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ABSTRACT

Characterization of composition and structure is crucial to understanding the properties and performance of nanomaterials. For nanowires
and nanotubes, determining radial compositional and structural modulations is particularly challenging. Here we use a focused ion beam (FIB)
lift-out technique to show that Cu-Ni core/shell nanowires fabricated by template synthesis are characterized by large, high purity (>99
atom %) copper grains surrounded by much smaller, high purity (>99 atom %) nickel grains.

Nanomaterials with high aspect ratios, such as nanowires,1–4

nanoporous nanowires,5 and nanotubes6–8 have potential
applications in solar cells,9,10 chemical sensors,11 biosepa-
rations,12 optical barcodes,13 and drug delivery.12,14 The
physical properties of these materials are intimately related
to the composition and structure, and hence characterization
using tools such as transmission electron microscopy (TEM)
is crucial for materials development.

Core/shell nanowires provide a novel class of nanomate-
rials that are characterized by a radial variation in composi-
tion and microstructure. For example, core/shell semicon-
ductor nanowires have been exploited in p-i-n solar cells.15

In previous work,16 we have demonstrated that electrode-
posited Cu-Ni films form a novel microstructure character-
ized by nodular features with a copper-rich core and nickel-
rich shell. By confining deposition to a porous template with
appropriate pore dimensions, single core/shell nanowires can
be produced. Chemical etching of the copper-rich phase
reveals a nickel-rich tube, implying a structure with a copper-
rich core and nickel-rich shell.

The focused ion beam (FIB) lift-out technique allows site-
specific preparation of TEM sections from a range of sample
materials.17–19 Here, we report a new application that allows
direct investigation of the radial structure of nanowires. Our
combination of cross-sectional FIB and TEM provides direct
evidence for phase separation that complements other

techniques, such as X-ray diffraction, while revealing dif-
ferences in grain size and compositional distribution between
the core and shell regions.

For TEM characterization, nanowires are usually sus-
pended in a solvent and dispersed on a grid.1,3,15,20 This
method is relatively straightforward and convenient but has
two principal drawbacks. First, since imaging is performed
perpendicular to the nanowire axis, the nanowires need to
be less than about 50 nm in diameter to extract useful
information. Second, in this geometry it is very difficult to
obtain cross-sectional information. For nanowires with axial
compositional or structural modulations, such as multilayered
nanowires,1 imaging perpendicular to the nanowire axis is
ideal for characterization of the layer thicknesses and
interface quality. For nanowires with radial structural or
compositional variations, however, imaging parallel to the
nanowire axis is essential.

Figure 1 shows X-ray diffraction patterns for our Cu-Ni
nanowires demonstrating phase separation. Details of the
template synthesis have been described elsewhere.16 The
diffraction pattern for the as-deposited nanowires shows two
peaks close to the values of 2θ for Cu(111) and Ni(111),
indicating the formation of a copper-rich phase and a nickel-
rich phase. Copper and nickel have similar lattice parameters
(aCu ) 0.3615 nm, aNi ) 0.3524 nm) and are generally
thought to exhibit solid solubility across the whole compo-
sitional range. Recent reports, however, demonstrate a
miscibility gap below 600 K.21,22

The Cu-rich phase can be selectively etched from the
nanowires by applying a positive potential. Although copper
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is more noble, nickel forms a protective passive film in
sulfamate solution and hence the copper can be selectively
etched.23,24 The X-ray diffraction pattern of the nanowires
after etching shows a single peak corresponding to the nickel-
rich phase. The SEM image of the Cu-Ni nanowires after
etching (Figure 1) reveals a tube geometry suggesting a core/
shell structure.

The FIB work was done using a Ga+ beam in a dual-
beam instrument (FEI, Nova-600) with a micromanipulator
working edge-on to the nanowires still in the template. Prior
to FIB milling, a small piece of the alumina template
containing the nanowires was coated with a thin (∼10 nm)
layer of gold to reduce charging during electron- or ion-
beam imaging. The sample was then mounted vertically on
the sidewall of the sample stage with the template cross-
section uppermost and the nanowires horizontal. The lift-
out technique, detailed in Figure 2, involves cutting a 2 µm
thick foil out of the template, using a micromaniulator within
the FIB chamber to move the sample to a TEM grid, followed
by final thinning and cleaning on the TEM grid.

Figure 2a shows part of the template viewed from above;
note that the side where deposition was initiated is at the
top and the nanowires are about 15 µm long. As shown in
Figure 2b, prior to ion-beam milling, a 2 µm thick rectangular
platinum stripe about 2 × 20 µm is deposited on the template
cross-section using the FIB gas injection system (GIS). This
stripe is deposited over the area of interest and protects the
underlying sample from ion-beam damage during milling.
The FIB is then used to mill out the template on either side
of the platinum stripe (Figure 2c). This milling leaves a 2
µm thick foil standing vertically in the template. This foil is
then partially cut free by milling through one side, the bottom
and part of the second side (Figure 2d).

Moving the foil to the TEM grid involves affixing the
micromanipulator probe by deposition of Pt using the FIB
GIS (Figure 2e) and milling through the remaining contact
with the bulk sample to free it from the template (Figure
2f). The sample is then positioned against the TEM grid
(Figure 2g), secured with GIS deposited Pt, and cut free from
the micromanipulator tip (Figure 2h). For these steps, ion
milling was performed at 30 keV with beam currents of 1-5

nA. Platinum deposition utilized beam currents of 0.1-0.5
nA.

Once secured on the TEM grid, the sample is thinned to
electron transparency using ion milling nearly parallel to the
large plane of the foil. To minimize sample damage, the beam
current is dropped to ∼0.1 nA for the final micron of thinning
and the face of the foil is never scanned with the ion beam.
Final thickness was 50-90 nm. Final cleaning of the sample

Figure 1. X-ray diffraction patterns of Cu-Ni nanowires before
and after Cu etching. The nanowires were deposited at -0.9 V
(Ag/AgCl) into an alumina template with a pore diameter of 220
nm from solution containing 50 mM CuSO4, 400 mM Ni(N2HSO3)2,
and 0.65 M HBO3. The Cu was selectively etched at 0.5 V (Ag/
AgCl) in the same solution. The inset shows an SEM image of
Cu-Ni nanowires after etching.

Figure 2. SEM images illustrating the steps in the FIB lift-out
technique to prepare TEM cross sections. All scale bars are 10 µm.
(a-f) SEM images taken in the ion beam channel; (g-j) SEM
images taken in the electron beam channel. (a) The alumina template
containing the nanowires is vertically mounted on the side wall of
the stage with the nanowires oriented horizontally; (b) a Pt strap is
deposited over the area of interest; (c) ion milling is used to mill
away the sample adjacent to the Pt covered region; (d) after rotation
of the stage, the sample is partially cut free from the bulk (e) the
micromanipulator tip is welded to the Pt stripe; (f,g) the sample is
transferred to the TEM grid; (h) the sample is attached to the TEM
grid by depositing Pt then cut free from the micromanipulator; (i)
side view and (j) top view of the nanowire sample after thinning.
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was done with a 5 kV, 70 pA beam to remove surface layers
containing damage from the 30 kV thinning and ensure
minimal damage in the final sample.25

Figure 3 shows SEM cross-section images of the Cu-Ni
nanowires in the template before and after etching. The SEM
images of the as-deposited Cu-Ni nanowires show that the
pores are not circular, typical of the alumina templates, and
that some nanowires (<15%) are missing, most likely as a
result of the sample preparation process. The Cu-rich and
Ni-rich phases cannot be distinguished in the SEM by
imaging. Low-voltage, SEM-based EDS investigation can
provide spatial resolution less than 100 nm but would require
the use of Cu and Ni L-shell X-rays whose substantial peak
overlap make quantitative analysis intractable.26 After etch-
ing, the core is removed leaving the tubular shell, as
described above.

Figure 4a shows bright field TEM images of the FIB cross-
section revealing solid Cu-Ni nanowires (dark) embedded
in the alumina template (light). Energy-filtered transmission
electron microscopy (EFTEM) utilizing the electron energy-
loss spectrum (EELS) was used to produce images showing
the compositional variation. Figure 4b is an EFTEM ratio
image27,28 formed using the Ni L3,2 absorption edge at ∼855
eV energy loss and showing higher nickel content around
the perimeter of the nanowires. Representative energy
dispersive, X-ray spectra (EDS) of the core and shell regions
are shown in Figure 4d,e. For this analytical work, we
prepared samples on Mo TEM grids to avoid spurious X-rays
from the usual Cu grids. EDS spectra were collected with

2-5 nm spot sizes using an Oxford INCA 6367 Si(Li)
detector with Oxford INCAx-stream digital pulse height
analyzer. Samples were mounted in a Be-cup, low back-
ground Gatan holder tilted to 20° to provide nominal takeoff
angles of 40°. For quantification, X-ray background was
removed by subtracting a third-order, multipolynomial mod-
eled background fit in seven energy windows from 0.17 to
7.72 keV wide. Cu-K and Ni-K peaks were fit to Gaussians
and reduced with ZAF (backscatter/absorption/fluorescence)
correction using EMISPEC ESVision 4.0 software. Since the
samples are binary, resulting compositional ratios were
normalized to 100% and showed that the shells are
Ni0.994Cu0.006 while cores are Ni0.006Cu0.994. Typical errors on

Figure 3. Cross section, secondary-electron images of Cu-Ni
nanowires (light) inside the template (dark): (a) before etching and
(b) after etching the copper core.

Figure 4. (a) TEM cross-section image of the Cu-Ni core/shell
nanowires in the alumina template, (b) corresponding EFTEM
image with core/shell structure, (c) TEM cross-section image of
Ni nanotubes after etching the Cu-rich core, (d) EDS spectrum of
the Cu-rich core in as-deposited Cu-Ni nanowires, and (e) EDS
spectrum of the Ni-rich shell in Cu-Ni nanowires after etching.
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such TEM EDS analyses are approximately (0.3%. Gallium
was below the detection limit in all EDS spectra, highlighting
that ion beam damage from FIB milling is negligible. Clearly,
the nanowires have almost pure Cu cores with almost pure
Ni shells. After etching the copper-rich phase, FIB prepara-
tion allows TEM imaging of the remaining nickel-rich
nanotubes (Figure 4c).

Figure 5 shows a cross-sectional bright-field TEM image
of Cu-Ni core/shell nanowires. The strong diffraction
contrast and small grain size of the shells prevent visualiza-
tion of the complete grain structure of the wires in a single
micrograph. There is evidence, however, that in general the
Cu-rich core is composed of one or just a few large Cu grains
while the surrounding Ni-rich shell is characterized by a large
number of smaller grains. Figure 5a shows an example of a

large copper grain, about 100 nm in size, bisected by a twin
boundary (arrowed). The inset in Figure 5a is a selected-
area electron diffraction (SAED) pattern showing the extra
spots due to twinning on (111) planes. The EFTEM ratio
image map in Figure 5b shows a typical, irregularly shaped
Cu-rich core. The higher magnification TEM image in Figure
5c shows that the boundary between the core and shell is
usually obscured by diffraction contrast, possibly due to
growth strain at the interface.29,30 Figure 5c also shows an
approximately 25 × 50 nm grain of Ni. Tilting in the TEM
reveals many such grains in the shells. Indeed, SAED shows
that the shells have discontinuous ring patterns consistent
with a fine, polycrystalline structure. These results suggest
that the deposition process involves the growth of large
copper grains surrounded by much smaller nickel islands.

The results presented here demonstrate that our template
based electrodeposition method can make Cu-Ni nanowires
with nearly pure Cu cores and Ni shells. The FIB lift-out
technique is a powerful tool facilitating production of TEM
samples perpendicular to the nanowire axis. Such samples
allow TEM-based studies to investigate variables such as
composition and grain structure which are critical to under-
stand structure-property relationships in nanowire fabrica-
tion.

The FIB-TEM method not only provides a technique to
characterize nanowires and nanotubes fabricated by template
synthesis but also provides the possibility to characterize free-
standing nanowires and nanotubes fabricated by other
methods, such as CVD and PVD. In the latter case, a polymer
can be used to fill the space between the nanowires or
nanotubes, providing the support for FIB preparation. Hence
the FIB-TEM method should have broad applicability in the
study of a wide range of quasi-one-dimensional structures.
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