nucleation and growth

ehaviour of Ag3Sn in a SnAgCu solder material is present. Based
n the results from reflow with varying thermal conditions, their
ormation mechanism is discussed.

∗ Corresponding author. Fax: +44 1865 273764.
E-mail address: jicheng.gong@materials.ox.ac.uk (J. Gong).
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2. Experiments

In order to obtain the solid reactants out of the liquid solder, one
possible solution is to terminate the liquid-to-solid phase trans-
formation by removing the molten solder in the middle of reflow.
The experiments are specially designed with this aim. Sketch of
the set-up is present in Fig. 1a. A circle printed circuit board (PCB)
specimen is prepared with Cu pads on the edge. The solder mate-
rials are placed on Cu pads. The PCB specimen is fixed to spindle,
and inserted into an oven. The temperature of solder bumps is mea-
sured via a thermal couple. When the solder bump reaches a specific
temperature during reflow, spinning of the spindle is triggered. The
remaining liquid solder is removed from the Cu pads due to the
centrifugal force, leaving their only solid reactants. By a series of
these spinning tests at different moments of reflow, the whole pro-
cess of formation of solid reactants out of the liquid phase can be
present. The solder material applied in this study is a commercial
Sn3.8Ag0.7Cu paste, containing 13% flux by weight. Fig. 1b presents
the pre-designed temperature profiles for the tests. The maximum
deviation from these curves in the tests is within ±5 K.

3. Results

The first temperature regime studied in reflow experiments is
present by Curve 1 in Fig. 1b. It reflects three typical thermal con-
ditions during reflow: temperature increase, dwelling, and cooling.

A series of spinning tests are conducted to study the formation of
Ag3Sn plates starting from the melting point (Tm), 490 K, of the sol-
der material to its final solidification following this temperature
profile. Increments between two consecutive tests are controlled
with precision of 5 K and 30 s. No trace of Ag3Sn plates is observed

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:jicheng.gong@materials.ox.ac.uk
dx.doi.org/10.1016/j.msea.2009.12.020
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ig. 1. (a) Sketch of the experimental set-up; (b) temperature profiles during reflo
01 K, 493 K, 485 K, 518 K, 518 K, 538K, 527 K, 501 K, 493 K and 485 K, respectively.

uring entire stages of temperature increase and dwelling. The first
ime that Ag3Sn plates are found is at point A (501 K) in the final
ooling stage of Curve 1. Several spinning tests are conducted at
his point. Ag3Sn IMCs are found in some of these specimens, but
ot in all, indicating that this point is close to the nucleation point

or Ag3Sn plates in Curve 1. Fig. 2a presents the obtained morphol-
gy on the pad at this point. It can be seen that a micro-Ag3Sn plate
s formed in Zone M on the pad. Focusing on the bottom part of the
late – the interface between Cu6Sn5 IMCs and the plate (Fig. 2b) –

t seems that the plate grows from the IMC layer.

The second investigated moment is Point B (493 K) in Fig. 1b,

hich experiences a further cooling from Point A to a tempera-
ure just above the melting point of the eutectic SnAgCu solder. It
resents a transition growth stage of Ag3Sn plates. An image of the

ig. 2. Formation of Ag3Sn plates for different points of Curve 1 in Fig. 1b. (a), (c), (e) and
nd (c), respectively. (f) Is not a local area of (c).
oling rate is 30 K/min for Curves 1 and 2. Points A, B, C, D, E, F, G, H, I and J are at

pad at this point is given in Fig. 2c; it shows that large amounts
of small Ag3Sn plates are formed. To illustrate the morphology of
these plates in detail, a local area of Fig. 2c is given in Fig. 2d. It can be
seen that the plate grows from the IMC interface to the location of
the molten solder. In most cases, a plate can have several sub-plates,
forming a leaf-like shape at this stage. A characteristic feature of
this process is that the angle between these sub-plates is close to
90◦, indicating that there are two preferable growth directions in
plane. To illustrate the growth behaviour, a plate in Fig. 2d is used
for further analysis. It can be seen that there are three sub-plates,

which follow this 90◦ pattern. The top tip of each sub-plate is the
major growth direction (MGD) of a sub-plate. Along the sub-plate’s
sides, the front edges have a saw-tooth like profile. The MGD of a
saw-tooth is parallel to that of an adjacent sub-plate. For instance,

(f) are obtained at Points A, B, C and B respectively; (b) and (d) are local areas of (a)
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he MGD of saw teeth at the edge of sub-plate 1 is parallel to the
GD of sub-plates 2 and 3. The saw-tooth profile at the edge is

ot stable, and can further evolve into a sub-plate (this is discussed
elow). Thus, a saw-tooth presents the initial state of a sub-plate.

In the thickness direction, the Ag3Sn plate can be divided into
wo regions: (i) a transition zone that includes the active faces at the
late’s edges; and (ii) the main body with quasi-uniform thickness.

n the transition zone, there are generally four (sometimes two)
ctive faces near the tip of a saw-tooth or sub-plate. The active
ace has a flat and smooth surface at the microscale as shown in
ig. 2f. During the growth, Ag3Sn can form on this existing sur-
ace in some order, maintaining the flat surface and resulting in

sharp blade at the edge. The transition zone is more active in
rowth. Its evolution controls the growth of the entire plate in the
lane direction. In the quasi-uniform thickness zone, the growth

n the direction perpendicular to the plate is completed layer by
ayer. This is demonstrated by several layers, with steps at their
dge, formed on the plate as shown in Fig. 2f. Such growth maybe
onsiderably slow, which results in the plate-like morphology of
g3Sn IMCs. To find out the internal lattice orientation of the plate,
transmission electron microscopy (TEM) sample is prepared on

he tip of one plate in Fig. 2f. The TEM image and the corresponding
iffraction pattern are given in Fig. 3a and b, respectively. Ag3Sn

MCs have the orthorhombic crystal structure. The diffraction pat-
ern and energy-dispersive X-ray (EDX) on TEM confirms that the
hinning area is a single crystal of Ag3Sn. The diffraction pattern
lso shows that the normals to the (1 1 0) and (0 0 1) planes are
lose to the two preferable growth directions (in plane) of Ag3Sn
lates, respectively.

Fig. 2e presents the morphology obtained on the pad at Point C
n Curve 1 (485 K), which is between the theoretical melting point
nd the actual solidification temperature of Sn3.8Ag0.7Cu solder,
nd therefore presents the final morphology of Ag3Sn plates in the
older bump. As can be seen, Ag3Sn plates have grown to a consider-

bly large size at this moment. Some plates reach several hundreds
icrometers, which is comparable to the scale of the solder bump.
ne large plate in Fig. 2e shows that besides a significant growth of

he Ag3Sn plate along its MGD, a small saw-tooth structure at the
xternal edge has grown into large ones. Some of them become

ig. 4. Formation of Ag3Sn plates along Curve 2 in Fig. 1b. (a), (c) and (e) are obtained
espectively.
Fig. 3. (a) TEM image of the tip of the Ag3Sn plate in Fig. 2f, and (b) diffraction
pattern at the thinned area. Points N, O and P in (a) and Fig. 2f shows the relative
position of the tip.

individual sub-plates. This phenomenon is more pronounced in
Fig. 4e and f, which are also obtained at a temperature (485 K) below
Tm (Point J on Curve 2). The long needle-like reactants in Fig. 2e is
Cu6Sn5 IMCs.

4. Discussions

To find the formation scenario for Ag3Sn plates, several more
thermal conditions during reflow are investigated: (i) a continu-
ous temperature increasing from Tm to Point F (538 K) following
Curve 3 in Fig. 1b; (ii) dwelling at 518 K for about 25 min from
Point D to E in Fig. 1b; and (iii) secondary reflow of a solidified
specimen (without spinning) to the maximum temperature (Point
G, 527 K) of Curve 1 in Fig. 1b. No Ag3Sn plates are observed in
these tests. In the first two cases, Ag3Sn plates are not generated.
In the last one, Ag3Sn that is generated during the first reflow
is dissolved. Under conditions of the increasing temperature and

dwelling, the substrate is consumed, which increases the Cu con-
tent in the liquid solder. According to the concept of local nominal
composition (LNC) [13], the ratio of Sn to Ag remains the same in
the “filler” material. Following this evolution, Ag3Sn cannot be gen-
erated according to the SnAgCu equilibrium phase diagram. When

at Points H, I and J, respectively; (b), (d) and (f) are local areas of (a), (c) and (e),
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[10] H.Y. Lu, H. Balkan, K.Y.S. Ng, Microelectron. Reliab. 46 (2006) 1058.
[11] S. Kang, A.K. Sarkhel, J. Electron. Mater. 23 (1994) 701.
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he temperature decreases, Cu6Sn5 IMCs precipitate from the liquid
older at the interface [14], which consumes both Cu and Sn, and,
orrespondingly, increases the Ag content at the local area near the
older/substrate interface. When the composition reaches a certain
alue, Ag begins to precipitate in the form of Ag3Sn IMCs. Therefore:

(i) Ag3Sn IMC plates are only formed under a decreasing temper-
ature, and in the middle of the cooling stage rather than at the
beginning.

(ii) Ag3Sn IMCs nucleate predominantly at the solder/substrate
interface.

iii) Under a condition of temperature increasing in the secondary
reflow, interfacial CuSn IMCs are dissolved [14]; solubility of
Ag in the molten solder increases. Therefore, Ag3Sn IMCs are
also dissolved in the secondary reflow.

To verify this analysis, a different temperature profile, Curve 2 in
ig. 1b, is used for the tests to investigate the formation behaviour
f Ag3Sn IMCs. Again, Ag3Sn IMCs is first found in the middle of the
ooling stage (Point H, 501 K). Similar growth behaviour is achieved
n the subsequent cooling stage as shown in Fig. 4. The temperature
f Point I is 493 K. Fig. 4c shows that Ag3Sn plates are formed in
ll types of orientation with two or three sub-plates. The specific
umber of sub-plates is influenced by the orientation of the plate.
s analyzed, there are two preferable growth directions for a plate.

f one of these directions is parallel or nearly parallel to the Cu
ubstrate, three sub-plates can be formed on one plate, two of them
eing directly connected to the Cu pad. In other orientations, two
ub-plates are formed. Some of these features are consumed by a
urther growth as shown in Fig. 4e.

It should be noted that the experimental approach can only cap-
ure reactants that are still connected to the Cu substrate. There is
ossibility that Ag3Sn IMCs are formed in the body of the liquid
older bump, but are removed during spinning.
. Conclusions

This paper presents the formation behaviour of Ag3Sn plates in
he eutectic SnAgCu Pb-free solder bump during the entire process

[
[
[
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of reflow. The results show that under all investigated tempera-
ture conditions, including the increasing temperature, dwelling and
secondary reflow, Ag3Sn plates are only formed starting at the mid-
dle of the cooling stage of the reflow. This explains why the high
cooling rate can suppress their formation: it limits their growth
time. The results also show that these plates nucleate preferably at
areas near the solder/substrate interface. However, there is pos-
sibility that plates are formed away from the interface, and are
not present due to the nature of the applied technique. In the
plane, a Ag3Sn plate has two preferable growth directions, which
are close to the normals to the (1 1 0) and (0 0 1) planes, respec-
tively.
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