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Here, we report the synthesis of single crystalline § phase Cu-Zn nanowires (diameter around 150 nm
and typical length up to 10 pm) by combining electrodeposition and annealing. The obtained nanowires
present temperature driven martensitic transformation similar to that found in bulk samples from B2 to
9R structure. A weak influence of the dimensionality on the martensitic transformation is observed
in these nanowires. The possibility to obtain bundles of single crystalline nanowires with tunable
martensitic transformation temperature and hysteresis similar to that found in bulk, seems to be a
fundamental approach to the development of smart nanosystems based on shape memory alloys.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Shape memory alloys (SMAs) present a martensitic transforma-
tion which can be reversibly induced either by cooling and heating
(giving rise to the shape memory effect) or by applying and
releasing a mechanical stress (giving rise to the super-elastic
effect) [1]. The transition temperatures of SMAs during the cooling
process will be addressed as follows: martensitic start (M), and
martensitic finish (My). Whereas during the heating process they
will be addressed as austenitic start (As) and austenitic finish (Ap).
The martensitic transformation temperature can be set by metal-
lurgical composition. The shape memory effect is related to the
possibility of memorizing different geometries in the austenitic
and in the martensitic phases after a specific thermo mechanical
training. Super-elastic behavior is obtained when the martensitic
transformation is induced by applying stress in the austenitic
phase. During the transformation the external force remains
practically constant whereas mechanical work is consumed for
the transformation phase. Once a deformation of ~ 8% is reached,
all the available austenite is transformed into the martensite.
Exceeding that value SMAs respond as an ordinary elastic material
or undergoes a second martensite-martensite transformation at
much higher stresses (for instance the 18R to 6R martensite). In
this way, a totally mechanical reversible deformation (with more
than 15% of elongation) can be obtained [2]. Shape memory and
super-elastic behavior have potential technological applications
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in Micro-Electro-Mechanical Systems (MEMS) [3]. The wide
range of materials includes Ni-Ti [4], Au-Cd [5], In-Tl [6], Cu-
based alloys [7], and also magnetic materials such as Fe-Pd [8] or
Ni-Mn-Ga [9]. Research about the influence of low dimensionality
in SMA has been carried out by etching thin films in defined
geometries [3,10], and by testing the mechanical response of
nanopillars obtained by milling single crystals with Focused
Ion Beam [11-13]. The performance of these systems depends
critically on their microstructure and dimensionality (surface/
volume ratio). The control of the microstructure is fundamental
in the developing of multifunctional and smart materials, oriented
to miniaturization technologies.

The study of low dimensional SMA can be extended by
fabricating nanowires (NWs). Usually metallic NWs are obtained
by electrodeposition [14]| and chemical vapor deposition [15]. But
if the material has a low melting point they can also be obtained
by liquid metal injection in anodized aluminum oxide (AAO)
templates [6]. One of the difficulties related to the fabrication of
SMA by electrodeposition is associated with the high sensitivity of
their properties to small changes in the chemical composition.
Recently, we have reported the possibility to tune the M; in Cu-Zn
films by making the samples in two steps, electrodeposition and
annealing [16]. A Cu-Zn film is initially obtained by electrodeposi-
tion. Then it is encapsulated in a quartz ampoule together with a
Cu-Zn bulk reference and annealed at temperatures up to 1173 K.
A high annealing temperature is necessary to stabilize the p Cu-Zn
phase. In addition, the high Zn vapor pressure and diffusivity [17]
allow fixing the Zn atomic concentration in the film with the
Cu-Zn bulk reference with a precision more accurate than 0.1 at%.
During the thermal annealing, the Zn vapor pressure inside the
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quartz ampoule is determined by the bulk reference and the
precursor Cu-Zn film copies its chemical concentration. The Cu-
Zn alloy presents a martensitic transformation for Zn concentra-
tions between 38.5 at% and 41.5 at%, with a M [K]=2686-64 Cz,
[at%] (Cz, is the Zn composition) which ranges from very low
temperatures up to 230 K [18,19].

In this letter, the procedure previously described is applied to
obtain B phase Cu-Zn NWs by confining the electrodeposition
process to a polycarbonate membrane with a nominal pore
diameter of 200 nm. After annealing, single crystalline NWs (with
diameter around 150 nm and typical lengths up to 10 um) are
obtained. The NWs present a temperature driven martensitic
transformation similar to that found in bulk samples from B2 to
9R structure [7]. Our result is auspicious due to both, the simple
fabrication process and the weak influence of the dimensionality
on the transformation temperature and on the features of the
transformation (extension of the transformation and hysteresis).

2. Material and methods

The wires were grown following the procedure described in
Ref. [16]. The solution was prepared with commercially available
chemicals (Aldrich). The composition was 0.025 mol 1= CuSO4+
0.06 mol 1= ! ZnSO4+0.9 mol 1! K4P,0; (pH=8.2). Water treated
by a Millipore Milli-Q system was used. The nanowires were
grown under stirring at room temperature (around 293 K). The
working electrode was a commercial polycarbonate template
(Millipore) with nominal pore size 200 nm with an area of
0.5 cm?. An Au thin film was deposited by sputtering on one side
of the porous membrane, to be filled in and serve as a cathode. The
reference was a commercial Ag/AgCl electrode. The counter
electrode was a Pt wire. The nanowires were grown at constant
voltage (—1.4V vs. Ag/AgCl electrode). An agitation system was
used in order to avoid hydrogen evolution over the sample, and to
obtain a homogeneous growth inside the nanopores. After grow-
ing the nanowires, the Au thin film was removed from the
polycarbonate template by using sand paper in order to avoid
gold interdiffusion inside the Cu-Zn nanowires during the thermal
annealing. The polycarbonate template (with the Cu-Zn nanowires
embedded inside) was covered with tantalum foil, and encapsu-
lated in a quartz ampoule (0.8 cm x5cm) together with a
Cu-40.1 at% Zn bulk reference (~ 1 g). The ampoule was purged
several times with Argon before being sealed. The sample was
heated from room temperature to 1173 K at 5Kmin~!. The
temperature was stabilized during approximately 15 min
(at 1173 K) and after that the ampoule was quenched in ice water.
It is important to mention that better results were obtained by
annealing the wires embedded in the polycarbonate template than
in other attempts where the template was previously dissolved in
chloroform. The polycarbonate template is discomposed during
the annealing, avoiding the chemical reaction among nanowires.

Scanning electron microscopy (SEM) images were acquired
with a FEI Nova NanoSEM 230. The microstructure of the films
was studied by transmission electron microscopy (TEM) with a
Philips CM200UT microscope operating at 200 kV. A micro-
template was developed for the transport measurement combin-
ing optic and electronic lithography. First a gold layer is deposited
over a silicon substrate. Gold contact gaps between 500 nm and
2 um are obtained by electronic lithography. Larger gold contacts
are deposited using optic lithography and lift-off techniques. The
manipulation of the Cu-Zn NW was done using a focused ion
beam (FIB)/scanning electron microscope (SEM) dual beam FEI
Helios NanoLab 600 equipped with a micromanipulator Omniprobe
100. In the first step a single nanowire was fixed to the manipulator
with Pt (in situ deposition), which was then pulled out from the

bundle. The nanowire was free standing with one end attached to
nanomanipulator and it was transported with the manipulator.
After that, the nanowire was brought to the desired position at the
silicon wafer. The free end of the NW was fixed to the wafer by
depositing Pt. Then the ion beam was used to cut the linkage
between the tip and the NW, and the remaining end was fixed to
the wafer. The electrical contacts to the gold pattern were made by
Pt deposition. During the manipulation, the imaging of the NW with
ions was avoided as much as possible, in order to prevent the
formation of crystalline defects. Low ion currents of 30 pA to 50 pA
were used for that.

The martensitic transformation in the bulk reference was
parameterized using the conventional four probe electrical con-
figuration; whereas in the nanowire, a two probe electrical
configuration was used. In the latter case, the circuit had serial
resistances which include: the nanowire, the gold patterns and the
two sample/gold pattern contacts. The measurements were per-
formed in a vacuum cooling machine with a temperature rate
(cool down and warm up) of 0.15 K min~!. The low temperature
rate ensures no thermal shift between the sample and the sensor.
The current density was 100 A cm 2. The resistance was obtained
by applying electrical current in both directions.

3. Results and discussion

Fig. 1a shows a SEM image of the precursor electrodeposited
Cu-Zn NWs embedded in the polycarbonate template partially
dissolved with chloroform. The NWs look uniformly distributed,
show relatively low surface roughness (see Fig. 1b), and present
an almost uniform circular cross section all along the wire length.
The chemical composition in the electrodeposited NWs was
determined by energy dispersive spectroscopy (EDS) being around
Cu-30 at% Zn. This indicates that during the annealing, the Zn
concentration needs to be increased to reach a similar value to the
one present in the Cu-40.1 at% Zn bulk reference. Fig. 1c shows a
typical free NW after being quenched in ice water from 1173 K. The
NW looks uniform and its initial cylindrical geometry changes to
square-like cross section geometry after annealing. The diameter
of the Cu-Zn NWs is reduced to around 150 nm as consequence of
an increment in their density due to segregation of electrochemi-
cal residues.

Fig. 2a shows a dark field TEM image of the microstructure of
an electrodeposited NW. The microstructure presents in most
cases, nanometric grains ( <30 nm) and occasionally some larger
grains with diameters of the same order as that in the NWs. The
electron diffraction pattern of the wires (see Fig. 2a inset)
corresponds to the « Cu-Zn phase, which is FCC, in accordance
with the binary phase diagram [20]. After annealing, the NWs
become single crystalline with p Cu-Zn phase (see Fig. 2b). The
high Zn diffusivity produces single crystalline NWs with diameters
around 150 nm and lengths above 10 pm. Fig. 2b shows a typical
dark field TEM image of a single crystalline p Cu-Zn NW. According
to the electron diffraction pattern (see Fig. 2b inset) of the B2
structure or ordered B phase, the axial orientation of the NW
corresponds to the [110] direction. Even though superlattice
reflections were not observed (due to their weakness and the
thickness of the wires), the ordered structure is expected to be as
in bulk samples. Although most of the annealed NWs observed by
TEM were single crystalline, we have also observed bicrystal NWs,
clearly identified by their electron diffraction patterns or dark field
images. It is important to mention that the performance in single
crystalline SMAs is higher than in polycrystalline samples. On the
one hand grain boundaries reduce the super-elastic behavior.
On the other, the mechanical performance of SMAs during mecha-
nical cycles in polycrystalline samples is affected by degradation
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Fig. 1. SEM images of Cu-Zn nanowires. (a) Electrodeposited nanowires embedded
in the polycarbonate template. (b) Single electrodeposited nanowire. (¢) Annealed
nanowires.

mechanisms such as fatigue [21]. Therefore, better mechanical and
thermal driven transitions are expected in single crystalline SMAs.

Fig. 3a shows the manipulation of a B phase Cu-Zn NW using a
focused ion beam (FIB)/scanning electron microscope (SEM)
equipped with a micromanipulator, which is specifically placed
on a nanostructured gold pattern in silicon wafer (see experi-
mental description). The resistance was measured in a two contact
configuration (see Fig. 3b). The total resistance (R) of the two-point
probe configuration is expressed as Rapoint=Rgold+ 2Rcont+ Reuzn.
Fig. 4 shows R vs temperature (T) curves in the reference sample
and a single NW (cycles number 2 and 4). The reference sample
shows M;=126 K and a hysteresis of 6 K. In the NW measure-
ments, a semiconductor-like background was subtracted in order
to remove electrical contact parasite resistances. The R vs. T cycles

Fig. 2. (a) Dark field TEM image of an electrodeposited Cu-Zn nanowire. Inset:
Corresponding a phase Cu-Zn electron diffraction rings. (b) Dark field TEM image
in an annealed Cu-Zn nanowire. Inset: Corresponding [0 0 1] electron diffraction
pattern of p phase. The nanowire is oriented along the [1 1 0] direction.

in the NW show a first order transition, with M;=135 K (which is
similar to the one found in the bulk and it is according to its
chemical composition). It is important to mention that the
hysteresis associated with the temperature driven martensitic
transformation ( ~ 11 K) in single crystalline NWs is within expec-
tations for a B2 —9R transformation [22], and smaller than those
found in polycrystalline films (~20K) [16]. Furthermore, the
extension of the martensitic transformation (Ms-My) in the NW
is similar to that found in the bulk sample. The slight difference in
the hysteresis can be related to the influence of the surface/volume
ratio. In comparison with the bulk, the martensitic transformation
in NWs needs larger overcooling (5-6 K), which can be related to
larger driving force due to dimensional effects. This fact indicates a
weak influence of the dimensionality on the temperature driven
martensitic transformation with diameters above 150 nm. For
example, in bulk specimens of Cu-Zn-Al the hysteresis of the
B— 18R ranged from 4 K to 8 K, depending on the sample condition
[22]. This hysteresis is related to martensite variants nucleation
and intervariant interaction. Lower hysteresis (around 0.2 K) can
be obtained in a single interface transformation in a Cu-Zn-Al
single crystal, were variant nucleation and intervariant interaction
are avoided [23].

The low influence of the dimensionality manifested on the
temperature driven martensitic transformation of g phase Cu-Zn
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Fig. 3. (a) A nanowire is removed from the bundle, and it is brought to the desired
position at the silicon wafer. The free end of the NW is fixed to the wafer by
depositing Pt. (b) The nanowire is fixed to the silicon support. Electrical contacts fix
the nanowire at both extremes.
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Fig. 4. Electrical transport in the Cu-Zn bulk reference and in a Cu-Zn nanowire.
The thermal cycles number two and number four are included in the nanowire.

NWs should be taken into account for the development of
technologies based on SMAs. On the other hand, high pseudo
elastic behavior with deformation up 12% has been recently
reported in Ni-Ga-Mn epitaxial thin films [24]. These results
indicate that future efforts to create tiny smart machines [25]
should be oriented to the synthesis of single crystalline samples.

4. Conclusions

In summary, a simple fabrication process to obtain single
crystalline B phase Cu-Zn NWs is presented in this work. The
results indicate low influence of the dimensionality on the B2 «»9R
martensitic transformation of Cu-Zn NWs with diameter around
150 nm. This result is in agreement with the austenitic-martensitic
transformation of other nanostructured systems such as In-Tl [6].
Although mechanical tests are necessary for an overall evaluation of
the performance of the Cu-Zn NWs, the fabrication of single
crystalline sample bundles with tunable M is a fundamental first
step to their possible technological applications in nanostructures or
smart MEMs with functionalities at low temperatures.
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