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Abstract

The morphologies and orientation relationships of Cu6Sn5 grains formed between Sn and (001), (011), (111) and (123) Cu single
crystals under liquid- and solid-state aging conditions were systematically investigated. The regular prism-type Cu6Sn5 grains formed
on (001) and (111) Cu single crystals are elongated either along two perpendicular directions or along three preferential directions with
an angle of 60� between each pair of directions. The orientation relationships between Cu and Cu6Sn5 lattice structures were determined
by electron backscatter diffraction and were explained in terms of their minimum misfit. However, on (011) and (123) Cu single crystal
surfaces, the Cu6Sn5 grains were mainly scallop-type, with only a few regular prism-type grains. Furthermore, the regular prism-type
Cu6Sn5 grains will change into scallop-type after long reflow or aging times. Meanwhile it is considered that the growth of the scal-
lop-type grains is supplied by two fluxes: the flux of the interfacial reaction and the flux of ripening. However, the growth of the
prism-type grains is only supplied by the flux of the interfacial reaction. The kinetics of IMCs growth between Sn and Cu single crystals
was also investigated.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Sn–Pb alloys have widely been used in industry for
many years [1,2]. However, in the European Union, the
use of Pb in electronics was prohibited from 1 January
2008 because Sn–Pb alloys cause serious pollution to envi-
ronment [3]. Therefore, the interfacial reactions between
lead-free solders (Sn–Ag, Sn–Ag–Cu and Sn–Cu) and sub-
strates as well as their mechanical properties have attracted
much attention from many researchers [1–10]. In these Sn-
based alloys, Sn is the main element and reacts with the
substrate to form Cu–Sn or Ni–Sn intermetallic compound
(IMC) layers. In addition, polycrystalline Cu substrate is
currently widely used in electronics, and forms Cu6Sn5
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grains with scallop-type morphology – a finding that is well
explained by the ripening reaction [11].

However, a recent study found that elongated and roof-
top-type Cu6Sn5 grains formed on (00 1) Cu single crystal
substrate [12]. The elongations align along two perpendic-
ular directions. In particular, the rooftop-type Cu6Sn5

grains have a strongly preferred orientation. In addition,
Prakash et al. observed that the Cu6Sn5 layer displayed a
strong texture feature [13]. It is reasonable to suppose that
the nucleation, growth and ripening behaviors of Cu6Sn5

on Cu single crystal substrate may be quite different from
the conventional case of wetting on a polycrystalline Cu
surface. In the current study, in order to avoid the effect
of other elements, pure Sn was used as a solder, and four
groups of Cu single crystals with wetting planes of (00 1),
(111), (011) and (123) were specially designed as sub-
strates. We employed these pure Sn/Cu couples as exam-
ples to reveal the effect of the crystallographic
orientations of Cu single crystals on the morphologies,
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Fig. 1. Top view SEM image of scallop-type Cu6Sn5 grains on polycrystal-
line Cu.
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orientation relationships and evolution of Cu6Sn5 grains
during liquid-state and solid-state interfacial reactions.
Finally, the growth kinetics of Cu6Sn5 grains formed
between pure Sn and Cu single crystal substrates with dif-
ferent orientations was discussed.

2. Experimental procedure

In this study, Cu single crystals were used as substrates
and Sn foil was employed as solder. First, bulk Cu single
crystal plate with dimensions of 40 � 150 � 10 mm3 was
grown from Cu bar with a purity of 99.999% by the Bridg-
man method in a horizontal furnace. The orientation of the
Cu single crystal plate was determined by the electron
backscattered diffraction (EBSD) method. Next, some
pieces of Cu thin plates with dimensions of
10 � 10 � 1 mm3 were spark-cut from the grown Cu single
crystal plate, ensuring that the wetting surfaces are parallel
to the (001), (011), (111), (1 2 3) planes, respectively.
These Cu single crystal samples were ground successively
with 800, 1000 and 2000 grade SiC paper and then carefully
polished with 2.5, 1.5 and 0.5 lm polishing pastes. Wetting
samples were prepared by reacting Sn foil (�70 lm thick)
with these Cu single crystals at 260 �C for 5, 60, 320 and
600 s, respectively. These samples were then cooled in air
to room temperature and ultrasonically cleaned in acetone
for 10 min to remove the dissolved rosin mildly activated
(RMA) on the Cu surface. Some samples wetted at
260 �C for 60 s were put into an oven at a constant temper-
ature of 180 ± 2 �C and aged for 12, 36 and 180 h, respec-
tively. After that, all the samples were deeply etched with
the 5% HCl + 3% HNO3 + CH3OH (wt.%) etchant solu-
tion to remove the excess Sn phase so that the reactive
phases can be fully exposed. In order to investigate the
growth kinetics of the IMCs formed, the couples of Sn with
(011), (111) and (123) Cu single crystal substrates were
bonded in an oven with a constant temperature of 260 �C
for 15 min and then these samples were isothermally aged
at 170 ± 2 �C for 1, 3, 7, 12 and 18 days, respectively. Mar-
ker experiments were conducted in these couples. Each Cu
single crystal was encircled with Mo wire before the bond-
ing procedure, and the morphologies and thicknesses of the
IMCs near the Mo wires were detected and measured each
time. All the samples were observed with a LEO super35
scanning electron microscope (SEM) to detect the mor-
phology of the IMCs.

3. Experimental results

3.1. Liquid-state reactions between Cu single crystals and

molten Sn

Generally speaking, scallop-type Cu6Sn5 always forms
on polycrystalline Cu surface after liquid-state reaction
with SnAgCu at 260 �C for 60 s, as shown in Fig. 1; this
has been widely observed previously [11,14,15]. For the
Cu single crystal substrate, the IMC morphologies of the
deep-etched Sn/(001) Cu soldering joints at 260 �C for dif-
ferent reflow times were investigated. Fig. 2a is a SEM
image of Cu6Sn5 grains on the (00 1) Cu wetting plane at
260 �C for 5 s. It is obvious that the Cu6Sn5 grains display
a regular prism-type rather than a scallop-type structure,
and are distributed homogeneously across the whole
(00 1) Cu surface, which is quite different from previous
observations on Cu substrates [11,14–17]. This kind of
Cu6Sn5 grain was named rooftop-type in Ref. [12]; hereaf-
ter, we will use the term prism-type to describe the mor-
phology of the regular Cu6Sn5 grains. An interesting
finding, from careful observations on these regular prism-
type Cu6Sn5 grains, is that the elongations of Cu6Sn5 grains
go along two perpendicular directions, which is consistent
with Ref. [12], as indicated in Fig. 2a. Compared with the
samples wetted at 260 �C for 5 s, the regularity of the
prism-type Cu6Sn5 grains becomes much stronger when
the reflow time increases to 60 s, as shown in Fig. 2b.
The edge of the Cu6Sn5 grains becomes much sharper,
and the size of the Cu6Sn5 grains increases slightly. Further
increasing the reflow time up to 320 s results in no obvious
change in the morphology of the Cu6Sn5 grains except for a
small increase in the grain size, as shown in Fig. 2c. How-
ever, when the reflow time is increased to 600 s, the mor-
phology of the Cu6Sn5 grains become quite different to
that of the former samples. The regular prism-type Cu6Sn5

grains are almost entirely replaced by scallop-type grains
on the entire (001) Cu surface. Only a few regular prism-
type IMC grains appear at localized sites on the (001)
Cu surface, as shown in Fig. 2d.

Fig. 3 shows top-view SEM images of Cu6Sn5 grains
formed on (011) Cu single crystal after reaction with Sn
at 260 �C for different reflow times. It can clearly be seen
that the morphology of Cu6Sn5 grains on (011) Cu single
crystal is quite different from that on (001) Cu single crys-
tal. The typical scallop-type Cu6Sn5 grains are homoge-
neously distributed across the whole (011) Cu surface
when the samples were reflowed at 260 �C for 5 s, which
is still consistent with the distribution on the polycrystalline
Cu surface [11,14,15], as shown in Fig. 3a. When the reflow
time increases to 60 s, some regular prism-type IMC grains



Fig. 2. Morphologies of prism-type Cu6Sn5 grains formed on (001) Cu single crystals at 260 �C for (a) 5 s, (b) 60 s, (c) 320 s, and (d) 600 s.

Fig. 3. Morphologies of prism-type Cu6Sn5 grains formed on (011) Cu single crystals at 260 �C for (a) 5 s, (b) 60 s, (c) 320 s, and (d) 600 s.
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were observed on the (011) Cu single crystal surface, as
indicated in Fig. 3b. For the sample reflowed for 320 s,
the morphology of the Cu6Sn5 grains is the same as the
grains reflowed for 60 s (Fig. 3c). Only scallop-like Cu6Sn5

grains are formed on the (011) Cu single crystal surface
even when the reflow time increases up to 600 s, as shown
in Fig. 3d.

Fig. 4 shows the morphologies of Cu6Sn5 grains
formed on (111) Cu single crystal after reaction with
Sn at 260 �C for different reflow times. It is interesting
to see that the same regular prism-type Cu6Sn5 grains
also appear on (111) Cu single crystal surfaces, as indi-
cated in Figs. 2a and 4a. From careful observations on
these regular prism-type Cu6Sn5 grains, one of the impor-
tant findings is that the morphology of Cu6Sn5 grains on
(001) Cu single crystal is different from that on (111) Cu
single crystal. The prism-type Cu6Sn5 grains on (001) Cu
single crystal align along two perpendicular directions, as
shown in Fig. 2a. However, the prism-type Cu6Sn5 grains
align along three different directions on (111) Cu single
crystal, and their intersecting angles are approximately
equal to 60�, as indicated in Fig. 4a. In order to investi-
gate the morphology evolution of Cu6Sn5 grains formed
between molten Sn and (111) Cu single crystal, several



Fig. 4. Morphologies of prism-type Cu6Sn5 grains formed on (111) Cu single crystals at 260 �C for (a) 5 s, (b) 60 s, (c) 320 s, and (d) 600 s.
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reflow times were tested in our experiment. Fig. 4b is an
SEM image of Cu6Sn5 grains formed on the (111) Cu
single crystal surface after reaction with Sn at 260 �C
for 60 s. Compared with the image in Fig. 4a, the array
of Cu6Sn5 grains is unchanged, but the edge of the
Cu6Sn5 grains becomes rather sharp and the size of
Cu6Sn5 grains increases somewhat, as displayed in
Fig. 4b. When the reflow time further increases to
320 s, a few large scallop-type Cu6Sn5 grains were
observed on the (111) Cu single crystal surface, and the
prism-type Cu6Sn5 grains became much larger, as shown
in Fig. 4c. However, prism-type Cu6Sn5 grains were not
Fig. 5. Morphologies of prism-type Cu6Sn5 grains formed on (123) Cu
observed on the (111) Cu single crystal surface when
the reflow time was increased to 600 s; almost all the
Cu6Sn5 grains become scallop-type and were distributed
across the whole (111) Cu single crystal surface (see
Fig. 4d), as was found on the (001) Cu single crystal sur-
face after prolonged aging.

Fig. 5 shows the morphologies of Cu6Sn5 grains formed
on (123) Cu single crystal after reaction with Sn at 260 �C
for different reflow times. For the sample wetted at 260 �C
for 5 s, slantwise Cu6Sn5 cells were observed in a small
region on the (12 3) Cu single crystal surface (Fig. 5a),
which is different from the findings for the other three Cu
single crystals at 260 �C for (a) 5 s, (b) 60 s, (c) 320 s, and (d) 600 s.
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single crystal surfaces. Furthermore, the morphology of the
Cu6Sn5 grains gradually becomes slantwise prism-type (like
an array of knives) with increasing reflow time (60 s), as
indicated in Fig. 5b. Further increasing the reflow time
(320 s) results in no obvious change in the morphology of
Cu6Sn5 grains except for an increase in the size of the
grains, as shown in Fig. 5c. In contrast, for the sample wet-
ted at 260 �C for 600 s, scallop-type Cu6Sn5 grains, rather
than slantwise prism-type grains, were still detected on
the (123) Cu single crystal surface.

3.2. Solid-state reactions between Cu single crystals and Sn

Fig. 6a is an SEM image of Cu6Sn5 grains formed on
(001) Cu single crystal wetted with pure Sn at 260 �C for
60 s. Fig. 6b–d is the morphologies of the Cu6Sn5 grains
on the (001) Cu single crystal surface after aging at
180 �C for different times. It can be seen that different mor-
phologies of Cu6Sn5 grains form after different aging time.
For short aging time (12 h), the regular aculeate prism-type
Cu6Sn5 grains became larger and planar, and these regular
Cu6Sn5 grains were surrounded by many scallop-type
Cu6Sn5 grains, as shown in Fig. 6b. For the sample aged
at 180 �C for 36 h, only a few prism-type Cu6Sn5 grains
can be observed on the (001) Cu single crystal surface;
instead, scallop-type Cu6Sn5 grains are distributed across
almost the entire Cu surface (Fig. 6c). When the aging time
is increased further to 180 h, scallop-type Cu6Sn5 grains
instead of prism-type ones covered the entire (001) Cu sin-
gle crystal surface, as shown in Fig. 6d.

Fig. 7 shows the morphologies of Cu6Sn5 grains formed
on (011) Cu single crystal. It has been found that the reg-
ular prism-type Cu6Sn5 grains did not form on (011) Cu
single crystal during the reflow procedure (see Fig. 7a). If
Fig. 6. Top view of the Cu6Sn5 grains formed on (001) Cu single crystal:
the aging time at 180 �C is increased further, the morphol-
ogy of Cu6Sn5 grains is unchanged though the size of the
grains increases slightly (Fig. 7b–d). This is consistent with
the interfacial reaction between Pb-free solder and poly-
crystalline Cu [11,14,15], and indicates that increasing
aging time cannot induce the formation of the regular
Cu6Sn5 grains on the (011) single crystal surface.

The effect of aging time on the morphology of Cu6Sn5

grains formed on (11 1) Cu single crystal was also investi-
gated in our experiment. Fig. 8a is an SEM image of Cu6Sn5

grains formed on (111) Cu single crystal reflowed at 260 �C
for 60 s. When the sample was aged at 180 �C for 12 h, the
elongations of Cu6Sn5 grains also went along three direc-
tions, but the single prism-type Cu6Sn5 grain was not the
same as that formed during the reflow procedure; the acule-
ate Cu6Sn5 grains were transformed into flat ones, as shown
in Fig. 8b. The region containing the regular Cu6Sn5 grains
became rather flat and a large number of scallop-type
Cu6Sn5 grains were formed when the aging time further
increased to 36 h (see Fig. 8c). When the aging time was fur-
ther increased to 180 h, the scallop-type Cu6Sn5 grains com-
pletely replaced the prism-type ones and covered the entire
(111) Cu single crystal surface, as shown in Fig. 8d. This
demonstrates that the regular Cu6Sn5 grains formed on
(111) Cu single crystal can also be transformed into irregu-
lar ones by increasing the aging time.

Fig. 9 illustrates the morphology evolution of Cu6Sn5

grains formed on (12 3) Cu single crystal. It can be seen
that the regular prism-type Cu6Sn5 grains only appear at
local regions on (123) Cu single crystal reflowed at
260� C for 60 s, as shown in Fig. 9a. When the samples
were aged at 180 �C for more than 12 h, the scallop-type
Cu6Sn5 grains are distributed across the whole (123) Cu
single crystal surface. In particular, the Cu6Sn5 grains can
(a) 60 s at 260 �C and at 180 �C for (b) 12 h, (c) 36 h, and (d) 180 h.



Fig. 7. Top view of the Cu6Sn5 grains formed on (011) Cu single crystal: (a) 60 s at 260 �C and at 180 �C for (b) 12 h, (c) 36 h, and (d) 180 h.

Fig. 8. Top view of the Cu6Sn5 grains formed on (111) Cu single crystal: (a) reflowing at 260 �C for 60 s and then aging at 180 �C for (b) 12 h, (c) 36 h, and
(d) 180 h.
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increase in size and flatten in morphology, as shown in
Fig. 9b–d.

3.3. The growth kinetics of IMCs between Cu single crystals

and Sn

Fig. 10 shows the morphologies of soldering joints
between Sn and the Cu single crystals with different orien-
tations after isothermal solid-state aging at 160 �C for dif-
ferent times. In order to observe the same interface each
time, a Mo wire was used as a marker. Fig. 10a and b
shows the two IMC layers (Cu6Sn5 and Cu3Sn) of the joints
between Sn and (011) Cu single crystal aged at 160 �C for 1
and 18 days, respectively, which is similar to most previous
results [3,14,15]. As shown in Fig. 10c–f, similar results
were observed for the other two couples: Sn/(11 1) Cu
and Sn/(123) Cu.

Fig. 11 shows the dependence of the thickness of inter-
facial IMCs on the aging time for the couples between Sn
and Cu single crystals with different orientations. It can
be clearly seen that the thickness of the IMCs increases lin-
early with the square root of the aging time, which is



Fig. 9. Top view of the Cu6Sn5 grains formed on (123) Cu single crystal: (a) reflowing at 260 �C for 60 s and then aging at 180 �C for (b) 12 h, (c) 36 h, and
(d) 180 h.

Fig. 10. SEM images taken at the Sn/Cu single crystal interface aging at 170 �C for different periods: (a) 1 day and (b) 18 days on (011) Cu single crystal
substrate, (c) 1 day and (d) 18 days on (111) Cu single crystal substrate, (e) 1 day and (f) 18 days on (123) Cu single crystal substrate.
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Fig. 11. Plot of the thickness of IMCs vs. different aging times at 170 �C:
(a) on (011) Cu substrate, (b) on (111) Cu substrate, and (c) on (123) Cu
substrate.
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similar to the reaction between most solders and Cu sub-
strate [18,19]. In addition, it is also noted that the growth
velocity of Cu3Sn layer is slightly faster than that of Cu6Sn5

layer on the three different Cu single crystal substrates,
which is similar to the Sn–Ag–Cu/Cu single crystal [18].
Generally speaking, the growth kinetics of IMCs often fol-
lows the diffusion-controlled Fick’s law [18]:

d ¼ ðDtÞ1=2
; ð1Þ

where d represents the average thickness of IMCs, D is the
diffusion coefficient, and t is the aging time. According to
the data in Fig. 15, the values of D were calculated as
1.96 � 10�17, 2.96 � 10�17 and 2.96 � 10�17 m2 s�1 for
(01 1), (11 1) and (123) Cu single crystals, respectively.
The present results are smaller than the previous results
for Sn–Ag–Cu/Cu single crystal, i.e. 7.24 � 10�17 m2 s�1

at 170 �C [18] and Sn–Ag–Cu/polycrystalline Cu, i.e.
8.1 � 10�17 m2 s�1 at 190 �C [19].

4. Discussion

4.1. Orientation relationships between Cu6Sn5 grains and Cu

single crystals

As mentioned above, regular prism-type Cu6Sn5 grains
were only observed on (001) and (111) Cu single crystal sur-
faces during the early wetting reaction procedure, as illus-
trated in Figs. 2 a–c and 4a–c. In addition, it is found that
the morphologies of Cu6Sn5 grains on (001) Cu single crystal
are also different from those on (111) Cu single crystal, as
shown in Figs. 2b and 4b. According to these phenomena,
there should be a preferential orientation relationship between
the elongated Cu6Sn5 grains and the (001) and (111) Cu sin-
gle crystals. It is assumed that the preferential orientations of
Cu6Sn5 grains are not very obvious on the (123) Cu single
crystal surface because only slantwise Cu6Sn5 grains were
observed at localized regions, as shown in Fig. 5a–c.

Since each small prism-type Cu6Sn5 grain in Fig. 2 can
be considered as a small Cu6Sn5 single crystal, it is possible
to detect the orientation of each Cu6Sn5 grain by EBSD if
the structure of the Cu6Sn5 grain can be obtained. Larsson
et al. found that the g-Cu6Sn5 is stable only at high-tem-
peratures (above 350 �C) and the g0-Cu6Sn5 is stable at
temperatures below 350 �C [20,21]. In the current experi-
ment, the wetting process was performed at 260 �C, so
the g0-Cu6Sn5 phase with a monoclinic structure (C2/c
a = 11.022, b = 7.282, c = 9.827, b = 98.84�) was used in
our EBSD analysis [20]. Therefore, the orientation of each
Cu6Sn5 grain can be obtained from the Kikuchi bands.

Fig. 12 shows the Kikuchi bands of Cu single crystals
and the Cu6Sn5 grains formed on them. In Fig. 12a and
b, the Kikuchi bands were obtained from (001) and
(11 1) Cu single crystals before the wetting experiment.
Fig. 12c and d are the Kikuchi bands of two Cu6Sn5 grains
elongated along two perpendicular directions formed on
(00 1) Cu single crystal. The Kikuchi bands indicate that
the crystallographic planes of the two Cu6Sn5 grains are
the same along two perpendicular elongated directions.
Further analysis illustrates that the (102) plane of Cu6Sn5

grain is parallel to the (001) plane of Cu. Fig. 12e–g are the
Kikuchi bands of the three elongated Cu6Sn5 grains
formed on (11 1) Cu single crystal, as indicated in
Fig. 12h. The Kikuchi bands indicate that the crystallo-
graphic planes of the three Cu6Sn5 grains are also the same
along the three elongated directions. Through careful anal-
ysis, the crystallographic planes of the Cu6Sn5 grains are
approximately indexed as (010). Therefore, the (010)
plane of Cu6Sn5 grain is parallel to the (111) plane of



Fig. 12. (a,b) Kikuchi bands of (001) and (111) Cu single crystals; (c,d) Kikuchi bands of Cu6Sn5 grains along two perpendicular directions on (001) Cu
single crystal; (e)–(g) Kikuchi bands of Cu6Sn5 grains along three different directions on (111) Cu single crystal; and (h) SEM image of Cu6Sn5 grains
formed on (111) Cu single crystal along three different directions (corresponding to the Kikuchi bands in (e)–(g)).
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Cu. The [100] direction of Cu6Sn5 grain in Fig. 12e–g is
indicated by red arrows.1 The angles between each elon-
gated direction of Cu6Sn5 grains and the corresponding
[100] direction of Cu6Sn5 grains were measured to be
about 19.3�, 16.9� and 18.7�, respectively. After analyzing
1 For interpretation of color in Fig. 12, the reader is referred to the web
version of this article.
all the Kikuchi bands, four orientation relationships
between Cu6Sn5 grains and (001), (111) Cu single crystals
were obtained as follows:

ð010ÞCu6Sn5
jjð0 01ÞCu; ð10 2ÞCu6Sn5

jjð001ÞCu;

ð010ÞCu6Sn5
jjð1 11ÞCu; ð10 2ÞCu6Sn5

jjð111ÞCu:

In our experiment, the strong texture of the Cu6Sn5

grains was only formed on (001) and (111) Cu single crys-



Fig. 13. (a) Structure of Cu6Sn5 cell projected from the ½�201� direction; (b) structure of Cu cell projected from the [001] direction; (c) structure of Cu cell
projected from the [111] direction; and (d,e) schematic diagrams of the morphologies and orientations of Cu6Sn5 grains formed on (001) and (111) Cu
single crystals.
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tals instead of on polycrystalline Cu [11,14,15]. This shows
that the regular array of atoms plays an important role in
the formation of these strong textures in Cu6Sn5 grains.
Fig. 13a shows the arrays of Cu atoms in Cu6Sn5 along
the ½�201� direction. Fig. 13b and c shows the arrays of
Cu atoms in Cu single crystal along the [010] and [11 1]
directions, respectively. It is known that the space between
two Cu atoms in Cu6Sn5 is 0.25478 nm along the ½�201�
direction. Furthermore, the Cu atom space is 0.25560 nm
along the [110] or ½�1 10� directions on the (001) plane,
which is the same as that along the ½1�21�; ½�211� or ½11�2�
directions on the (11 1) plane of Cu, as illustrated in
Fig. 13b and c. Therefore, based on the difference in the
atom spaces above, the misfit (a) of Cu atoms between
the ½�2 01� direction of Cu6Sn5 and the [110],
½�110�; ½1�21�; ½�211� and ½11�2� directions of Cu can be calcu-
lated as

a ¼ ð0:25560� 0:25478Þ=0:25478 ¼ 0:32%: ð2Þ

Based on the above analysis, it is obvious that the misfit of
Cu atoms between Cu and Cu6Sn5 is extremely low (only
0.32%). The result is different from Suh and Tu’s result [12]
because the high-temperature g0-Cu6Sn5 phase structure
was selected for analysis of Cu6Sn5 in Ref. [12]. It is well
known that the interfacial energy will reduce with decreasing
the misfit between the IMC and substrate [12]. If there is a
low misfit direction on the substrate, Cu6Sn5 would prefer-
entially nucleate along these low-misfit directions after the
liquid-state reaction in order to minimize the interfacial
energy, leading to the formation of the strong texture in
Cu6Sn5 grains. According to the crystallographic relations
illustrated in Fig. 13b and c, the Cu6Sn5 grains formed on
(00 1) Cu single crystal should be preferentially elongated
along the [110] and ½�110� directions, which is the same as
the results in Ref. [12]. Since the [110] and ½�110� directions
in Cu6Sn5 are perpendicular to each other, it is not difficult
to understand why the Cu6Sn5 grains formed on (001) Cu
single crystal were elongated along two perpendicular direc-
tions, as shown in Fig. 2b. However, the elongated directions
of Cu6Sn5 grains formed on (111) Cu single crystal should
become ½1�21�; ½�211� and ½11�2�. It should be pointed out that
the angle between each pair of ½1�21�; ½�211� and ½11�2� direc-
tions in Cu6Sn5 is equal to 60� as illustrated in Fig. 13c. This
is consistent with our experimental observations that the
angle between all pairs of elongated directions of Cu6Sn5

grains formed on (111) Cu single crystal is about 60�, as
shown in Fig. 4b, which has never been observed before.
Fig. 13d and e are schematic diagrams of (010) Cu6Sn5

grains formed on (001) and (111) Cu single crystals. It
can be seen that all the elongated directions of Cu6Sn5 grains
formed on (111) Cu single crystal are ½�201�. The angle
between the [100] and ½�2 01� directions of Cu6Sn5 grains
was calculated to be 22.4�, which is quite close to our exper-



Fig. 15. Schematic diagram of the Cu flux for IMC grains with different
morphologies: (a) scallop-type and (b) prism-type.
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iment results (19.3�, 16.9�, 18.7�). Therefore, some orienta-
tion relationships between Cu6Sn5 grains and Cu single crys-
tals can be deduced. For the Cu6Sn5 grains on (001) and
(111) Cu single crystals, one obtains

½�201�Cu6Sn5
jj½�110�ð0 0 1ÞCu and ½�201�Cu6Sn5

jj½110�ð0 0 1ÞCu;

½�201�Cu6Sn5
jj½1�21�ð1 1 1ÞCu; ½�201�Cu6Sn5

jj½�1�12�ð1 1 1ÞCu

and ½�201�Cu6Sn5
jj½�211�ð1 1 1ÞCu:

In summary, the regular array and the minimum misfit
of Cu atoms should lead to the great differences in the mor-
phologies and orientation relationships of Cu6Sn5 grains
formed on (00 1) and (111) Cu single crystals. Compared
with the Cu6Sn5 formed on polycrystalline Cu, regular
Cu6Sn5 grains form more easily on (001) and (111) Cu sin-
gle crystals because the minimum misfit of Cu atoms with
Cu6Sn5 and Cu can be more easily achieved in the two crys-
tals, and the minimum misfit of Cu atoms will decrease the
nucleation driving force of strongly textured Cu6Sn5.
Therefore, it can be concluded that the nucleation of
Cu6Sn5 grains formed on (00 1) and (111) Cu single crys-
tals is quite different from that on polycrystalline Cu
[11,14,15]. The current experimental results provide new
evidence that the orientations of Cu single crystals greatly
influence the morphology of Cu6Sn5 grains.

4.2. Growth kinetic of Cu6Sn5 grains with different

morphologies

During the liquid interfacial reaction, whether the mor-
phology of the Cu6Sn5 grain is scallop-type or regular
prism-type, the size of Cu6Sn5 grains will increase with
increasing reflow time, as shown in Figs. 2–5. Fig. 14 shows
the dependence of the size of Cu6Sn5 grains on the reflow
time between Sn and Cu single crystals. This dependence
follows: r = C1tk, where r is the grain size, C1 and k are
constant, and t is the reflow time. From these results in
Fig. 14, the constant k was calculated to be 0.31 and 0.30
for the scallop-type Cu6Sn5 grains formed on (011) and
Fig. 14. Mean grain size of Cu6Sn5 vs. reflow
(123) Cu single crystals, respectively. These results are con-
sistent with Kim and Tu’s findings [11]. The constant k was
calculated to be 0.19 and 0.24 for regular prism-type
Cu6Sn5 grains formed on (001) and (111) Cu single
crystals, respectively. This indicates that the growth mech-
anisms of Cu6Sn5 grains were also controlled by their
morphology.

Fig. 15 is a schematic diagram of the Cu flux among the
Cu6Sn5 grains with different morphologies. According to
the Gibbs–Thomson effect and the analysis of Kim and
Tu [11], the flux will be obtained as follows (the detailed
derivation can be seen in Ref. [11]):

Cr ¼ C0 exp
2cX
rRT

� �
; ð3Þ

J 1 ¼
2cXDC0

3dRT
1

�r
; ð4Þ

J 2 ¼
qN AAvðtÞ
2pmN pðtÞ

1

�r2
; ð5Þ

where Cr is the concentration of Cu in the molten at the
surface of the grain, J1 is the ripening flux, J2 is the inter-
facial reaction flux, c is the interfacial energy per unit area
between Cu6Sn5 and molten Sn, r is the radius of the
Cu6Sn5 grains; X is the molar volume of Cu6Sn5, R is a
gas constant; T is the absolute temperature, NA is Avoga-
dro’s constant, D is the diffusion coefficient of Cu in the li-
quid Sn, v(t) is the consumption rate of Cu foil, Np(t) is the
times at 260 �C of Sn/Cu single crystals.
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total number of Cu6Sn5 grains at the interface, q is the den-
sity of Cu, A is the total area of solder/Cu interface, m is
the atomic mass of Cu, d is the average grain separation
distance, �r is the mean grain size, and C0 is the equilibrium
concentration of Cu in Sn. From Eqs. (3)–(5), the growth
equation for scallop-type Cu6Sn5 grains is (the detailed der-
ivation can be seen in Ref. [11])

r3 ¼
Z

cX2DC0

3N ALRT
þ qAXvðtÞ

4pmN pðtÞ

� �
dt: ð6Þ

However, for the prism-type Cu6Sn5 grains, r =1, as illus-
trated in Fig. 15b, according to Eq. (3), one can get

Cr ¼ C0; ð7Þ
Therefore

J 1 ¼ 0: ð8Þ
For a hemispherical Cu6Sn5 grain, the surface area is

2p�r2, but for the prism-type Cu6Sn5 grain, the surface area
is

ffiffiffi
2
p

x�b2, as illustrated in Fig. 15b. Hence, we can also get

J 2 ¼
qNAAvðtÞffiffiffi
2
p

xmN pðtÞ
1
�b2
; ð9Þ

where x = l/b, and l and b are the length and width of the
prism-type Cu6Sn5 grains. This analysis indicates that the
growth of prism-type Cu6Sn5 grains was only affected by
the interfacial reaction flux (J2). Then the mean width b

of the prism-type Cu6Sn5 grains is

b3 ¼
Z

2qAXvðtÞ
9xmN pðtÞ

dt ¼ 2qAX
9xm

Z
vðtÞ

N pðtÞ
dt: ð10Þ

Wang and Liu [22] found that the v(t) can be expressed as
v(t) = 1.5 � 10�5t�0.76 for Sn/Cu at 250 �C (T = 260 �C in
our experiment). Fig. 16 shows the number of Cu6Sn5

grains per square centimeter on different Cu single crystals,
based on the relationship Np(t) = Ctn. For (011) and (12 3)
Cu single crystals reflowed at 260 �C, n = �0.611, �0.602
(scallop-type Cu6Sn5), respectively. Substituting the two
variable functions v(t) and Np(t) into Eq. (6), one obtains
Fig. 16. Number of Cu6Sn5 grains per unit at the Sn/Cu single crystals vs.
reflow times at 260 �C of Sn/Cu single crystals.
r � t1/3. This is consistent with our experimental results:
r � t0.31 and r � t0.30 for (011) and (123) Cu single crys-
tals, respectively. However, for (00 1) and (111) Cu single
crystals reflowed at 260 �C, n = �0.407, �0.463 (prism-
type Cu6Sn5), respectively. Substituting the two variable
functions v(t) and Np(t) into Eq. (10) yields b � t0.21 and
b � t0.23 for (001) and (111) Cu single crystals, respec-
tively, which are quite close to our experimental results:
b � t0.19 for (001) Cu single crystal, and b � t0.24 for
(11 1) single crystal. The above results indicate that the ori-
entations of Cu single crystals also have much influence on
the growth kinetics of Cu6Sn5 grains during the liquid-state
interfacial reaction.

4.3. The morphologies of IMCs under liquid-state and solid-

state conditions

As shown in Figs. 2d and 4d, the morphology of Cu6Sn5

grains changes from regular prism-type to scallop-type
when the reflow time is increased to 600 s for the interfacial
reaction between molten Sn (001) and (111) Cu single
crystals. As is well known, the Cu6Sn5 grains were firstly
formed during the interfacial reaction between Sn and Cu
substrate, and then another IMC (Cu3Sn) would form
between the Cu6Sn5 layer and Cu substrate with increasing
reflow time [3,15,18]. Therefore, on the (001) and (111) Cu
single crystal surfaces, the regular prism-type Cu6Sn5

grains were firstly formed during the short reflow time
(below 600 s). However, the Cu atoms coming from the
Cu substrate would react with these regular prism-type
Cu6Sn5 grains to form the Cu3Sn layer at longer reflow
times (above 600 s), as shown in Fig. 17. In this case, the
nucleation of regular prism-type Cu6Sn5 grains would
decrease with increasing reflow time, and the scallop-type
Cu6Sn5 grains would begin to form. Therefore, the mor-
phology of Cu6Sn5 grains was gradually transformed from
regular prism-type into scallop-type.
Fig. 17. Cu3Sn grains formed on (001) Cu single crystal at reflow at
260 �C for 600 s.
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Compared with the liquid-state interfacial reaction, the
final morphology of Cu6Sn5 grains is also scallop-type for
the solid-state interfacial reaction, as illustrated in Figs.
6–9. This can be attributed to the formation of the Cu3Sn
layer between the Cu substrate and the Cu6Sn5 layer. In
addition, the morphology of the IMCs was found to
change from prism-type to planar-type in our experiments
with increasing aging time under the solid-state condition.
However, it has been reported previously that the morphol-
ogy of the IMCs changes from scallop-type to planar
[11,15]. The same model was used to explain this phenom-
enon. Fig. 18 is a schematic diagram of the diffusion path
of Cu during solid-state aging. It can be clearly seen that
the growth of the prism-type Cu6Sn5 grains is only con-
trolled by ‘‘path 1”. According to Fig. 18, d1 and d2 are
the distances between the Cu substrate and the two differ-
ent points 1 and 2 of a prism-type Cu6Sn5 grain, respec-
tively. It is obvious that d2 < d1, and the total diffusion
coefficients of Sn and Cu through the Cu6Sn5 are the same;
hence, it can be concluded that the growth velocity of
Cu6Sn5 grains at point 2 should be higher than that at
point 1. In this case, the prism-type Cu6Sn5 grains became
planar with increasing aging time. As mentioned above,
during the liquid/solid interfacial reaction, the ripening
behavior of Cu6Sn5 grains formed on Cu single crystals is
quite different from that on polycrystalline Cu [11,14,15].
Furthermore, the orientations of Cu single crystals also
affect the ripening behaviors of the formed Cu6Sn5 grains.
5. Conclusions

Based on the experimental results and the above analy-
sis, the following conclusions can be drawn.

On the (001) Cu single crystal surface, regular prism-
type Cu6Sn5 grains align along two perpendicular preferen-
tial directions, whereas on the (111) Cu single crystal sur-
face, the prism-type Cu6Sn5 grains are elongated along
three preferential directions with an angle of 60� between
each pair of directions. However, on (011) and (123) Cu
single crystals, scallop-type Cu6Sn5 grains were widely
detected except for few regular prism-type grains at local-
ized regions. EBSD confirmed that there are some prefer-
ential orientations with low index between Cu6Sn5 grains
and (001) or (111) Cu single crystal. In addition, the
coarsening mechanisms of Cu6Sn5 grains with different
morphologies are also affected by the orientations of Cu
single crystals. When the reflow time is less than 600 s, reg-
ular prism-type Cu6Sn5 grains can be observed on the
(001) and (111) Cu single crystal surfaces, but scallop-type
Cu6Sn5 grains can be observed on all the Cu single crystal
surfaces after prolonged aging for more than 600 s.

Experiments also revealed the evolution of the morphol-
ogy of Cu6Sn5 grains formed between molten Sn and Cu
single crystals under solid-state conditions. For (001) and
(111) Cu single crystals, the morphologies of Cu6Sn5

grains first changed from prism-type to planar prism-type,
and finally to scallop-type IMCs.

The growth kinetics of IMCs between Sn and Cu single
crystals also displayed obvious dependence on the orienta-
tion of the Cu single crystals. The growth of the IMCs is
still controlled by the diffusion mechanism. However, the
diffusion coefficients, D, were calculated to be 1.96 �
10�17, 2.96 � 10�17 and 2.96 � 10�17 m2 s�1 for (01 1),
(111) and (123) Cu single crystals, respectively.
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