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ABSTRACT Application of copper nanowires (Cu NWs) for interconnects in future
nanodevices must meet the following needs: environmental stability and superior
electrical transport properties. Here, we demonstrate a kind of Cu NW that possesses
the both properties. The Cu NWs were synthesized through a hydrothermal route with the
reduction of copper chloride using octadecylamine (ODA). The reasons for their environ-
mental stability could be due to interaction of ODA™ molecules with the surface of Cu NWs
and forming strong N—Cu chemical bonds. Electrical transport properties of individual Cu
NW were investigated by using the four-probe measurement, showing the temperature-
dependent resistance of the Cu NW was fairly linear in the temperature range from 25 to
300 K and the Cu NW retained the low resistivity of approximately 3.5 x 10~¢ Q- cm at
room temperature, near the resistivity value of bulk copper. The maximum transport
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current density for the Cu NW should be superior to 1.06 x 10" A-cm 2. In addition, the Cu NWs have ultralow junction resistance. The present study

indicates that the Cu NWs could act as a multifunctional building blocks for interconnects in future nanoscale devices.
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nanoscale devices

uture integrated chips might change

from a planar array to a vertical con-

figuration in order to increase the
device density." Interconnects are an essen-
tial part of these architectures, which pro-
vide the electrical paths needed in a circuit
to pass signals and data between different
functional blocks.? Suitable nanowires (NWs)
for interconnects, precise positioning of NWs
and welding at the nanoscale are key issues.
Recently, latest innovative development in
nanomanipulation and assembly,> > as well
as nanowire bonding techniques,®” demon-
strates the future feasibility of practical use of
conductive NWs in nanoelectronic devices as
interconnects.

The NWs for interconnects should be of
long-term stability and superior electrical
transport properties because NWs with great
resistance will result in power loss, signal
degradation, and other performance limita-
tions.2° Many kinds of one-dimensional (1D)
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conductive nanomaterials have been inten-
sively exploited in the past few years, such
as carbon nanotubes (CNTs),'® metal NWs
(e.g. Ag,”im Au'8,9 Cu’wfzo Mo’21 Pb,22’23
Pt>* etc.), inorganic compound NWs (e.g.,
Ru0,,%® Ni5Si, ¢ etc.), and organic compound
NWs (e.g., polyindole,?” tetraaniline,?® etc).
1D conductive organic and inorganic com-
pound NWs usually possess low conductivity,
need doping to tune their electrical pro-
perties, and remain a challenge in size and
shape control compared with their metal
counterparts.> =28 Metallic CNTs are a kind
of ideal candidate for interconnects, but
the difficulty in controlled synthesis of clean
metallic CNTs limited their broad applica-
tions because their semiconducting or
metallic features are strongly dependent on
their diameter and chirality. 2?32

Among the metals, Au, Ag, and Cu all show
high electrical conductivity. Kotov and co-
workers have shown that the 92 and 185 nm
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diameter Au NWs can possess near-bulk conductivity if
the NWs are highly crystalline and are highly smooth.’
We have reported that the core/shell nanocables of
Ag@C are very stable, and the Ag NW core can almost
retain the conductivity of bulk silver.* The excellent
electrical transport properties of Au and Ag NWs make
them an ideal candidate as interconnects for linking
nanoscale devices, but copper is more abundant and
less expensive than gold or silver and is currently
widely used in different commercial ways. The study
of intrinsic electrical properties of individual Cu NWs in
the past faced some challenges, including easy oxida-
tion, low aspect ratio, and polycrystallinity.'” ~203334
Recently, we extended the core/shell nanostructure of
Ag@C to cupreous congeners and also found that Cu
NW core keeps the excellent properties of the bulk
counterpart.>® Additionally, Schimmel and co-workers
investigated the 400 nm diameter highly twinned Cu
NWs to remain near-bulk conductivity of the bulk
copper.'” But these novel nanostructures were difficult
to be controllably synthesized and purified. Thus, facile
synthesis of single-crystalline Cu NWs with large aspect
ratio, environmental stability, and excellent electrical
properties is of great significance in both material
science and nanotechnology.

Simultaneously, if Cu NWs have real applications as
interconnects and active components of nanoelectro-
nic devices, the reliability and functionality of those
nanodevices would depend on their mechanical
properties.®® However, few reports are available on
their mechanical properties. Such studies are impor-
tant because Cu NWs may be subjected to mechanical
or electrical stress during device processing or opera-
tion, and such stresses may affect the properties of the
nanowires.’

Herein, we demonstrate a facile hydrothermal route
with the reduction of copper chloride using octadecy-
lamine (ODA) to fabricate Cu NWs that show stable in
air for more than a year, and a type of nanodevice
constructed from individual Cu NW was fabricated by
using a focused-ion-beam (FIB) deposition technique.
A four-probe measurement was applied to investigate
the electrical transport properties of individual Cu NW,
showing that the temperature-dependent resistance
of the Cu NW was fairly linear in the temperature range
from 25 to 300 K and the Cu NW retained low resistivity
of approximately 3.5 x 10°® Q-cm, in the same order
as that of bulk copper (1.723 x 107° Q-cm), and the Cu
NWs exhibited the size-dependence of the mechanical
strength.

RESULTS AND DISCUSSION

Structural and Morphological Characterization. The mor-
phology and dimensions of the as-prepared Cu NWs
were examined by scanning electron microscopy (SEM).
Parts a—c of Figure 1 show clean, ultralong, and flexible
Cu NWs on a large scale that could be routinely
achieved using this synthetic approach. Most of NWs
are 50—300 nm in diameter. The inset in Figure 1ais the
photograph of the as-prepared red textile-like Cu nano-
wire networks, which consist of copious Cu NWs being
spontaneously woven together during the hydrother-
mal process. Optical images of the Cu NW networks
also show the clean and continuous structures of the Cu
NWs, demonstrating that the nanowires are even up
to several centimeters in length (see the Supporting
Information, Figure S1), resulting in an aspect ratio
of about 10°—10°. Figure 1d shows a TEM image of
an individual Cu NW of about 50 nm in diameter that
is uniformly covered with an adsorbate layer with a

Figure 1. (a—c) SEM images of Cu nanowires at different magnifications, showing clean and uniform Cu nanowires with a
diameter of 50—300 nm. The inset in (a) is the photograph of the as-prepared red textile-like Cu nanowire networks, indicating that
the nanostructures even grow up to several centimeters in length. (d) TEM image of an individual Cu nanowire of about 50 nm in
diameter, showing an adsorbate layer (3—4 nm in thickness) on the surface of the Cu nanowire. The inset is the corresponding
SAED pattern. (e) HRTEM image of the Cu nanowire shown in (d). The inset is a local enlarged view of the boxed region.
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Figure 2. (a) XRD pattern of the as-prepared Cu nanowires
(olive line) and the same sample (black line) stored in ambient
atmosphere after more than a year, (b) normalized XAFS
spectrum at Cu K-edge, (c) normalized Cu K-edge XANES, and
(d) radial distribution function after Fourier transform of
EXAFS spectra of Cu foil (red line) and Cu NW sample (black
line) under synchrotron X-ray irradiation, respectively.

thickness of about 3—4 nm. Further fine structure of the
Cu NW was then characterized by HRTEM, as shown in
Figure Te. The inset of Figure Te demonstrates a local
enlarged HRTEM image from the boxed region, clearly
seeing the interface between the crystalline CuNW and
the apparent nonstructured amorphous adsorbate
layer. HRTEM image of the single Cu NW displays the
lattice fringe distances are about 2.5 A, corresponding
to Cu(110) interplanar spacing, which indicates that the
Cu NWs are well crystallized along the [110] growth
direction, in good agreement with an analysis by
selected-area electron diffraction (SAED) pattern (inset
of Figure 1d). The thin adsorbate layer could be made
up of the protonized ODA™ which adsorbed onto the
surface of Cu NW during the reaction process of ODA
reducing copper(ll) to metallic copper.'® This hypo-
thesis can be further proved via the FTIR spectrum
of the obtained nanowires compared with that of
pure ODA (see the Supporting Information, Figure S2).
There is a strong absorption peak shifting from 3336 to
3446 cm ™', which can be assigned as the absorption
peak of vy ~ of the protonized ODA™. The growth
mechanism of the as-prepared Cu NWs is discussed in
the Supporting Information.

Analysis of Environmental Stability. The phase and pur-
ity of the as-prepared Cu NWs were examined by X-ray
diffraction (XRD) (Figure 2a and Figure S4, Supporting
Information). All the diffraction peaks can be indexed
to face-centered cubic (fcc) copper with a calculated
lattice constant a =3.617 A, which is in agreement with
the literature value (JCPDS 4-836). A broad diffraction
peak at ~20—35° is due to the glass substrate. The
as-prepared Cu NWs show a good stability in the
ambient environment without any specific protection.
As shown in Figure 2a, their XRD patterns indicated
that the sample is unchanged after storage in the dried
state for more than a year. This is a surprising result.
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Some previous reports state that bare Cu NWs could
be easily oxidized in air within a short period of
time'18,20,34

As we discussed above, the surface of Cu NWs is
adsorbed by a thin layer of protonized ODA™ during
the reaction process. Protonized ODA™ can act as
efficient corrosion inhibitor for copper because it con-
tains an N heteroatom.*® Wiley and co-workers also
reported that Cu NWs fabricated by reducing Cu(NOs),
with hydrazine in a solution containing ethylenedia-
mine can remain stable in air for over one month.>° The
reason might be that the Cu NWs are bound with
ethylenediamine moleculars which contain N atoms.
In this case, the factors involved in the environmental
stability mechanism could be possibly due to interac-
tion of ODA™ molecules with the surface of Cu NWs
and forming strong N—Cu chemical bonds3® The
ODA" molecule—surface and the lateral molecule—
molecule interaction form a protective film which
blocks the reactive species from close contact with
the surface of Cu NWs. In order to verify the hypothesis,
X-ray absorption fine structure (XAFS, including XANES
and EXAFS) spectroscopy, a method for the identifica-
tion of the local environment around a specific atom,*°
was conducted to confirm the formation of N—Cu
bonds at the interface between Cu NW and adsorbate
layer. Figure 2b shows the normalized XAFS spectra of
Cu foil and Cu NW sample. The XAFS profile of the Cu
NWs demonstrates a very close resemblance to that of
the Cu foil, indicating the high stability of the Cu NWs.
Only the intensity of oscillation is smaller than Cu foil,
which is a typical signature of nano-Cu compared to
bulk Cu*' The electronic and geometric structural
information on the Cu NWs could be further unraveled
in Figure 2c and d. There is a shift to higher energy for
Cu NW sample compared to bulk Cu foil (see Figure 2c),
illustrating that there is chemical reactions between
Cu nanowire surface and other elements. The Fourier
transforms (FT) of the EXAFS spectra of the Cu foil and
Cu NWs shown in Figure 2d demonstrate a strong
Cu—Cu peak located at 2.52 A*?* While for the Cu
NWs, the new peak at around 1.42 A might be ascribed
to the formation of Cu—N bonds at the Cu nanowire
surface.**** The presence of N—Cu bonds on the sur-
face of Cu NWs would greatly restrain the oxidation
process.

Construction of Individual Cu Nanowire-Based Nanodevices.
The nanodevices based on individual Cu NW were
fabricated on SiO,/Si substrate (SiO, layer with a thick-
ness of 500 nm) with predeposited Au/Ti micro-
electrodes (Figure 3a). An individual Cu NW was first
transferred among the microelectrodes and was then
connected to Pt microleads by FIB deposition. This
technique warrants ohmic contacts and allows the
intrinsic electrical properties of NWs to be measured.**~*
To examine the intrinsic electrical properties of indivi-
dual Cu NW, the four-probe method is suitable because
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Figure 3. (a) Optical micrograph of Au/Ti microelectrode
pattern on SiO,/Si layer. The distance between each micro-
electrode is 10 um. (b) Typical SEM image of a nanodevice
based on individual Cu NW (diameter ~250 nm) with four-
terminal configuration (see text for details).

it can eliminate the influence of the contact re-
sistance.***’ Figure 3b shows a typical SEM image of
the nanodevice based on individual Cu NW with four-
terminal configuration, first etching a small square
piece of outer layer about 5 nm in depth by FIB (at
positions 1, 2, 3, and 4, respectively), then Pt microleads
were directly deposited on the Cu NW and connected
to Au/Ti microelectrodes (Figure 3b). Three segments of
the device have different lengths of L;, =4.53 um, L,3 =
11.56 um, and L34 = 3.91 um (see Figure 3b).

Electrical Property. The electrical properties were
measured by the four-probe method within a physical
property measurement system (PPMs). Figure 4a shows
the temperature dependence of the resistance of a
typical individual Cu NW (Figure 3b). The Pt microleads
1—4 are denoted as I, V', V~, I, respectively. A small
constant current (300 nA) is fed between Pt microleads
1 and 4. Meanwhile, a potential drop is acquired
between Pt microleads 2 and 3 in the temperature
range of 5—300 K. Due to the fact that the PPMs cannot
stably reach the temperature below 5 K, the electrical
behavior of the Cu NW below this temperature is still
unknown. Thus, the intrinsic electrical resistance be-
tween Pt microleads 2 and 3 can be measured in the
temperature range of 5—300 K, as shown in Figure 4a.
Clearly, the resistance data are typical of a good metal.
The resistance (R) versus temperature (T) curve displays
a fairly linear R—T behavior from 300 K to about 25 K
and reaches a residual resistance below 25 K with a
residual resistivity ratio psook/psk ~ 6. The resistance
does not show any upturn at low temperature, thus
ruling out any significant disorder in the NW that can
give rise to effects such as localization, in agreement
with the electrical behavior of Cu@C nanocables.®
Because Cu NW is a nonmagnetic metallic crystalline
solid, the temperature dependence of the electrical
resistance arises mainly from the electron—phonon
interaction.*® By comparison, Lu and co-workers re-
ported that electrical resistivity of Cu sample with
nanoscale twins and coarse-grained Cu decreases line-
arly with the temperature down to about 70 K because
of the dominant scattering of grain boundaries below
70 K.*® Therefore, our experiment results further con-
firm well-crystallized structure of the Cu NW of this case.
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Figure 4. (a) Temperature dependence of the resistance of
an individual Cu NW. The resistance was measured by the
four-probe method in the temperature range of 5—300 K.
(b) I-V curves of the Cu NW device measured at a series of
temperature in the range of 300 to 8 K.

Figure 4b shows the |-V curves of the Cu NW device
(Figure 3b) measured at a series of temperatures in the
range of 300 to 8 K. All the /—V curves at different
temperature exhibit a perfect linear dependence, thus
demonstrating ohmic behavior,2*® which illustrates
that R—T behavior shown in Figure 4a reflects the
intrinsic electrical characteristic of the Cu NW and the
value of the slop of /-V curves at different tempera-
tures is consistent with that of the R—T curve. At room
temperature (300 K), the resistance of the Cu NW is
about 9.895 Q (R3oox) from the R—T curve (Figure 4a).
The resistivity of the Cu NW, p3qox, could be extracted
from the formula: R3gox — RC & p3ookl/A, since Ohm's
law remains valid in the nanoscale regime.>’ Rc repre-
sents the temperature-independent part of the resis-
tance, including surface scattering and contact
resistance, and in this case Rc ~ Rsk (~ 1.64 Q from
Figure 4a) because the resistance of Cu NWs was
reported to reach a residual value at T = 4.2 K% L is
L3 (11.56 um; see SEM image shown in Figure 3b), and
Ais the cross-sectional area of the Cu NW (the diameter
of the Cu NW: ~ 250 nm from SEM image in Figure 3b,
A = 71 (250/2)* nm?). The resistivity psqox is calculated
as about 3.5 x 107° Q-cm, which is similar to the
resistivity of Cu NW core inside an amorhous carbon
sheath(2.65 x 107° Q-cm),> and the resistivity of a
single 400 nm diameter highly twinned Cu NW (1.84 x
107° Q-cm)."” The results demonstrate that this kind
of individual Cu NW can retain the excellent electrical
property. Meanwhile, the maximum transport current
density (Jimax) for the individual Cu NW was determined
by performing on the NW of the middle part of the
nanodevice in Figure 3b by using two-probe measure-
ments inside a SEM system equipped with a Zyvex
S$100 nanomanipulator. A Keithley 4200 source meter
was used for the electrical measurements.

Figure 5a shows a typical SEM image of the indivi-
dual Cu NW device of Figure 3b at low magnification.
The individual Cu NW was connected to four Au/Ti
microelectrodes by ion-beam-induced deposition of
Pt. The maximum transport current density was mea-
sured by performing on the Cu NW between Pt micro-
leads 2 and 3 using two-probe measurement. The
arrows show the testing current direction. Figure 5b
shows the corresponding SEM image of this device
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Figure 5. (a) SEM image of the individual Cu NW device of Figure 3b at low magnification. The individual Cu NW was
connected to four Au/Ti microelectrodes by ion-beam-induced deposition of Pt. The maximum transport current density was
measured by performing on the Cu NW between Pt microleads 2 and 3 using two-probe measurement. The arrows show the
testing current direction. (b) SEM image of the Cu NW device shown in (a) after testing for the maximum current it could
support. The failure point is indicated by arrows. The inset (top right) is the zoom-in of the SEM image of the indicated part.
(c) I-V curve recorded for the Cu NW device shown in (a) that broke down at a current of about 5.2 mA at room temperature.
The inset is the corresponding SEM image of this device being tested.

after testing for the maximum current it could support.
Figure 5c shows that the Cu NW could endure a current
of up to 5.2 mA before failure, which corresponds to
a current density of 1.06 x 107 A-cm 2. To our surprise,
the failure points occurred at several places of Pt
microleads, instead of the Cu NW, as indicated by
arrows in the SEM image in Figure 5b. As shown in
the inset of Figure 5b, the diameter of the Pt microlead
is about 600 nm, while that of the Cu NW is 250 nm. But
the Cu NW shows stronger than Pt microleads. The
reason might be explained as follows: The Pt micro-
leads deposited by FIB are polycrystalline,* containing
many crystal grains. Electron scattering occurs prefer-
entially at crystal grain boundaries,® which generates
high resistive self-heating, resulting in low failure
current densities. As for the Cu NW, with its single
crystalline nature, it is free of energy dissipation and
void diffusion at the grain boundary or defect sites,
giving high failure current densities.? So the maximum
transport current density for the Cu NW should be
superior to 1.06 x 107 A-cm™2, similar to the break-
down current density of individual Cu@C nanocable
(5.78 x 10’ A-cm™?) and 740 nm-diameter Cu wire
made by meniscus-confined 3D electrodeposition
(125 x 107 A-ecm™%).>%

In addition, the as-prepared Cu NWs have ultralow
junction resistance besides environmental stability and
superb electrical properties, which are different from
Cu@C nanocables (the outer amorphous carbon layer
is isolating, preventing Cu@C nanocables from being
interconnecting).>® To evaluate the effect of NW—NW
junction resistance, the electrical transport properties
of the Cu NW networks with a thickness of about 2 um
were measured within PPMs by using a four-probe
method. Figure S5 (Supporting Information) shows the
temperature dependence of the surface resistance
of the Cu NW networks measured in the temperature
range of 5—300 K. Clearly, R—T curves are smooth, and
the surface resistance decreases with the decreasing
temperature, indicating a good metal character of the
Cu NW networks. At room temperature, the surface
resistance of the Cu NW network was measured to be
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0.63 /sq, indicating good electrical transport prop-
erty of the Cu NW networks and inferring ultralow
NW—NW junction resistance. This attractive character-
istic can make the Cu NWs for use as multifunctional
building blocks in future nanodvices, such as the
need for direct communication between cross inter-
connects, and for use as transparent electrodes to be
a replacement for indium tin oxide films.39°3>*
Mechanical Property. To qualitatively determine the
mechanical strength, mechanical tests on individual Cu
NWs with different diameters were performed inside a
SEM system equipped with a Zyvex S100 nanomani-
pulator, as shown in Figure 6. An individual Cu NW
was positioned lying on a silicon wafer with patterns
of tunnel arrays with 5 um width and 4 um depth.
An individual Cu NW was horizontally pushed using a
tungsten probe driven by the movable piezoelectric
head of the holder. Figure 6a—c show a chronological
series of SEM images of an individual Cu NW with a
diameter of about 100 nm being horizontally pushed
by a tungsten probe in before, during and after contact
states, respectively. The arrows indicate the tungsten
probe moving direction. We clearly see that the 100 nm
diameter Cu NW bend a little first (Figure 6b) and then
suddenly fracture (Figure 6¢) under the applied force
of the tungsten probe, indicating that the adhesion
forces between the nanowire and the substrate are
stronger than the mechanical strength of the nanowire
to prevent the wire from moving. No residual plastic
deformation or significant elongation is observed
when the NW is broken, as shown in Figure 6c¢, de-
monstrating the brittle and elastic behavior of the Cu
NW, which is consistent with the mechanical properties
of nancrystalline Cu, and twinned Cu NWs.'7*°
Figure 6d—f show the process of a tungsten probe
horizontally pushing an individual Cu NW with a
diameter of about 300 nm. As seen in Figure 6e, the
300 nm diameter Cu NW gets bent as observed pre-
viously in Figure 6b and begins to move along the
direction of the tungsten probe pushing (Figure 6f),
indicating that the tensile strength of the Cu NW
is strong enough to overcome the adhesion forces
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Figure 6. (a—c) A chronological series of SEM images of an individual Cu NW with a diameter of about 100 nm being
horizontally pushed by a tungsten probe in before, during, and after contact states, respectively. (d—f) Horizontally pushing
an individual Cu NW with a diameter of about 300 nm by a tungsten probe repeating the process from a to c. The arrows

indicate the tungsten probe moving direction.

between the nanowire and the substrate. When the
NW is relaxed, the plastic deformation remains be-
cause of the emergence of dislocations, indicating that
large size Cu NW can tolerate dislocations while the
small size NW cannot. Mechanical tests of all the NWs
at different diameters were conducted following the
same procedure mentioned above, and most of the
Cu NWs with a diameter of 300 nm below are more
susceptible to breakage. The results demonstrate that
the mechanical strength of the Cu NWs decreases with
decreasing diameter, which is consistent with Co NW,’
Au NW,>*> Ge NW,*® and Si NW.>’

A simple experiment was designed to treat the
as-prepared Cu NWs using ultrasonic cleaning to verify
the size-dependence of the mechanical strength.
As shown in Figure S7 (Supporting Information), we
clearly see that after ultrasonic treatment the Cu
NWs with large diameter remain intact. The Cu NWs
with small diameters are broken, and the smaller ones
become shorter. Furthermore, the mechanical pro-
perties of the as-prepared Cu NW networks were
evaluated through a nanoindentation test on a Tribo
Nanoindenter with a Berkovich diamond indenter.
Figure S6 (Supporting Information) shows a represen-
tative nanoindentation load—displacement curve. The
loading course at the beginning and the elastic re-
sponse course during unloading are almost identical,
indicating the absolute elastic surface of the Cu NW
networks, most of which consists of Cu NWs with a
diameter of 50—120 nm. An array of indentations at
different indentation loads was made. The hardness
value of the Cu NW networks is measured to be
35.9-96.3 MPa, far infeior to Cu film made by dc
magnetron sputtering.”® One of the reasons might
be owing to the loose and rough surface of the Cu
NW networks (see the inset of Figure S6, Supporting
Information). Another reason might be the softening
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trend of Cu NWs with decreasing size, similar to Si NW
and Ge NW.>%*7

Finally, in situ bending measurements were carried
out to quantitatively assess the response of individual
Cu NWs to external loading. Individual Cu NWs were
half-suspended at the edge of a silicon wafer with one
end of the NWs fixed via an electron-beam-induced
platinum deposition technique (see Figure 7)€
Measurements were performed inside a SEM system
and composed of visually controllable gradual bend-
ing of individual half-suspended NWs by a silicon
cantilever as a force measurement system (FMS, Klein-
diek, Germany). Figure 7a—d shows the snapshots of
single Cu NW with a diameter of 80 nm and length
of 10.55 um during bending, as recorded in sequence
under SEM. It is found that the Cu NW displays different
bending states as a function of the external force.
Initially, the NW is straight (Figure 7a). Subsequently,
the NW undertakes a series of compression manipula-
tions with the head of the silicon cantilever. The NW
begins to bend when a pushing force is applied. Driven
by the enhanced force, the NW is bent further, and
the bending radius of curvature decreases gradually
(Figure 7b and c). The maximum load the NW can be
taken reaches 0.18 4N, and the curvature radius arrives
at 1.86 um. Mechanical stress o in the bent NW can be
calculated according to the relation o = Erk,%"%? where
E is Young's modulus (106 GPa for Cu NW®3), r is the
radius of the Cu NW, and k is the bending curvature.
The stress in the Cu NW can exceed 2.29 GPa without
visible fracture. The value of the stress that the NW can
endure shows the bending ability of the Cu NW. The
bent NW can restore to its initial straight shape after
removal of the external force, indicating the elasticity
characteristic of the Cu NW. Parts e—h of Figure 7 show
another bending experiment under similar conditions
on a single Cu NW with a diameter of 300 nm and
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Figure 7. Consecutive SEM images of an individual Cu NW with a diameter of about 80 nm (a—d) and 300 nm (e—h),

respectively, during different bending stages.

length of 9.42 um. The Cu NW can bear the maximum
load of 0.85 uN, and the curvature radius reaches
5.37 um. The stress in the Cu NW can be estimated to
be 3.02 GPa. The effect of restoration is also observed
after removal of the external force, however, the initial
straight profile is not reached because of residual
plastic deformation.%® In order to get deeper insight
into the mechanical performance of individual Cu NWs,
in total, 12 Cu NWs with different diameters were
investigated, and the detailed mechanical parameters
of individual Cu NWs under bending can be found
in Table S1 (see the Supporting Information). From
Table S1 (Supporting Information), it is concluded that
the mechanical strength of Cu NWs decrease with the
decreasing diameters and the small size Cu NWs tend
to be elastic while the large size NWs show some extent
ductility, in agreement with the experiments above.
Additionally, bending experiments were performed in
the same procedure on individual Cu@C nanocables
reported previously,*® in contrast to the as-prepared
Cu NWs (see Figure S8, Supporting Information). From
Figure S8 (Supporting Information), the single Cu@C
nanocable with a diameter of 250 nm and length of
38 um can undertake the maximum load of 0.53 uN,
and the stress is estimated to be 2.12 GPa with
curvature radius of 6.18 um. The bending test shows
its elasticity characteristic. While the 460 nm-diameter,
25 um-length Cu@C nanocable can endure the max-
imum load of 3.76 uN, and the stress is about 3.66 GPa
with curvature radius of 6.56 um. The thicker Cu@C

METHODS

Materials. ODA was purchased from Sigma-Aldrich. Other
chemicals were purchased from Shanghai Chemical Reagent
Co. Ltd. All chemicals were used in this study without further
purification.

Synthesis of Cu NWs. The synthesis of Cu NWs was based on
a modified hydrothermal method as reported previously."
Typically, 0.5 mmol ODA was added to 20 mL of copper(ll)
chloride (12.5 mmol/L) aqueous solution and vigorously stirred
for 5h forming a blue emulsion. The solution was transferred
into a Teflon-lined autoclave of 20 mL capacity and heated at
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nanocable exhibits plastic deformation. The results of
more experiments on other Cu@C nanocables indicate
that the mechanical behavior of Cu@C nanocables is
similar to Cu NWs. The nominal strength required in
traditional wire bonding is only 8.5 MPa,? so the as-
prepared Cu NWs are suitable for interconnects in
future nanoelectronic chips.

CONCLUSIONS

In summary, ultralong individual Cu nanowire-based
nanoscale devices have been constructed by using the
FIB technique. R—T and |-V curves of individual Cu NW
are measured by using the four-probe method in the
temperature range of 5—300 K and typically indicate
good metal character. The room-temperature resistiv-
ity of the individual Cu NW is found to be about 3.5 x
107% Q-cm, in the same order as that of bulk copper.
The maximum transport current density for the Cu NW
should be superior to 1.06 x 10’ A-cm 2, and the Cu
NWs have ultralow junction resistance. The mechanical
tests based on individual NWs indicate that the
mechanical strength decreases with the decreasing
diameters, and the small-size Cu NWs tend to be brittle
and elastic while the large-size NWs show some extent
ductility. The present study indicates that the Cu NWs
could act as ideal nanoscale building blocks for inter-
connects in future nanoscale devices. Furthermore,
the Cu NWs could be extended to application as
transparent electrodes to be a replacement for indium
tin oxide films.

180 °C for 24 h. After the autoclave was cooled down to room
temperature naturally, the supernatant was decanted and the
red textile-like precipitate was obtained after washing with
deionized water and ethanol, respectively.

Characterization. The obtained samples were characterized
on an (Philips X'Pert Pro Super) X-ray powder diffractometer
with Cu Ka radiation (1 = 1.541874 A). The Cu NW sample for
XRD was prepared by using a clean microscope glass slide to
collect Cu NWs. The morphology was examined with a Quanta
200 FEG scanning electron microscope (SEM), a transmission
electron microscope (TEM) performed on a high-resolution trans-
mission electron microscope (HRTEM) (JEOL JEM-ARM200F)
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operated at an acceleration voltage of 200 kV. Fourier trans-
formation infrared spectroscopy (FTIR) was obtained on a
Nicolet-is10 Fourier transform IR spectrometer from 4000 to
400 cm™" at room temperature. The thickness of the Cu NW
networks were measured using a CH-1-ST pachymeter (Shanghai
Liuling Instrument Factory, China).

XAFS Measurement and Data Analysis. The Cu K-edge XAFS
spectroscopy was recorded in the fluorescence mode at
BL14W1 beamline of the Shanghai Synchrotron Radiation Facility
(SSRF) using a 32-element array of Ge detectors. The acquired
extended X-ray absorption fine structure (EXAFS) data were
processed according to the standard procedures using the
ATHENA module implemented in the IFEFFIT software packages.
The EXAFS y(k) spectra were obtained by subtracting the
post edge background from the overall absorption and then
normalized with respect to the edge-jump step. Subsequently,
I®-weighted y(k) data in the k-space ranging from 0 to 12 A’
were Fourier transformed to radial structure functions (RSF)
using a hanning windows (dk = 1.0 A=") to separate the EXAFS
contributions from different coordination shells.

Measurements of Electrical Properties. To measure the electrical
properties of a single 1D Cu NW, the as-prepared Cu NWs were
first ultrasonically dispersed in anhydrous ethanol, and then
a drop of the anhydrous ethanol dispersions was dried onto
a silicon wafer covered with a thermally grown SiO, layer of
500 nm, on which Au/Ti electrode arrays were fabricated by
photolithography previously (see Figure 3a). An isolated Cu NW
was selected and located in a focused ion-beam (FIB) system
with SEM capability (Dual-Beam 235 FIB system from FEI Co.).
Platinum microleads were deposited on the isolated Cu NW
by using a 30 KeV, 30 pA Ga*' FIB, connecting to the Au/Ti
electrodes. Four-probe measurement configuration was made.
Electrical connection between the electrodes and the sample
holder were made by an ultrasonic wire bonder. The R—T
curves, and /—V curves were measured within a Physical Proper-
ties Measurement System (PPMS, the Quantum Design Inc.),
equipped with a He-4 cryostat. To measure the electrical
properties of the Cu NW networks, a piece of Cu NW networks
was first transferred onto a silicon wafer covered with a thermally
grown SiO, layer of 500 nm. Four Pt test electrodes were
attached using silver epoxy. The R—T curves were measured
within the Physical Properties Measurement System (PPMS,
Quantum Design, Inc.), equipped with a He-4 cryostat.

Mechanical Tests. To qualitatively determine the mechanical
strength of an individual Cu NW, the as-prepared Cu NWs were
first ultrasonically dispersed in anhydrous ethanol, and then
a drop of the anhydrous ethanol dispersions was dried onto a
silicon wafer, on which the patterns of tunnel arrays with 5 um
width and 4 um depth were fabricated by photolithography
previously. Then individual Cu NWs with different diameters
were selected and manipulated by a tungsten probe inside
a SEM system equipped with a Zyvex S100 nanomanipulator.
The mechanical properties of the as-prepared Cu NW networks
were evaluated through a nanoindentation test on a Tribo
Nanoindenter (Hysitron Inc., Minneapolis, MN) with a Berkovich
diamond indenter. The value of maximum applied force was
chosen to be 10 N to ensure that the maximum penetration
depth during the tests was kept below 10% the overall film
thickness. It is generally accepted that the depth of indentaition
should never exceed 10% of the film thickness. Therefore, the
substrate effect on the measured mechanical properties of the
networks can be ignored. From the load—displacement curve,
hardness can be obtained at the peak load as

Pmax
H==
where P is the peak load and A is the projected contact
area.

The bending of nanowire was carried out by a silicon
cantilever as a force measurement system (FMS, Kleindiek,
Germany) installed in the SEM sample chamber. Half-
suspended Cu NW was fixed at the edge of silicon wafer via
an electron-beam-induced platinum deposition (Auriga, ZEISS).
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