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The isothermal metallurgical reaction in two-segmented Cu-Sn nanowires results in the formation of a
Sn/Cu6Sn5/Cu3Sn/Cu sandwich structure. In-situ transmission electron microscopy is used to study how
Cu6Sn5/Sn and Cu/Cu3Sn interfaces propagate and change shape during the intermetallic compound
growth. The Cu6Sn5/Sn interface is observed to evolve from an inclined configuration to a vertical, edge-
on configuration with the propagation of the Cu6Sn5 phase towards the Sn segment. The Cu/Cu3Sn
interface also becomes less inclined as it propagates toward the Cu segment. This interface evolution is
driven by the minimization of the interface energy associated with minimizing the interface area
associated with the edge-on interface. The Kirkendall void growth induces the breakage of the Cu
segment and results in the Cu3Sn / Cu6Sn5 transformation with the final Sn/Cu6Sn5/void/Cu sandwich
structure.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Numerous nanostructured materials such as nanoparticles,
nanotubes, nanowires and nanocomposites have been synthesized
and developed in the past two decades. There is, however, a lack of
efficient and effective methods for joining and interconnecting
individual nanostructured units, which impedes the efficient
manufacture of nanoelectronics and nanoscale devices. In contrast,
conventional interconnect formation by soldering is extremely
robust when compared to other techniques such as controlled
growth, irradiation and atomic diffusion [1e7]. Nanowires are one
of the most studied one dimensional (1D) nanostructures, as they
can function as basic electronic circuit elements or be assembled
and integrated into 1D, 2D, or 3D functional structures. As a result,
they have great potential in applications such as electronics, sen-
sors and biomedical devices [8e12]. The efficient and robust cre-
ation of nanowires with functional nanocomponents and
nanosolder segments could serve as a basic building block for
nanoelectronic integration.

Lead-free solders are now used to replace traditional tin/lead
(Sn/Pb) solders due to the hazardous threats of Pb. Different Pb-free
).
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solder nanowires, such as Sn, In, Sn-Cu, Sn-Ag, Sn-Ag-Cu have been
synthesized using electrodeposition in nanoporous templates
[13e16]. However, fundamental understanding of wetting, diffu-
sion, intermetallic compound (IMC) formation and its associated
interface motion between the nanosolder and functional nano-
components during the soldering reaction of the nanowires is still
very limited. An in-depth understanding of these fundamental
properties is essential for better control and improvement of the
process of nano-soldering and the formation of reliable nanoscale
interconnects. By choosing two-segment Cu-Sn nanowires as a
model system, inwhich Sn acts as the solder element and Cu serves
as a functional element, we seek to elucidate such fundamental
properties. We employ in-situ transmission electron microscopy
(TEM) to investigate the IMC growth-induced interface propagation
and the Kirkendall void formation during the isothermal solid state
soldering/reactive diffusion process.
2. Experimental

The Cu-Sn two-segment nanowires were fabricated by room-
temperature sequential electrodeposition assisted with poly-
carbonate nanoporous membrane templates (Whatman). Cu was
deposited first using a commercial Cu plating electrolyte (Cu U-
bath RTU, Technic, Inc) with the current controlled at 2 mA/cm2.
After Cu plating, the Sn layer was electroplated with commercial Sn
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plating electrolyte (Sn concentrate with make-up solutions,
Technic, Inc.) with the current controlled at 18 mA/cm2. After the
electroplating, the polycarbonate membrane was dissolved in
dichloromethane to release the nanowires into the solvent. Details
of the synthesis of the nanosolders can be found from previous
work [3,16,17]. The as-prepared Cu-Sn nanowires were kept as a
suspension in ethanol. TEM samples were prepared by the powder
sample preparation method with ultrasonic dispersion followed
with drop casting onto a lacey carbon film supported by Mo grid,
which was then mounted onto a Gatan heating holder with rapid
heating capability using a Gatan hot-stage temperature controller.
In-situ transmission electron microscopy (TEM) and scanning TEM
(STEM) observations of themetallurgical reaction in the Cu-Sn two-
segment nanowires were performed using a JEOL JEM2100F oper-
ated at 200 kV equipped with an x-ray energy dispersive spec-
trometer (XEDS) (Oxford Energy TEM 250). Due to relatively long
acquisition time for STEM imaging, time-series XEDS in the scan-
ning nanoprobe mode (probe diameter of ~1 nm) was used to track
the interface migration and composition variation during the
isothermal metallurgical reaction in the Cu/Sn couples. The STEM-
XEDS line scanning was acquired at 200 �C and the acquisition time
was 25 s after signal to noise optimization.
3. Results and discussion

Cu and Sn two segments were sequentially electrodeposited in
the form of nanowires for studying the metallurgical reaction be-
tween Cu and Sn. Fig. 1(a) shows a backscattered scanning electron
microscope (SEM) image of the as-synthesized Cu-Sn nanowires,
where the bright segments of the nanowires correspond to the Sn
segments, while the slightly darker segments correspond to the Cu
segments due to the heavier atomic number of Sn when compared
with Cu. Fig. 1(b) shows a TEM bright-field (BF) image of an as-
synthesized Cu-Sn two segmented nanowire; inset is a higher
Fig. 1. As-prepared Cu-Sn two segmented nanowires by a template assisted electrodepositio
Cu-Sn nanowire; (c) STEM-HAADF image of the Cu-Sn nanowire; (d, e) STEM EDS element
interpretation of the references to colour in this figure legend, the reader is referred to the
magnification TEM image showing the presence of an amorphous
native oxide layer wrapped around the whole nanowire surface.
The amorphous layer around the Sn and Cu segments has the
similar thickness of about 5 nm. From the elemental mapping, the
oxide layer located on Cu segment is CuOx whereas that around the
Sn segment is SnOx. These oxide layers are found to be stable at
elevated temperature of 200 �C examined. Fig. 1(c) illustrates a
STEM high angle annular dark field (HAADF) image of the nano-
wire, which shows the bright contrast for the Sn segment while
slightly darker contrast for the Cu segment, consistent with the
contrast feature with the backscattered SEM image shown in
Fig. 1(a). The corresponding XEDS elemental mapping of the
nanowire is shown in Fig. 1(d and e) from which the Sn and Cu
segments can be easily identified. Quantitative spot-mode EDS
analyses indicate that the Sn segment has ~10 at. % Cu whereas the
Cu segment has ~1 at. % Sn. The structure of the two segments is
confirmed by electron diffraction as Cu and Sn, respectively. Both
the SEM and S/TEM images indicate that the as-prepared Cu-Sn
nanowires are continuous without any void or gap between the Cu
and Sn segments.

To identify the structure of the IMC formed during the
isothermal solid state diffusion and soldering reaction, a single Cu-
Sn nanowire was selected for isothermally heating at 200 �C until
the solder reaction reached an equilibrium state, which was
monitored by obtaining diffraction patterns from the heated
nanowire for structure analysis. The isothermal temperature of
200 �C was chosen because it is below the melting point of Sn,
while still giving sufficiently fast kinetics for the solid state reaction
[18], thereby facilitating the in-situ TEM observations. Fig. 2(a) is a
TEM image of a Cu-Sn nanowire after isothermal heating at 200 �C
for 4 min, which shows the formation of a Kirkendall void in the Cu
segment due to the greater out-diffusion flux of Cu from the Cu
segment than the in-diffusion flux of Sn [19]. Fig. 2(b) is an SAED
(selected area electron diffraction) pattern taken from the area
n method. (a) A SEM image of Cu-Sn two segmented nanowires; (b) TEM BF image of a
al mapping of the Cu-Sn nanowire with the Cu map in red and Sn map in green. (For
web version of this article).



Fig. 2. Formation of the Cu6Sn5 IMC from the isothermal heating of the Cu-Sn two-segmented nanowire at 200 �C. (a) TEM image of a Cu-Sn two segmented nanowire after the
isothermal heating at 200 �C for 4 min; (b) electron diffraction pattern taken from the selected area encircled by the red dash line as shown in (a) showing the h-Cu6Sn5 structure.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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marked by the red dash circle indicated in Fig. 2(a) while the
sample was held at 200 �C, which can be indexed well with the
zone axis of [010] of the h-Cu6Sn5 structure [20]. By checking
dozens of Cu-Sn two segmented nanowires after it reached the
equilibrium/final state with the isothermal heating at 200 �C, it was
confirmed that most of the IMCs formed at 200 �C have the h-
Cu6Sn5 with very few cases of the formation of h0-Cu6Sn5 under the
same heating condition.

TEM imaging is a two-dimensional (2D) projection view of a 3D
object along the direction of the transmitted electron beam. By
taking into account this effect and the cylindrical morphology of
the nanowire, Fig. 3(a) shows a 3D schematic view of a typical in-
clined interface between the two adjacent different phases. Purple
and violet represent the Cu6Sn5 segment and the remaining Sn
segment respectively, and the black curve denotes their interface
plane. The Cartesian coordinate x, y, z of the nanowire is also shown
in Fig. 3(a) for the convenience of description and discussion. To
demonstrate this wedge-shape interface between the two phases,
we can visualize the change in the interface morphology of a
reacted Cu-Sn nanowire by tilting the TEM viewing direction from
the x direction to the z direction. Fig. 3(b) shows a TEM BF image of
a nanowire viewed from the x direction. As shown schematically in
the inlet of Fig. 3(b), the interface is projected as an inclined straight
line under this TEM viewing condition, which matches well with
the TEM-BF image (Fig. 3(b)) of a reacted Cu-Sn nanowire with the
incident e-beam parallel to the x direction. Fig. 3(c) presents an
electron diffraction pattern from the area encircled by the white
dashed circle, as indicated in Fig. 3(b), which can be indexed well as
Sn [111]. The electron diffraction pattern of the area encircled by the
red dashed circle as indicated in Fig. 3(b) is shown in Fig. 3(e),
which matches well with h-Cu6Sn5 ½110]. Due to the diffraction
effect, with the h phase aligned on the zone axis, the h phase ap-
pears dark while the Sn segment appears brighter in Fig. 3(b). The
Sn/h phase interface appears as a straight and inclined line, as
marked by a red dashed oval in Fig. 3(b). By tilting the nanowire, we
can set the nanowire to be aligned with the z direction parallel to
the incident e-beam. As marked by the red dashed oval in Fig. 3(d),
the projected interface profile viewed along the z direction appears
now as a curved line, which agrees well with the inset schematic
projection view in Fig. 3(d). As shown in Fig. 3(d), the upper region
outlined by the white dashed line is brighter than the lower part,
which corresponds to a thinned region due to the depletion of Sn in
the parent Sn segment. It can be seen from Fig. 3(b, d) that the
thinned region extends across the Cu6Sn5/Sn interface to the
Cu6Sn5 grain, suggesting that the thinned region is formed before
the Sn/Cu6Sn5 interface propagates into this area.

To study the compositional variation accompanying the diffu-
sion and dynamics of intermetallic compound growth and propa-
gation during the Cu/Sn metallurgical reaction, a single Cu-Sn two-
segmented nanowire was selected for in-situ heating STEM
observation combined with XEDS elemental line scan. In-situ time-
sequence series of STEM BF images and the line scan concentration
profiles of a Cu/Sn two-segmented nanowire with the as-prepared
state and during the isothermal heating at 200 �C are shown in
Fig. 4. Noticeable void formation occurs in the Cu segment after
~123 s of the isothermal heating, which is caused by faster diffusion
of Cu into the Sn segment than Sn diffusion into the Cu segment
(i.e., Kirkendall effect). The Kirkendall void grows with the
continued heating, which results in the breakage in the Cu segment
at ~568 s. Although the void cuts off the diffusion path and thus the
supply of Cu atoms from the right end of the nanowire to the left
end, Cu atoms in the remnant Cu segment on the left side of the
void continue to diffuse and react with the Sn segment, as shown in
the STEM BF image at 902 s in Fig. 4(e). After the remaining Cu
segment on the left side of the void is completely consumed, the
nanowire does not show any observable changes with subsequent
time at this temperature.

The elemental composition profiles by XEDS linescan taken
along the length direction of the nanowire at the isothermal
annealing time of 123 s, 485 s, 568 s, 902 s, and 1638 s are also
shown in Fig. 4, respectively. Each concentration profile can be
divided into five different regions, as marked by violet, purple, blue,
green and orange in Fig. 4(b). Region I, which ranges from x ¼ 0 to
x¼ x1 and is highlighted in violet in Fig. 4(b), corresponds to the Sn
segment. Region V, which ranges from x4 to the right end of the
nanowire, represents the Cu segment as indicated by the orange
area in Fig. 4(b). The composition profiles of Cu and Sn show the
overlapped plateau in Region II, as defined between x1 and x2 and
marked by the purple area in Fig. 4(b), which corresponds to the
Cu6Sn5 segment that results from the Cu-Sn reaction. The Cu6Sn5
has a narrow compositional range (43.5e44.5 atomic % Sn) [20,21],
which matches well with the measured composition in Region II.
The composition profiles of Cu and Sn show the overlapped plateau
in Region III with ~75 at. % Cu, as defined between x2 and x3 and
marked by the blue area in Fig. 4(b), which probably corresponds to
the formation of a small Cu3Sn segment (as confirmed by electron
diffraction shown in Fig. 5). The most noteworthy feature of the
composition profiles is in Region IV as marked by color in Fig. 4(b),



Fig. 3. Visualization of the inclined interface projected along x or z direction. (a) 3D schematic of an inclined interface between two adjacent phases in a nanowire; (b) the Sn/h
interface projected along x direction, as encircled by the oval dash line, inlet is the schematic projection view of the phase interface with beam parallel to x direction; (c) the electron
diffraction taken from area encircled by the white dash line as shown in (a), and (d) the Sn/h interface is projected along z, acquired by large a tilting change, inlet is the schematic
projection view of the phase interface with beam parallel to z direction; (e) the electron diffraction from area encircled by the red dash line as shown in (b). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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which is Cu-rich with a gradually increasing gradient of the Cu
concentration.

To find out whether Cu3Sn exists during the Cu-Sn reaction we
performed additional in-situ heating experiments with different
Cu-Sn nanowires. We used electron diffraction to monitor the
structure evolution of Cu-Sn couples with prolonged heating at
200 �C. As shown in Fig. 5, a single two-segment Cu-Sn nanowire
with a longer Sn segment is shown from the experiment: the red
dashed line indicates the position of the Cu/Sn interface in the as-
prepared nanowire (Fig. 5(a)). After rapid ramping to 200 �C, the
sample was held at this temperature for the solid-state reaction.
Fig. 5(b) is a BF image of the nanowire after 300 s of the isothermal
heating, which shows the formation of a Kirkendall void in the Cu
segment near the interface region. Fig. 5(c) is an electron diffraction
pattern from the region indicated by the white dashed circle in
Fig. 5(b). The diffraction spots with the d spacing of 4.8 Å, which
exclusively correspond to ε-Cu3Sn (100), are clearly visible as
indicated by red arrows in Fig. 5(c). From the in-situ TEM analysis,
we can draw the conclusion that the ε-Cu3Sn phase does exist
before the Kirkendall void growth breaks the nanowire.

The temporal evolution and motion of the interfaces formed
from IMC growth during the Cu-Sn metallurgical reaction can be
revealed by tracking the temporal evolution of the concentration
profile across the interface during the isothermal annealing of the
nanowires. The chemical compositional profile in Fig. 4 demon-
strates that the ε-Cu3Sn and Cu segments overlap at their inclined
interface when the scanning electron probe is aligned along the z
direction of the nanowire, as illustrated in Fig. 3(a). Region II - as
highlighted by purple in Fig. 4(b) - can be taken as the Cu6Sn5
segment with the length Lh as (x2-x1). Region III as highlighted by
blue in Fig. 4(b) corresponds to the ε-Cu3Sn segment with the
length Lε as (x3-x2). The width of the overlapping region of the
ε-Cu3Sn and Cu segments along their inclined interface can be
identified by w ¼ x4-x3, which is also marked as region IV by green
in Fig. 4(b). The temporal evolution of the lengths (Lh and Lε) of the
h and ε phase and their interface widths (w) can be determined
from the in-situ STEM EDS measurements shown in Fig. 4 and the
results are given in Fig. 6 with a 3D schematic illustration showing
the definition of each term in the plot. By tracking the growth or
shrinkage of these regions we can follow the propagation and
morphological evolution of the interfaces during the growth of the
ε-Cu3Sn and h-Cu6Sn5 segments.

Fig. 6 shows the length evolution of the ε-Cu3Sn and h-Cu6Sn5
segments and the width evolution of the inclined interface



Fig. 4. Time series STEM XEDS elemental linescans during in-situ isothermal heating at 200 �C. (a) STEM BF image and concentration profile along the length of an as-prepared Cu-
Sn nanowire as marked by the red dashed line on the STEM image; (b, c, d, e, f) STEM images and concentration profiles along the length of the nanowire at 200 �C for 123 s, 485 s,
568 s, 902 s and 1638 s, respectively. The scale bar is 200 nm. The insets illustrate the 3D schematic of the interface shift and propagation determined from in situ EDSmeasurements
of the composition. (Violet, Purple, Blue and Orange represent Sn, Cu6Sn5, Cu3Sn and Cu, respectively.). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article).
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between the ε-Cu3Sn and Cu segments. As shown by the black line
with solid black squares in Fig. 6, the length of the Cu6Sn5 segment
(Lh), increases with time, indicating that the Cu6Sn5 segment grows
continuously during the isothermal reaction. The red line with red
solid circles in Fig. 6 represents the length of the ε-Cu3Sn segment,
which increases with time before the Kirkendall void growth
breaks the nanowire at t ¼ 568 s. We then see that the ε-Cu3Sn
segment shrinks and transforms to Cu6Sn5 after the Kirkendall void
growth breaks the Cu segment and cuts off the Cu supply. The
width of the Cu3Sn/Cu interface (shown by the red line with hollow
triangles in Fig. 6) decreases with time, indicating that the ε-Cu3Sn/
Cu interface becomes less inclined over time (a vertical interface
has an interface width w ¼ 0) until the void growth breaks the
nanowire. As shown in the concentration profile in Fig. 4(d), region
Ⅳ is still Cu-rich as compared to region III after the breakage of the
Cu segment, indicating that there is a small remnant Cu segment on
the left of the Kirkendall void, as shown by the 3D schematic inlet in
Fig. 4(d). Incoming diffusing Sn atoms (from the Sn end) react with
the ε-Cu3Sn segment and the remnant Cu to form Cu6Sn5, as
illustrated by the 3D schematic inlet in Fig. 4(e). With the continued
isothermal solid reaction, the remnant Cu on the left of the Kir-
kendall void is completely consumed at around t ¼ 1640 s. This in
turn leads to the drop of the Cu concentration and the increase of
the Sn concentration to the level similar to region Ⅱ (Fig. 4(e and f))
because the ε-Cu3Sn segment gradually transforms to the h-Cu6Sn5
phase. The time sequence of the EDS composition profiles (Fig. 4(d,
e, f)) shows that the concentrations of both Cu and Sn drop to zero
across the Kirkendall void, suggesting that the void remains there
after it breaks the Cu segment and shuts off the diffusion pathways
with the Cu segment on the right end of the void. However, in



Fig. 5. (a) Bright-field (BF) image of an as-prepared Cu-Sn two-segmented nanowire, the red dashed line indicates the Cu/Sn interface, inset is a magnified view of the interface
region; (b) BF image of the nanowire showing the formation of a Kirkendall void in the Cu segment after 300 s of the isothermal heating, inset is a magnified view of the Kirkendall
void region; (c) SAED obtained from the region indicated by the white dashed circle in (b). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).

Fig. 6. Evolution of the lengths of the h-Cu6Sn5 segment (Lh) and the ε-Cu3Sn segment
(L

ε
) and the width (w) of the Cu/Cu3Sn interface. Upper panel: 3D schematic illus-

trating how Lh, Lε, and w are defined in the EDS measurement shown in Fig. 4.
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contrast with the overlapped Cu and ε-Cu3Sn region, with beam
scanning along the length of the nanowire, the Sn/Cu6Sn5 interface
is positioned in a scenario with beam parallel to x direction, as
depicted in Fig. 3(b). Therefore, the concentration profile across the
h-Cu6Sn5/Sn interface does not tell whether the h-Cu6Sn5/Sn
interface configuration has changed over time during the Cu6Sn5
growth. As shown below, we know that the h-Cu6Sn5/Sn interface
evolves from an inclined configuration into a vertical, edge-on
configuration.

With the x direction of the nanowire aligned along the incident
e-beam as illustrated in Fig. 3(b), we can directly observe the
dynamic propagation of the interface during the isothermal
metallurgical reaction. Fig. 7(a) shows a time series of in-situ TEM
images of a Cu-Sn two-segment nanowire isothermally held at
200 �C. As seen in Fig. 7(a), a Kirkendall void starts to become
visible in the Cu segment after ~ 60 s of annealing. With continued
time at this temperature, the void grows and shifts to the left side,
implying the diffusive flux of Cu atoms toward the right end. Our
in-situ TEM observations show that sufficient Cu6Sn5 has devel-
oped after ~60 s of annealing. Meanwhile, the continued void
growth leads to the breakage of the nanowire in the Cu segment as
a result. Although the void cuts off the supply of Cu atoms from
the Cu segment at the left end, the unreacted Cu segment on the
right side of the void (as indicated by the black arrow in Fig. 7(a) at
t ¼ 750 s) continues to react with incoming diffusing Sn atoms
until it is completely consumed, as shown in the image after 1140 s
of annealing. The dynamic motion of the Cu6Sn5/Sn interface is
followed by the time sequence of in-situ TEM images shown in
Fig. 7(a). The red arrows indicate the position of the interface at
the moment indicated in Fig. 7(a). It can be noted that the inter-
face not only shifts toward the right, accompanying the growth of
the h-Cu6Sn5 segment but also changes gradually in its
morphology from an initially inclined configuration to a vertical
one with continued annealing. The area (Si) of an inclined inter-
face can be calculated from the TEM images by measuring the
width (w) of the overlapping region of the Cu6Sn5 and Sn seg-
ments across their interface. The area of this inclined interface can
be calculated as Si ¼ ðpR=2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðw2 þ 4R2Þ

p
, where w is the width of

the overlapping phase regionwithin the inclined interface and R is
the radius of the nanowire. Si decreases with w as the interface
becomes less inclined. When the interface becomes vertical, w is
zero, the interface reaches a configuration with the minimum
interface area ðSi ¼ pR2Þ. Such evolution in the interface config-
uration can be driven by the interfacial energy, for which the
vertical interface configuration corresponds to the interface ge-
ometry with the minimum total interface energy. As shown in
Fig. 7(a), the h-Cu6Sn5/Sn interface becomes nearly vertical after
220 s of the reaction, fromwhich we can accurately determine the
migration distance (Dxh=Sn) by the h-Cu6Sn5/Sn interface. Our in-
situ TEM measurements show that Dxh=Sn follows a parabolic
time dependence of the interface movement (Fig. 7(b)), indicating
that the interface migration is controlled by the interdiffusion of
the reactants (Cu and Sn). This is consistent with the derivation by
Kidson [22] with the application of Fick's first law of diffusion to
polyphase diffusion in binary systems.

The phase evolution induced by the isothermal annealing of the
Cu-Sn nanowire shown in Fig. 7(a) was characterized by electron
diffraction. Fig. 8(b, c) show the electron diffraction patterns taken
from the different areas (denoted as “B” and “C in Fig. 8(a)) of the
nanowire after 1140 s of heating at 200 �C. Fig. 8(d, e) are the
simulated diffraction patterns corresponding to the experimental
electron diffractions of Fig. 8(b, c), respectively. Area “B” has the
diffraction pattern indexed as h-Cu6Sn5 with orientation [011]. The
diffraction pattern from area “C” matches well with pure Sn [102].
Between areas “B” and “C” is the interface between the h-Cu6Sn5
and Sn segment. The structure analysis is consistent with the XEDS
elemental mapping shown in Fig. 9(aec) and the compositional
linescan profile shown in Fig. 9(d). Both the diffraction and XEDS



Fig. 7. (a) In-situ TEM BF images of the Cu6Sn5/Sn interface propagation induced by the metallurgical reaction in a Cu-Sn two-segment nanowire during the isothermal heating at
200 �C. The area encircled by the red dash line indicates the temporal evolution of the interface between the h-Cu6Sn5 phase (left) and Sn (right) from an initially inclined
configuration to a vertical (edge-on) one after ~ 220 s and then stays vertical while it propagates into the Sn segment with prolonged time (750 s and 1140 s); (b) Linear regression
fitting of the ðDxh=SnÞ2 with time, indicating the parabolic time dependence of the interface propagation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

Fig. 8. Structure Characterization of the nanowire in Fig. 7 after withholding at 200 �C for 1140s. (a) TEM BF image of the nanowire isothermally heated at 200 �C for 1140s, the dash
line represents the h/Sn interface; (b) SAED from the encircled area “B”, as denoted in Fig. 8a; (c) SAED pattern from the encircled area “C”, as denoted in Fig. 8a; (d, e) Simulated
diffraction patterns corresponding to the SAED pattern of Fig. 8(b, c), respectively.

Q. Yin et al. / Acta Materialia 125 (2017) 136e144142



Fig. 9. Elemental mapping of the nanowire as shown in Fig. 7 after isothermally
heated at 200 �C for 1140 s (a) STEM BF image of the nanowire; (b, c) Elemental
mapping; (d) Line scan profile along the length of the nanowire.

Fig. 10. Schematic showing the formation of a Sn/Cu6Sn5/Cu3Sn/Cu sandwich structure
and the propagation and shape change of the different interfaces during isothermal
annealing of a two-segmented Cu-Sn nanowire at 200 �C. The Cu6Sn5/Sn interface
propagates toward the Sn segment and evolves gradually from being inclined to ver-
tical. The Cu/Cu3Sn interface becomes less inclined as well. (a) The reaction results in
the growth of both Cu3Sn and Cu6Sn5 segments; (b) with prolonged time when the
Kirkendall void breaks the nanowire both the Cu/Cu3Sn and Sn/Cu6Sn5 interface is less
inclined as compared to (a); (c) with continued isothermal heating after the Kirkendall
void cuts off the diffusion path between the Cu and Cu3Sn segments, the Cu3Sn
segment and the adjacent Cu react with incoming diffusing Sn atoms to form Cu6Sn5

until completely consumed. The Sn/Cu6Sn5 interface adopts vertical as the stabilized
configuration. Termination of the metallurgical reaction results in a Sn/Cu6Sn5/void/Cu
sandwich structure.
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were taken or acquired at 200 �C and they are congruent with the
dynamic motion of the phase interface identified in Fig. 7(a).

Our in-situ TEM observations described above show how the
propagation and shape of the phase interfaces occur during the
isothermal solid reaction. With the x direction of the nanowire
parallel to the beam and the projection of the interface as a straight
line, the h-Cu6Sn5/Sn interface propagates toward the Sn segment
and changes gradually from an inclined configuration to a vertical
one (see Fig. 7(a)). The propagation of the ε-Cu3Sn/Cu interface is
resolved by the time-sequence of the concentration profiles, which
shows that the ε-Cu3Sn/Cu interface also becomes less inclined
until the Kirkendall void growth breaks the Cu segment.

The remaining Cu between the void and Cu3Sn segment con-
tinues to react and form h-Cu6Sn5 with incoming diffusing Sn
atoms from the Sn end. The Kirkendall void formed in the Cu
segment is due to faster diffusion of Cu in the intermetallic phases
as compared to that of Sn in the intermetallic compounds. A
schematic illustrating the interface migration and the associated
temporal evolution of the interface configuration described above
is shown in Fig. 10, where the orange, blue, purple and violet
represent the Cu, Cu3Sn, Cu6Sn5 and Sn segments, respectively.
Fig. 10(a) indicates that the Cu-Sn reaction results in the growth of
the h-Cu6Sn5 and ε-Cu3Sn segments between the parent Cu and Sn
segments with the formation of three interfaces, i.e., the Sn/Cu6Sn5,
Cu6Sn5/Cu3Sn, and Cu3Sn/Cu interfaces, among which the Sn/
Cu6Sn5 and Cu3Sn/Cu interfaces are both initially inclined. With the
continued isothermal annealing, the Cu/Cu3Sn interface becomes
less inclined until the Kirkendall void breaks the nanowire, the
Cu6Sn5/Sn interface also evolves to a vertical configuration, as
shown in Fig. 10(b). As shown in Fig. 10(c), after the Kirkendall void
breaks the wire, Cu3Sn gradually transforms to Cu6Sn5 by reacting
with the remnant Cu atoms and incoming diffusing Sn atoms from
the Sn end. Some remnant Cu atoms may diffuse through the
Cu6Sn5 and Cu3Sn segments to react with Sn for the growth of the
Cu6Sn5 toward the Sn end until all the remnant Cu atoms are
completely consumed.

The interfacial energy plays an important role in understanding
not only the wetting behavior between the liquid and the solid, but
also the phase transition and associated solid/solid interfaces
[23,24]. As shown in Fig. 1, there is an amorphous native oxide layer
(~5 nm in thickness) wrapping around the nanowire like a shell.
Here we use N to represent the native oxide. With the confinement
of this amorphous oxide layer there are seven different types of the
interface energy taken into account for the nanowire, i.e., Cu6Sn5/
Sn, Cu6Sn5/Cu3Sn, Cu/Cu3Sn, oxide/Cu6Sn5, oxide/Cu3Sn, Cu/oxide,
and Sn/oxide. During the solid-state reaction, the oxide/Cu6Sn5,
oxide/Cu3Sn, Cu/oxide, and Sn/oxide remain the same configura-
tion and are independent of the interface inclination, and the
Cu6Sn5/Cu3Sn interface remains vertical. As described earlier, the
areas of the Cu/Cu3Sn and Cu6Sn5/Sn interfaces, can be calculated
asSi ¼ ðpR=2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðw2 þ 4R2Þ

p
. The interface area reaches the mini-

mum with the vertical interface w ¼ 0. In addition to the interface
area, the interfacial energy density (energy per area) for the Cu/
Cu3Sn and Cu6Sn5/Sn interfaces might also change with the incli-
nation, because the orientation and bonding between two crystals
affect the interface energy [25,26]. As shown in our in-situ TEM
observation, both the Cu/Cu3Sn and Cu6Sn5/Sn interfaces stabilize
at the vertical configuration with a minimized interface area, for
which the interface energy density is relatively independent of the
interface configuration and the interface energy is minimized by
minimizing the interfacial area.
4. Conclusions

In-situ TEM has been employed to reveal the propagation and
evolution of interfaces in the Sn/Cu6Sn5/Cu3Sn/Cu sandwiched
structure during the isothermal metallurgical reaction in two-
segmented Cu-Sn nanowires. Both the elemental linescans and
TEM imaging from the different view directions of the nanowire
confirm the existence of the inclined interfaces. The dynamic pro-
cess of the Cu6Sn5/Sn interface propagation towards the Sn
segment and its evolution from an inclined configuration to a
vertical configuration is observed. The Cu/Cu3Sn interface also be-
comes less inclined as it propagates toward the Cu segment. The
driving force that causes the Cu/Cu3Sn and the Cu6Sn5/Sn interface
to become vertical or less inclined as their stabilized configuration
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is to minimize the interfacial energy. In addition, the observed
Kirkendall void formation in the Cu segment demonstrates that the
diffusion of Cu in Cu3Sn and Cu6Sn5 is faster than that of Sn in Cu3Sn
and Cu6Cu5. The continued Kirkendall void growth in the Cu
segment eventually breaks the Cu segment from the nanowire.
After the Kirkendall void cuts off the diffusive supply of Cu atoms
from the Cu segment, the Cu3Sn and the adjacent remnant Cu react
with the incoming diffusing Sn atoms to form Cu6Sn5 until
completely consumed, thereby leading to the termination of the
metallurgical reaction with a final configuration of Sn/Cu6Sn5/void/
Cu sandwich structure.
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