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The authors investigate the crystallinity and surface effects on Young’s modulus of cupric oxide
�CuO� nanowires by performing three-point bend test using atomic force microscopy. Young’s
modulus of the nanowires obtained ranges from 70 to 300 GPa and is dependent on two factors.
Firstly, it depends on whether the nanowire is mono- or polycrystalline, as indicated by the absence
or presence of an amorphous surface layer. Second, the modulus increases with decreasing diameter
for both types of nanowires. Combined with transmission electron microscopy and computational
simulation studies, the nanostructure-mechanical property relationship of CuO nanowires is
elucidated. © 2007 American Institute of Physics. �DOI: 10.1063/1.2723654�

As a p-type semiconductor, cupric oxide �CuO� attracted
much interest because of its important role in building high-
temperature superconductors.1,2 Recently, the nanowire form
of CuO has attracted attention due to its potential use as an
electron field emission source.3 Techniques developed to pro-
duce CuO nanowires include vapor-solid reaction3–5 and a
combination of electrodeposition and self-catalytic growth.6

Many techniques have been used to characterize the funda-
mental properties of CuO such as chemical, structural and
electrical properties. However, in order to fully assess the
functionality of the nanowires in potential applications such
as in nanoelectromechanical system/microelectromechanical
system, there is also a need to evaluate the mechanical prop-
erties of individual CuO nanowires. This letter investigates
the mechanical properties of single CuO nanowires using
atomic force microscopy �AFM�. A nanoscale three-point
bend test is performed and Young’s modulus of the nanowire
obtained. The nanostructure-mechanical property relation-
ship is also established based on the nanostructural makeup
of the nanowires obtained using transmission electron mi-
croscopy �TEM�. Computational simulations were carried
out to compare with that of experimental results obtained
from the three-point bend test.

CuO nanowires were prepared using the vapor-solid re-
action method as detailed in our previous studies.3,4 A copper
plate was heated to 400 °C under ambient conditions until a
black layer was formed on the substrate. This layer was
peeled off and put in de-ionized water. After ultrasonic agi-
tation, some nanowires detached from the substrate and sus-
pended freely in de-ionized water. Several drops of the
nanowire-water suspension were deposited on Cu grids and
air dried for TEM �JEOL, JEM-2010F, 200 kV� study. A few
drops of the suspension were deposited onto a silicon AFM
calibration grid with 200 nm deep and 5 �m wide square
holes for three-point bend test. As-fabricated CuO nanowires
have diameters ranging from tens to a few hundreds of na-
nometers and lengths up to 50 �m. Most nanowires have a
larger diameter at the base �portion of the nanowire attached
to the substrate� but sharper at the tips.3 After ultrasonic agi-
tation, the as-fabricated nanowires are broken down to seg-
ments of several micrometers in length.

Some nanowires deposited on the AFM calibration grid
span across the holes as shown by the circles in Fig. 1�a�.
The nanowires can have a tapered or uniform cross section as
shown in Figs. 1�b� and 1�c�, respectively. Nanowires are
considered uniform when the percentage difference in diam-
eter between the two ends of the nanowires is below 10%
and tapered otherwise. A preliminary survey of the nano-
wires under a scanning electron microscope revealed that
tapered nanowires may have rougher surfaces than that of
uniform nanowires. Thus, the surface roughness of the nano-
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wires was measured using an AFM �Dimension 3100, Digital
Instruments� by imaging an area of 50�50 nm2 using the
tapping mode of AFM. The root-mean-square roughness
measured was found to be independent of the nanowire di-
ameter, which ranged from 80 to 215 nm in this study.

Figure 2 shows the high resolution TEM �HRTEM� im-
ages of CuO nanowires. There is an amorphous layer
��5 nm� covering the cylindrical body of the CuO nanowire
in Fig. 2�a�, whereas this layer is almost absent for some
other nanowires �Fig. 2�b��. This layer could have been
formed during the cooling-down process after growth with
the thickness varying along the wire and between wires. In
ideal situations, the CuO nanowire core is single crystal as
shown by the clear lattice fringes in Fig. 2 and Ref. 3. Here,
the lattice spacing was measured to be about 2.5 Å, matching
the �110� interface spacing of monoclinic CuO structures.7

The wire axis is parallel to the �1̄11� direction of CuO crys-
tal. As the nanowires are produced by simply heating a piece
of Cu in air, the details of local conditions during growth
such as variations in temperature and oxygen content and the
surface roughness of Cu could give rise to both clean or
amorphous-cladded nanowires on the same piece of Cu. Fur-
thermore, this may also result in some nanowires having im-
perfect crystals or polycrystalline structures. This is sup-
ported by several HRTEM images showing that nanowires
with an amorphous layer appear to have rough surfaces
whereas nanowires without this layer show very smooth sur-
faces. The amorphous material is made up of CuO based on
Raman spectroscopy and energy dispersive x-ray analysis.

Three-point bend test of a single suspended nanowire
was performed using AFM by applying a point load at the
midspan of the nanowire using an AFM tip. This method of
obtaining Young’s modulus has been used on carbon
nanotubes,8 polymeric nanofibers,9,10 and metallic
nanowires.11 AFM cantilevers with spring constants in the
range of 0.57–3.3 N m−1 were used to apply a maximum
loading force of 40–90 nN at a loading rate of
1.6–3.0 �m s−1. The method proposed by Torii et al.12 was
used to measure the spring constant of the cantilevers. Five
to seven force curves were obtained from each sample at the
midspan.

Young’s modulus �E� for both uniform and tapered nano-
wires is calculated based on beam bending theory13 for a
three-point bend test of a beam with two ends fixed and is
given as

E =
FL3

192�I
, �1�

where F is the maximum force applied, L is the suspended
length, � is the deflection of the beam at the midspan, and I
is the second moment of area �where I=�D4 /64 and D is the
beam diameter�. The method of obtaining the above vari-
ables experimentally can be found in another study.10

Computational simulations were carried out to investi-
gate the elastic properties of the single crystal CuO via
CASTEP, a package coded with density functional theory.14

Plane-wave functions were used at a cutoff energy of
400 eV, ultrasoft pseudopotentials and Perdew-Burke-
Ernzerhof forms of generalized gradient approximations
were selected for the atomic cores and electron-exchange-
correlation functions.15 The simulated equilibrium state of
the monoclinic CuO single crystal structure16 agreed well
with our experimental observations with less than 0.5% error
on the cell parameters and atomic positions. Elastic modulus

in the �1̄11� crystal direction and Young’s modulus for the
bulk polycrystalline phase were computed in order to make
comparison with experimental results.

Based on the optimized structure, the elastic constants,
cij, with respect to various strain conditions, were calculated
as the second derivatives of the energy density

Cij =
1

V
� �2U

��i�� j
� , �2�

where V is the crystal volume, U is the total energy, and �ij is
the strain in directions i and j. The elastic modulus was

calculated as 170 GPa in the �1̄11� crystal direction with the
crystal axis rotated.

The theory of Hashin-Shtrikman �HS� was employed to
obtain the mechanical properties of polycrystalline CuO.17

The HS theory considers the material as composed of
spheres of grains with various sizes and concentrations, and
uses the elastic constants cij to compute the bulk mechanical
properties. Young’s modulus of monoclinic CuO bulk phase
was obtained as 81.6 GPa.

Figure 3 shows results of the three-point bend test as a
plot of Young’s modulus against the average diameter of the
nanowire for both uniform and tapered nanowires. Young’s

modulus of single CuO crystal in the �1̄11� direction and
polycrystalline CuO obtained from simulation are indicated
in the figure. It can be seen from Fig. 3 that uniform nano-

FIG. 1. Scanning electron microscopy images of CuO nanowires deposited
on AFM calibration grid. �a� Nanowires spanning across holes, �b� close-up
image of tapered nanowire as indicated by 1 in �a� and �c� close-up image of
uniform nanowire as indicated by 2 in �a�. The scale bars represent 10 �m
in �a� and 100 nm in �b� and �c�.

FIG. 2. HRTEM images of as-grown CuO nanowires showing �a� the pres-
ence of amorphous layer and �b� the absence of amorphous layer.
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wires have Young’s modulus that is divided into two bands
as indicated by the curves. Two observations can be made
from the graph. First, the nanowires appear to be divided into
two types; one indicated by the upper band which consists of
uniform nanowires with low average surface roughness of
0.75 nm, and the other indicated by the lower band which
consists of uniform nanowires with higher average surface
roughness of 1.46 nm and tapered nanowires with compa-
rable surface roughness of 1.31 nm. Second, Young’s modu-
lus of both types of nanowires displays diameter dependence,
i.e., the modulus value increases as the diameter decreases
below a certain size of about 180 nm.

The first observation suggests that uniform wires with
smooth surface have a different structure or composition
from uniform wires with rough surface as well as the tapered
wires. Nanowires in the upper band have modulus that ap-

proaches the value for single CuO crystal in the �1̄11� direc-
tion for diameters larger than 130 nm. Nanowires in the
lower band have modulus that approaches the value for poly-
crystalline CuO for diameters larger than 170 nm. Thus it
can be deduced that smooth nanowires with uniform diam-
eter have a perfect single crystal structure and an absence of
surface amorphous layer. Nanowires with rough surface, re-
gardless of shape, most likely have an amorphous surface
layer and imperfect crystal structure or different crystal ori-
entations within the same wire. The scatter of results in the
lower band could be due to various crystal orientations or
number of crystals that exist in each nanowire. As the vol-
ume of amorphous content can occupy up to 25% of the total
nanowire volume �assuming amorphous layer �5 nm and
wire diameter �80 nm�, this layer may contribute to the
lower modulus observed in the lower band. However, based
on the strong agreement of experimental and computational
simulation results, the most likely reason for the separation
of the modulus values into two bands is the variation in the
core structure of the nanowires.

The second observation of diameter dependence could
be due to the presence of fewer defects in smaller wires with
diameter ranging from tens to hundreds of nanometers, as
reported in other studies.9 However, this may unlikely be the
predominant factor as Young’s modulus is known to be
rather insensitive to defect concentration.18 The more likely
reason could be the fact that surface effects become signifi-
cant due to a dramatic increase in surface area to volume
ratio as the nanowire diameter decreases.18,19 Cuenot et al.18

proposed that as the nanowire is deformed, an increase in

surface area is induced and thus surface tension effects may
account for the observed diameter dependence. They pro-
posed that the surface tension or surface stress is more pre-
dominant in nanomaterials as the surface area to volume ra-
tio increases dramatically. In a study by Chen et al.19 on the
size dependence of Young’s modulus in ZnO nanowires, they
proposed that the surface atoms have imperfect coordination
number, which causes the remaining bonds of the lower co-
ordinated surface atoms to relax and raises the binding en-
ergy. As a result, more energy is required to deform the sur-
face layers of atoms, which could be the predominant factor
in nanowires with smaller diameter.

In summary, nanoscale three-point bend test using AFM
was carried out to evaluate Young’s modulus of CuO nano-
wires produced by the vapor-solid reaction method. TEM
study and computational simulations were also conducted.
The modulus of the nanowires ranged from 70 to 300 GPa
and is divided into two bands. The modulus of large nano-
wires in the upper and lower band was found to be the same

as the modulus of single CuO crystal in the �1̄11� direction
and polycrystalline CuO, respectively. The surface roughness
of nanowires is a good indicator of the absence or presence
of amorphous layer and the core structure within. The modu-
lus of both types of nanowires increased as the diameter
decreased due to the increase in surface effect for smaller
wires.
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FIG. 3. Variation of Young’s modulus with nanowire diameter for uniform
and tapered nanowires. Single and polycrystalline CuO properties are from
the simulation results. Young’s modulus of uniform nanowires is divided
into upper �low average surface roughness of 0.75 nm� and lower �high
average surface roughness of 1.46 nm� bands.
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