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Three-dimensional nano-tree-like structures consistingof single-crystalline CuSn alloy nanowires branching per-
pendicularly from their parent branches were observed. The nano-trees were formed by constant potential co-
electrodeposition of Cu and Sn. The geometry of the branches had a four-fold symmetry around the parent
branch, which originated from the crystalline structure of the mother CuSn crystal. XRD and TEM analysis re-
vealed that the nanowire branches consisted of single-crystalline γ-CuSnwith 〈100〉 preferred growth directions.
The addition of polyethylene glycol (PEG)with a molecular weight of 1000 in the plating bath is essential for the
formation of the nano-tree structure. It is speculated that adsorbed PEG molecules on CuSn crystal planes with
high Miller indices suppress CuSn alloy deposition, enhancing anisotropic growth of the CuSn crystal to form
the nano-tree structure.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Three-dimensional (3D) framework structures consisting of one-
dimensional (1D) nanowires have extremely high surface areas, which
is of considerable significance in electrochemical device applications
such as photovoltaic cells, batteries, and chemical sensors [1–10]. The
structure of the 3D framework enables the realization of both a large
sensitive reaction area on the surface and electrical interconnection be-
tween this sensitive area and themain sensor circuit. Therefore, the for-
mation of 3D framework structure using self-organization techniques
has attracted attention and remains an important issue in the realiza-
tion of high-performance electrochemical devices. Only a few studies
investigating the formation of nano-scale 3D framework structures
using a one-step self-organization process have been reported, and
these have involved, for example, 3D tungsten oxide nanowire net-
works [2,3,11], pine tree nanowires [12,13], nano-scale latticeworks
[14–16]. Thus, materials and growth techniques for the formation of
3D framework structures remain limited.

On the other hand, Sn-containing alloys are one of the most widely
used solder materials due to their lowmelting temperature and low re-
sistivity [17]. However, it is well known that Sn can form 1D crystals
called whiskers [18,19]. Sn alloy whisker growth has been considered
a serious reliability problem because it causes electrical short-circuits
between adjacent electrodes on printed circuit boards after solder
application [20]. Such unwanted therefore, the studies of Sn alloy
electroplating for solder application havemainly been focused on avoid-
ance of unwanted whisker and dendrite growth using suitable bath
additives and composition [18,21]. However, there have been a few
studies describing the formation of 2D and 3D nanostructures of CuSn
alloys by self-organization [22–24].

During our recent study of CuSn alloy electrodeposition for soldering
applications, we unexpectedly discovered the formation of 3D nano-
tree-like structures under specific deposition conditions. The oxide of
3D nano-structures containing Sn, which possess high surface area, is
potentially promising a candidate for high sensitivity gas sensor
[25–27]. In this paper, the growth of CuSn nano-trees is demonstrated
using co-electroplating of Cu and Sn, andmorphology and crystal struc-
ture of the nano-trees are described.

2. Sample preparation

We electrodeposited Cu\\Sn alloys on 200-nm-thick sputtered Pt
films on Si substrates. Prior to electrodeposition, the Pt surface was
cleaned with isopropanol and deionized water in an ultrasonic bath.
The Cu\\Sn nano-trees were prepared using a Cu\\Sn alloy plating
bath containing 0.1 M·SnCl2, 0.01 M·Cu(NO3)2, 0.6 M·(NH4)2C2O4,
and poly-ethylene glycol (PEG1000) using aDCelectrodepositionmeth-
od with a potentiostat. The SnCl2 and Cu(NO3)2 are used as sources of
the Sn and Cu ions, and the (NH4)2C2O4 is added as a complexing
agent. Formation of ammonium cupric oxalate and stannous oxalate
are expected by addition of ammonium oxalate in the CuSn plating
bath. Ag|AgCl and a platinum electrode were used as a reference elec-
trode and counter electrode in the electrochemical cell, respectively. A
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Si substrate with a 200-nm-thick Pt coating was used on a rotating disc
electrode as theworking electrode. The area of electrode on the rotation
disc was 0.61 cm2. The rotation speed of the disc was maintained at
50 rpm. Cu\\Sn alloys were deposited at −0.6 V with respect to
Ag|AgCl. The Cu\\Sn bath conditions were controlled at 55 °C and a
pH of 3.5 during the electrodeposition.

Cyclic voltammetry (CV) measurements were carried out in the po-
tential range between 2.0 V and −3.0 V vs. Ag|AgCl. The sweep rate of
the potential was 100 mV/min.

Themorphology of the electrodeposited CuSn alloywas observed by
scanning electron microscopy (SEM: JEM-7500F, JEOL) with an energy
dispersive X-ray analysis (EDX) measurement system, and the crystal
structures and atomic ratios of the deposits were analyzed by transmis-
sion electron microscopy (TEM: JEM-2100F, JEOL) with an EDX mea-
surement system. The TEM specimens were prepared on carbon-
coated Cu meshes. The Cu\\Sn alloy electrodeposits were detached
from the substrate and cut into small pieces using an ultrasonic bath
with deionized water. A drop of the solution containing these cut sam-
ples was added to a C-coated Cu mesh and dried in vacuum.

3. Results and discussion

Fig 1 (a)–(c) show SEM images of Cu\\Sn alloy samples deposited
on Pt electrodes using DC electrodeposition at a constant potential at
−0.6 V with the addition of 50 ppm PEG. The duration of electrodepo-
sition was 180 min. The shape of deposits looked like nano-trees with
many perpendicular branches, as shown in Fig. 1. Each branch had a
1D structurewith a diameter of a few tens of nanometers and grew per-
pendicularly from the parent branch. Thus, the nano-trees had a 3D hi-
erarchical structure composed of 1D nanowires. Although the overall
shape of nano-trees indicated traces of pyramidal growth in tilted
view as shown in Fig. 1(b), the side view of nano-tree looked as leaf-
shaped growth in Fig. 1 (a). The thickness of widest dimension of the
nano-tree was about 8 μm at the middle part as shown in Fig. 1 (a).
The average height of nano-tree was approximately 25 μm. In the top
view of the nano-tree, four-fold symmetrical branches grew perpendic-
ular to the trunk of the tree, as shown in Fig. 1 (c). This implies that the
individual nano-trees are single crystals, and the crystal structure of the
nano-tree appears to have a four-fold symmetry, such as cubic.

Fig. 2 (a)–(c) show sequential images of a growth process of the
Cu\\Sn nano-tree deposited at −0.60 V with an addition of 50 ppm
PEG. At early stage of the Cu\\Sn deposition shown in Fig. 2 (a), isolated
needle like deposits without any branching were observed. With in-
crease in the deposition time, the needle like deposits grew further,
and the straight needles were observed in Fig. 2 (b). With further in-
crease in the deposition time, formation of the branches on the needles
occurred at 432 s in Fig. 2 (c). Thus, growth of the nano-tree started
from the individual parent needles. In addition, compared with Fig. 2
(b) and (c), non-vertically grown parent needles became less promi-
nent with increase in the deposition time. This tendency of vertical
alignment is more apparent in longer deposition time, i.e. Fig. 1 (a).
Only vertically grown nano-trees were observed in longer deposition
Fig. 1. (a) Cross-sectional view and (b) bird's-eye view SEM images of nano-trees grown by 180
image of the nano-tree indicated by the dashed box in (b).
time, and the growth of non-vertical needleswere stopped due to a nat-
ural selection during a competition of growth among the needles. It im-
plies a mass-transfer process of the ion in the electrolyte is involved in
the growth mechanism of the nano-tree.

To investigate the effect of PEG addition on the morphology of the
CuSn deposits, electrodeposition was performed using the CuSn alloy
plating solution with various amount of PEG. Fig. 3 (a) shows typical
CuSn deposits without PEG additive at a cathode potential of −0.60 V.
Instead of nano-trees, rounded quadrangular CuSn pillars were ob-
served. Under all cathode potential conditions from −0.2 to −0.8 V,
nano-trees could not be formed, and the morphology of deposits
grown without PEG more closely resembled to that of isotropic 3D
growth than that of 1D growth. Fig. 3 (b) shows typical CuSn deposits
with the addition of 25 ppm PEG. The morphology of deposits resem-
bled to quadrangular pillars shown in Fig. 3 (a) but the surface of
them was rougher. It looks like intermediate shape between quadran-
gular pillars and nanotrees. The morphology of CuSn deposits indicated
nanotree shape with addition of 50 ppm PEG at a cathode potential of
−0.60V as shown in Fig. 3 (c). Thus, the addition of PEGplays a very im-
portant role in the formation of nano-trees, by enhancing the 1D aniso-
tropic growth of individual branch during electrodeposition. Fig. 3 (d)
indicates the CuSn deposits with addition of 500 ppm PEG. Only 2D
grown CuSn film and thin walls were observed. The excess addition of
PEG suppressed formation of 1D and 3D structure.

The effect of PEG addition on the composition of the deposits was in-
vestigated. Table 1 shows the PEG concentration dependence of the Cu/
Sn atomic ratio in the deposits. The Cu/Sn atomic ratio was estimated
fromEDX resultsmeasured by the SEM equipment. Therewas a tenden-
cy of a decrease of the Cu/Sn ratiowith an increase in PEG concentration.

Fig 4 (a)–(c) show cross-sectional SEM images of Cu\\Sn alloy sam-
ples deposited on Pt electrodes using DC electrodeposition at a constant
potential from−0.59 to−0.61V. The duration of electrodepositionwas
60 min. The shape of the deposited CuSn alloy changed dramatically
with very small variations in the cathode potential. At a potential of
−0.59 V (Fig. 4 (a)), an array of nano-needles grew almost perpendicu-
larly to the substrate. The height of the needle and its diameter at the
bottom were approximately 5 μm and 200 nm, respectively. There
were several small branches, which grew at angles of almost 90° from
the needle. It is remarkable that nano-trees with many perpendicular
branches were formed at −0.60 V, as shown in Fig. 4 (b). Each branch
had a 1D structure with a diameter of a few tens of nanometers and
grewperpendicularly from the parent branch.When the cathodepoten-
tial was −0.61 V (Fig. 4 (c)), there were no nano-trees with straight
trunks or branches, but there were rounded branching structures.
From these observations, we conclude that the conditions required to
form CuSn nano-trees have a very narrowwindow of cathodic potential
around−0.60 V.

Fig. 5 shows the cathodic potential dependence of the atomic frac-
tion of Cu to (Cu + Sn) in the electrodeposited CuSn alloy. The concen-
tration of Cu tended to decrease with increasing negative potential
because the REDOX potential of the Sn ion was lower than that of the
Cu ion. The slope of the voltage dependence of the atomic ratio showed
min of long-duration electrodeposition with a cathode potential of−0.60 V. (c) Enlarged



Fig. 2. Cross-sectional view of CuSn alloys deposited at −0.60 V vs. Ag|AgCl for (a) 72, (b) 216 and (c) 432 s.
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a distinct change above and below−0.60 V, and there was a flat region
around−0.60 V. The Cu\\Sn ratio of nano-trees grown at−0.60 V was
approximately 81:19.

Fig. 6 shows cyclic voltammetry (CV) curves for Cu and Sn plating
bath using Pt electrode as a cathode, respectively. The Cu electroplating
solution contained 0.01 M·Cu(NO3)2, 0.6 M·(NH4)2C2O4, and PEG1000,
which was same components as the Cu\\Sn alloy electroplating bath
except for the Sn source. For the Sn electroplating, the solution contain-
ing 0.1 M·SnCl2, 0.6 M·(NH4)2C2O4, and PEG1000 were used. The con-
centration of PEG in the each solution was fixed at 50 ppm. In Fig. 6,
the reduction process initiated at a potential of about −0.1 V vs.
Ag|AgCl, which corresponded to the initiation of reduction of Cu2+

ions at the cathode surface. The current density of the Cu electroplating
solution indicated almost same value in both of outward and return po-
tential sweepswas observed. In contrast, Sn2+ reduction process initiat-
ed at −0.67 V and clear hysteresis loop was observed. The large
oxidation current was observed in the reverse potential sweep, com-
pared with the Cu CV curve.

Fig. 7 shows typical CV curve for Cu\\Sn plating bath with andwith-
out PEG using Pt electrode as a cathode. The two negative peaks were
observed in the both CV curves around−0.55 V and−0.9 V. The Cu de-
position process initiated at a potential of about −0.4 V vs. Ag|AgCl.
Fig. 3. Top view SEM images of CuSn alloys deposited at −0.60 V vs. Ag|AgCl with various c
(d) 500 ppm.
Therefore, at the first negative peak at −0.55 V, the Cu2+ reduction
was dominant compared with Sn2+ reduction, although small amount
of Sn2+ reduction occurred around this potential. At the −0.7 V, the
Sn reduction became dominant, and current indicated negative peak
at −0.9 V due to the mass transport limitation of ions. With addition
of 50 ppm PEG in the plating solution, the absolute value of current
was decreased. Therefore, the PEG in the plating solution worked as
an inhibitor for the Cu\\Sn plating. In contrast, the oxidation current
was increasedwith the addition of 50 ppmPEGduring the revers poten-
tial sweep. This could be explained by an increase of Sn ratio in the de-
posits due to the inhabitation of Cu deposition by PEG.

Fig. 8 shows I-t transients for various potential from the Cu\\Sn alloy
electroplating solution with PEG on Pt electrode. The initial part of each
transient is a momentary current due to the charging of the electro-
chemical double layer. After formation of the electrochemical double
layer, the absolute value of the transient currents was decreased. Subse-
quently, the transient current raised and indicating negative peaks. This
increase of I-t transient was related to nucleation step of CuSn on the Pt
electrode. The formation of nuclei contributes to increase of an active
surface area available for ion reduction, and it would increase the I-t
transient [28]. After the negative peak, the system made transition to
the steady–state reaction, controlled by the rate of mass transfer of Cu
oncentrations of PEG additive. (a) Without PEG. PEG concentration of (b) 25 (c) 50, and



Table 1
Cu/Sn ratio in the deposits electroplated at−0.60 V with respect
to Ag|AgCl for 60 min as a function of PEG concentration in the
CuSn plating bath.

PEG concentration
(ppm)

Cu/Sn ratio

0 5.2
25 4.5
50 4.2

Fig. 5. Potential dependence of Cu atomic percentage in CuSn deposits.
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and Sn ion toward the electrode surface. The particular shape of the I-t
transients for−0.59 and−0.60 V clearly showed that a nucleation pro-
cess was involved in the electroplating of Cu\\Sn alloys. In contrast, the
I-t transients for −0.61 V did not indicate the negative peak related to
the nucleation steps. In addition, the absolute value of the steady state
current of −0.61 V was smaller than the others. These would suggest
that the Cu\\Sn alloy deposits were made without nucleation at
−0.61 V, and PEG inhibition of deposition by adsorbed PEG worked
stronger than the others.

The cathodic current efficiency, F of Cu\\Sn alloy deposition was de-
termined by a coulometer and the equation (F = Wexp/Wtheo). Wexp is
the weight of the deposit obtained experimentally, and Wtheo is the
weight of the deposit theoretically according to Faraday's law, assuming
the cathodic reactions as reduction of Cu2+ and Sn2+. The measure-
ment of Wexp was performed with a quartz crystal microbalance using
the Cu\\Sn alloy solution with PEG for 60min. The estimated Fwas ap-
proximately 0.95 for the cathodic potential at −0.60 V, which was
slightly smaller than 1.00. The decrease of F from 1.00 was probably at-
tributed to either or both of hydrogen evolution and formation of com-
plex with metal ion and (NH4)2C2O4 because the deposition from
complex species is generally not as easy as the deposition from free
metal ions [29].

Fig. 9 shows XRD patterns of Cu\\Sn deposits on Pt plated at−0.6 V
vs. Ag|AgCl, both with and without the addition of 50 ppm PEG. For de-
posits formed without PEG, a hexagonal closed packed crystal structure
considered as ζ-Cu10Sn3 was observed as the main peaks [30,31], in ad-
dition to peaks from the Pt electrode and the Si substrate. In the XRD
patterns of deposits prepared from plating solutions containing
50 ppm PEG, two new peaks appeared in addition to the ζ-Cu10Sn3

peaks. These additional peaks were from γ-CuSn (110) with a BiF3-
type cubic structure [30,32] and ε-Cu3Sn (101) with an orthorhombic
structure [30,33]. ε-Cu3Sn is a well-known stable Cu\\Sn alloy, as is η-
Cu6Sn5 at room temperature, according to the equilibrium phase dia-
gram [34]. However, ζ-Cu10Sn3 and γ-CuSn generally exist as high-
temperature phases of Cu\\Sn alloys in the equilibrium phase diagram.
Electrodeposition is known to be a non-equilibrium growth technique.
In fact, several papers have already reported the presence of high-
temperature phases in Cu\\Sn alloys prepared by electrodeposition at
room temperature [35,36].

The Cu/Sn atomic ratios of the crystal phases observed in the XRD
measurements were 3.0 for ε-Cu3Sn, 3.3 for ζ-Cu10Sn3, and 2.6 to 5.0
for γ-CuSn, respectively [34]. The Cu/Sn ratio of 5.2 estimated by EDS
without PEG shown in Table 1 was too large for ζ-Cu10Sn3 observed in
XRD measurement. It seems that the Cu-rich impurities which were
Fig. 4. Cross-sectional SEM images of CuSn alloys deposited at (a)−0
not observed in XRDmeasurements existed in the deposits. Alternative-
ly, there was unknown CuSn phase having a similar crystal structure as
the hcp ζ-Cu10Sn3, which was not presented in the equilibrium Cu\\Sn
phase diagram. In either case, the additional diffraction peaks were ob-
served in the deposits with 50 ppm PEG. The local area EDX measure-
ments were carried out in the TEM equipment for the nanowire of the
nano-tree. Fig 10 (a) show TEM image of CuSn nanowire prepared
from nano-trees grown with addition of 50 ppm PEG at a cathode po-
tential of −0.60 V. The evaluated Cu/Sn atomic ratio of the nanowire
was approximately 4.2, which was almost the same as wide area EDX
result measured by SEM shown in Table 1. The estimated Cu/Sn values
from EDX measurement were consistent with the composition of
cubic γ-CuSn for the sample with 50 ppm PEG. In addition, composition
ratio of Cu/Sn was homogenous in the nanowire shown in Fig. 10 (a).
Fig. 10 (b) shows selected area diffraction (SAD) pattern of the nano-
wire. The SAD spots were indexed by assuming a BiF3-type cubic struc-
ture along the [001] zone axis in Fig. 10. In Fig. 10 (b), two weak spots
indicated by arrows appeared between the dominant diffraction spots.
These weak spots were observed in nanowires grown in 〈100〉 direc-
tions, and the position of the spots is consistent with the original cubic
lattice. It seems that the origin of the weak spots corresponds to a
superlattice structure formed in the cubic crystal. Fig. 10 (c) shows a
high resolution TEM image of the tip section of the nano-tree shown
in Fig. 10 (a). The superlattice structure which corresponds to 3-times
of γ- CuSn (220) is confirmed in Fig. 10 (c). The observed branches
were single crystal and they grew in the 〈100〉 directions. The lattice
spacing estimated from the SAD pattern was 0.22 nm for {220}, and
0.15 nm for {400}, and these values agree well with the known lattice
spacing of γ- CuSn {220} and {400} for 0.2163 and 0.1529 nm, respec-
tively [30,32].

According to the above results, an individual nano-tree consists of
nanowires of γ-CuSn-based single crystals. Moreover, the deposited
.59, (b)−0.60, and (c)−0.61 V vs. Ag|AgCl on a Pt/Si substrate.



Fig. 6. Cyclic voltammetry curve of Cu and Sn on Pt rotation disc electrode. The arrows
indicate sweep direction of potential for Sn. Fig. 8. Current – time (I-t) transients during Cu\\Sn alloy deposition on the Pt electrode

with various potential in the Cu\\Sn plating bath containing PEG. The arrow in this
image indicates the negative peak observed in the I-t transient with the potential at
−0.59 V vs. Ag|AgCl.
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film under the nano-trees mainly consisted of polycrystalline hcp ζ-
Cu10Sn3 which appeared as the main peaks of both samples in the
XRD measurements, regardless of the presence of the nano-tree struc-
ture. It is presumed that the PEG additive in the plating solution inhibits
the growth of a specific crystal orientation of single-crystal γ-CuSn, en-
hancing the 1D growth of γ-CuSn. The geometry of the nano-trees im-
plies that there are preferred crystal growth directions for nanowires
during electrodeposition, which are γ-CuSn 〈100〉 indicated in Fig. 9
(b). The six equivalent cubic 〈100〉 directions can simply explain the
structure of thenano-tree, and eachwire grows epitaxially on themoth-
er single-crystal wire.

Mechanisms of branch formation in nanoscale framework structures
using self-organization techniques have been discussed in several re-
ports. For example, the growth of an ordered 2D Sn latticework has
been explained by periodic potential oscillation during electrodeposi-
tion. In particular, the periodic occurrence of three successive processes:
autocatalytic growth of a 1D Sn nanowire under diffusion-limited con-
ditions, steady growth of cuboid-Sn crystal under reaction-limited con-
ditions, and autocatalytic surface oxidation of the wires and cuboids,
occurred during electrodeposition of Sn in constant-current mode
[14]. In contrast, a tungsten oxide nanowire network and a pine tree
structure were explained by the presence of crystal dislocations in 1D
nanowires that facilitated the nucleation of branching nanowires [11,
13]. In our case, a constant potential was applied, and no oscillation of
the potential or current was observed during electrodeposition of the
CuSn alloy, although both the material system and growth technique
were similar to those of the Sn latticework. Therefore, the probable
Fig. 7. (a) Cyclic voltammetry curve of Cu\\Sn alloy on Pt rotation disc electrode from an Cu\\S
range from 0 to −1.4 V of Fig. 6 (a).
hypothesis explaining the creation of the branched structure in the
CuSn alloy is that nanowire surface defects acted as branch nucleation
sites [11,13]. There are several possible reasons for the formation of
these defects, such as crystal dislocation of the CuSn nanowire or inho-
mogeneous coating of the PEGmolecules acting to inhibit the growth of
specific crystal orientations of single-crystal γ-CuSn. To better under-
standing of nano-tree formation, further TEM observation of the
branching points of the nano-trees and detailed investigation of the ef-
fects of additives are required. As far as 1D growth of CuSn nanowires
with PEG addition is concerned, suppression of CuSn reduction by
adsorbed PEG molecules on the CuSn surface seems to be very impor-
tant aswell asmass transfer control of the Cu and Sn ion during electro-
deposition. It is known that the addition of PEG in the Cu plating bath
inhibits Cu reduction [37,38]. The PEG in Cu electroplating solution
react with metal ions on cathodic surface in Cu electroplating solution,
forming complex agents of such PEG-Cl-Cu composites. This composi-
tion absorbs on active surface of Cu crystal, andworks as a diffusion bar-
rier against accumulation of the metal ions [39–42]. Additionally, we
also performed the CuSn alloy deposition without Cl in the plating
bath using SnC2O4 as a Sn source instead of SnCl2, to confirm the effect
of Cl for the nano-tree growth. However, we have not observed any
nano-trees' formation at any potential even though PEG was added.
Bonou et. al. reported the effect of PEG and Cl ion during Cu
electroplating on nucleation [42]. They indicated Cu deposition
occurred without nucleation with addition of both of PEG and Cl ions,
n plating bath with 50 ppm of PEG and without PEG. (b) Magnified curve of the potential



Fig. 9. XRD patterns of Cu\\Sn deposits on a Pt electrode plated at−0.60 V vs. Ag|AgCl in
plating baths with and without the addition of 50 ppm PEG.
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and the surface of the deposited Cu film became smoother than the film
plated without PEG and Cl ion. This results suggest that the addition of
PEG and Cl ion in the Cu electroplating solution inhibits the three di-
mensional deposition of Cu on the electrode as well as the deposition
rate. In our experiments, the mechanism of the nucleation of CuSn
Fig. 10. (a) Bright field TEM image of branches prepared from part of CuSn nano-tree. (b

Fig. 11. Schematic of CuSn nano-tree growthmechanism assistedwith adsorption of PEGwith th
The PEG adsorbed on the specific crystal surface of the CuSn works as inhibitor for metal depo
alloy depended on applied potential during the deposition. Therefore,
the inhibition of the deposition by PEG and Cl ion began to take effect
between −0.60 and −0.61 V in our electroplating condition, which
was almost the potential for the growth of nano-trees. Thus, appropriate
inhibition of deposition would be necessary for the nano-trees forma-
tion. Therefore, it is speculated that adsorbed PEGmolecules on specific
CuSn crystal planes with high Miller indices suppress CuSn alloy depo-
sition with the help of Cl, as shown in Fig. 11. The PEG adsorbed on
the CuSn inhibits metal deposition, and the CuSn does not grow on
the surface covered with PEG. A nucleation of branch of the nano-tree
may occur at the defect of PEG on the CuSn surface. Then, the electrical
field concentrates at the convex parts of the CuSn tips, and enhanced
growth of the CuSn at the positon. As a result, anisotropic growth of
CuSn nanowires along the 〈100〉 direction was occurred by the PEG ad-
dition. Moreover, it is known that an addition of PEG in a plating solu-
tion suppresses hydrogen gas evolution [43]. The hydrogen gas
evolution may affect the morphology of deposits by changing the hy-
drodynamic conditions in the near-electrode layer [44]. The addition
of PEG may contribute to keep the diffusion-limiting condition leading
to the formation of the nano-tree.

4. Conclusions

In conclusion, the present work discovered the formation of CuSn
nano-trees using a co-electrodeposition technique with PEG, and the
detailed nano-tree growth conditions were investigated. Adding PEG
)The SADE patterns of the branch shown in Fig.8 (a). (c)HR-TEM image of Fig. 8 (a).

e help of Cl on the CuSn surface. The small arrows indicate concentration of electrical field.
sition.
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during the electrodeposition of the CuSn alloy is important to obtain
CuSn nano-trees. Moreover, each nanowire in a nano-tree consists of a
single crystal γ-CuSn, and the growth directions of the branches are
〈100〉. The detailed formation mechanism of the nano-tree remains
under investigation. In particular, the mechanism of one-dimensional
growth of single-crystal γ-CuSn and the branching trigger are essential
topics of further study.
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