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Abstract We have fabricated cupric oxide (CuO)-core/
silica (SiOx )-shell nanowires by using a two-step process:
thermal oxidation and sputtering. The structure and photoluminescence (PL) properties of the core/shell nanowires has
been investigated by using scanning electron microscopy,
transmission electron microscopy, X-ray diffraction and PL
analysis techniques. The CuO cores and the SiOx shells of
the as-synthesized nanowires have crystalline monoclinic
CuO and amorphous SiOx structures, respectively. The PL
emission intensity of the CuO-core/SiOx -shell nanowires
has been increased but the emission peak position has not
been nearly shifted by annealing in a nitrogen atmosphere,
whereas the emission peak position has been shifted a lot
from 510 to around 650 nm as well as the emission intensity has been increased by annealing in an oxygen atmosphere. In addition, the origin of the PL enhancement
in the CuO-core/SiOx -shell nanowires by annealing and the
growth mechanism of the CuO nanowires have been discussed.

1 Introduction
It is essential to passivate one-dimensional (1D) nanostructures with insulating materials to avoid crosstalking between
the building blocks of complex nanoscale circuits as well
as to protect them from contamination and oxidation [1–9].
Passivation also offers many advantages such as substantial
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reduction of surface densities, prevention of the surface from
adsorption of unwanted species, prevention of unnecessary
charge injection, and partial screening of the external fields
[10, 11]. In particular, passivation of nanowires is required
in fabrication of field effect transistors and sensor devices
based on nanowires. Various techniques have been reported
to be used to form passivation layers on the 1D nanowire
cores. These techniques include sol–gel processes, thermal
heating, solution-based methods, chemical vapor deposition,
and sputtering [12, 13]. On the other hand, SiOx is known
as one of the most suitable insulating material for nanowire
passivation owing to its excellent insulating property, low
dielectric constant, and high mechanical strength as well
as compatibility with other materials widely used in integrated circuits (IC) fabrication. SiOx is also optically transparent for light absorption or emission of semiconductor
nanowires, resulting in minimal destruction of their intrinsic optical properties such as photoluminescence [14, 15].
CuO 1D nanostructures have recently attracted significant attention owing to their potential applications in electronic and optoelectronic devices such as high temperature superconductors, gas sensors, lithium batteries, optical
switches, magnetoresistance materials, solar cells, electron
field emitters, catalysts, and photovoltaic devices [16–20].
A variety of methods have been employed in synthesizing CuO 1D nanostructures, including thermal evaporation, thermal decomposition, electrospinning, thermal oxidation, sol–gel, solid–liquid arc discharge processes, templating methods, chemical vapor deposition, electrochemical methods, and hydrothermal treatment [21–28]. Among
these methods, thermal oxidation is simple and offers synthesis of aligned CuO 1D nanostructures over a large area.
CuO 1D nanostructures can be synthesized via an oxidation route by simply heating copper foils in an oxidative atmosphere without using catalysts.
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In this paper, we report influences of SiOx coating and
thermal annealing on the photoluminescence properties of
CuO nanowires as well as the structure of SiOx -coated CuO
nanowires. The one-dimensional (1D) coaxial nanostructures were prepared by using two separate processes: thermal oxidation of copper (Cu) foils and sputtering of silicon
in an atmosphere of argon and oxygen gas mixture.

2 Experimental
The synthesis of CuO-core/SiOx -shell nanowires basically
consists of two sequential processes: thermal oxidation of
Cu foil in air for the core formation and sputter-deposition
of SiOx for the shell formation. First, a Cu foil with a thickness of 0.5 mm and a purity of 99.98% was cut into small
rectangular-shaped pieces (2 cm × 2 cm). Prior to thermal
oxidation, the Cu foil was dipped in diluted HCl solution for
10 s to remove native oxides and other contaminants. Next,
the Cu foil was cleaned in an ultrasonicator with mixed solution of CH3 OH : acetone = 1 : 3 for 5 min and then in
deionized water. After being dried by a nitrogen (N2 ) gun,
the Cu foil was placed in an alumina boat inside a quartz
tube. The tube furnace was heated to 600°C at a heating
rate of ∼5°C/min. After being kept in the air at 600°C for
5 h the sample was cooled down to room temperature. CuO
nanowires were formed by thermal oxidation of the Cu foil
surface without using Cu powders and metal catalysts at all.
Next, coating of the CuO nanowires with SiOx was carried out by sputter-deposition of Si on the as-prepared CuO
nanowires. The sputter-deposition was done at room temperature using a 99.999% Si target in a direct current (dc)
magnetron sputtering system. Afterwards the vacuum chamber was evacuated to 1 × 10−3 mbar using a turbomolecular
pump backed by a rotary pump. Depositions were carried
out at a system pressure of 2 × 10−2 mbar and a dc power of
100 W in an Ar atmosphere. Subsequently, some of the prepared SiOx -coated CuO nanowire samples were annealed in
N2 or O2 atmosphere at 350°C for 1 h to see the influence
of annealing on the PL properties of the coaxial nanowire
structures.
The samples were then characterized by using glancing
angle (0.5°) X-ray diffraction (XRD, X’pert MPD-Philips
with Cu-Kα radiation), scanning electron microscopy (SEM,
Hitachi S-4200), transmission electron microscopy (TEM,
Phillips CM-200 equipped with an energy dispersive X-ray
spectrometer (EDXS)). The high resolution TEM (HRTEM)
images and the selected area electron diffraction (SAED)
patterns were also taken on the same systems. The PL measurement was conducted at room temperature by using a
He–Cd laser (325 nm) as an excitation source.
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3 Results and discussion
Figures 1(a) and 1(b) show the SEM top view images of
as-synthesized and SiOx -coated CuO nanowires. Numerous nanorods with a diameter of a few tens or hundreds
of nanometers and a length of a few tens of micrometers
are observed in the SEM images. No distinct difference in
morphology is found except that the coated nanowires are
thicker than the uncoated ones. Figure 2 represents the XRD
pattern of CuO-core/SiOx -shell coaxial nanowires prepared
by a two-step process: thermal oxidation of Cu foils at
600°C and sputter-deposition of SiOx . The XRD patterns
indicate that the CuO core consists of two types of cupric oxide phases: simple cubic Cu2 O (JCPDS 05-0667) and monoclinic CuO (JCPDS 48-1548). No diffraction peak of crystalline SiO2 is observed in the diffraction pattern suggesting
that the SiOx shell layer is amorphous. The MoC peak is
due to the MoC tape used to fix the nanowire sample during
X-ray diffraction.

Fig. 1 Top view SEM images of (a) CuO nanowires synthesized by
thermal oxidation of Cu foils at 600°C for 5 h and (b) SiOx -coated
CuO nanowires
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Fig. 2 XRD patterns of CuO-core/SiOx -shell nanowires prepared by
a two-step process: thermal oxidation of Cu foils at 600°C and sputter-deposition of SiOx at 100 W for 1 h

The oxidation reaction of copper can be expressed as follows [29]:
4Cu + O2 = 2 Cu2 O,

(1)

2Cu2 O + O2 = 4 CuO.

(2)

When copper is oxidized in the air, the main product is Cu2 O
as in reaction (1), and CuO forms slowly only through the
second step of oxidation as in reaction (2) in which Cu2 O
serves as a precursor to CuO. In other words, Cu2 O forms
at a higher temperature or for a longer time than CuO. Both
Cu2 O and CuO phases are reported to exist, but the Cu2 O
phase is predominant at 600°C. According to the previous
reports [29, 30], the surface of Cu foil is covered with a
dense film of Cu2 O first and then CuO nanowires grow on
the Cu2 O film. Therefore, it seems reasonable to suppose
that the Cu2 O peaks in the XRD pattern for our nanowire
samples are not contributed from the nanowires but from the
Cu2 O layer underneath the nanowires. It may safely be assumed that the cores of the nanowires are comprised solely
of the CuO phase.
The structure and crystallinity of the CuO nanowires
were further characterized by using TEM. Figures 3(a)
and 3(b) show the bright-field low- and high-magnification
TEM images of a typical SiOx -coated CuO nanowire, respectively. The inset of Fig. 3(b) shows that the nanowire
is divided by a twin plane along the longitudinal axis. The
enlarged image in Fig. 3(b) further confirms the bicrystallinity of the nanowire by showing a twin boundary separating the CuO core into two regions with different textures. Upon a close examination the directions of the textures in the two neighboring regions are somewhat different
from each other, although the boundary between the two regions is not very clearly observable. The associated SAED
pattern (Fig. 3(c)) was recorded with the incident electron

Fig. 3 (a) Low-magnification TEM image of a typical CuO-core/
SiOx -shell nanowire. (b) High-magnification TEM image of the
nanowire. Indices without subscript t refer to the upperside of the
nanowire shown in the inset, and indices with subscript t refer to the
other side. The e-beam direction is parallel to the [110] axis. (c) The
SAED pattern associated with the nanowire shown in (b)
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Fig. 4 EDX spectra of a typical CuO-core/SiOx -shell nanowire synthesized by thermal oxidation of Cu foils and sputter-deposition of
SiOx : (a) at the tip of the nanowire as shown as the area marked ‘+’
in the SEM image of the inset and (b) in the middle of the nanowire as
shown as the area marked ‘+’ in the SEM image of the inset

beam parallel to the [110] direction. The interplanar spacing of neighboring fringes of each side of the twin structure
shown in Fig. 3(b) is 0.232 and 0.252 nm, which are in good
agreement with the interplanar distances of {111} and {1̄11}
lattice plane families of monoclinic CuO with lattice parameters of a = 0.469 nm, b = 0.342 nm, c = 0.512 nm, and
the interplanar angle of β = 99.506° (JCPDS 48-1548). The
mirror–image relationship between the two sets of direction
spots confirms the formation of a crystalline structure within
each nanowire. This result is in good agreement with the
previous report [29].
The growth mechanism of CuO nanowires via a thermal
oxidation route has been studied by many researchers, but it
has not been well understood, yet. We performed EDX spectroscopy to reveal the growth mechanism of CuO nanowires.
Figures 4(a) and 4(b) represent the EDX spectra of the tip
and in the middle of a SiOx -coated CuO naowire (the areas marked ‘+’ in the SEM images of their insets), respectively. Almost no difference is found between the two
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spectra and no metal droplet is observed at the tip of the
nanowire in the SEM image (the inset of Fig. 4(a)). One
thing we can certainly say here based on the EDX analysis
results is that vapor–liquid–solid (VLS) mechanism is not
applicable to the growth of CuO nanowires by thermal oxidation since neither a metal catalyst was used in our synthesis process of CuO nanowires nor Cu droplets are observed at the tip of nanowires at all by SEM. As is well
known, a catalyst droplet is commonly found at the tip of
each nanowire grown via VLS mechanism. Jiang et al. [29]
reported that the vapor–solid (VS) mechanism is responsible for the growth of CuO nanowires via a thermal oxidation route. However, Chen et al. [31] claimed that VS mechanism is also ruled out since evaporation of Cu, Cu2 O, or
CuO is impossible to occur at the oxidation temperature below 700°C which is far lower than the melting points of Cu
(1,083°C) and Cu2 O (1,243°C) and the decomposition temperature of CuO (1,124°C). Kumar et al. [32] reported that
accumulation and relaxation of stress during the oxidation
process is responsible for the CuO nanowire. In our opinion,
the VS mechanism cannot be ruled out since evaporation of
Cu or CuO can occur even below 700°C although its probability is low. The standard free energy changes for reactions
(1) and (2) at 25 and 700°C are calculated to be negative as
shown in Table 1, indicating that the reactions occur spontaneously in the temperature range from 25 to 700°C. The
free energy values in Table 1 were calculated using the thermodynamic data in Table 2 [33]. Further study is necessary,
but we surmise at the moment that both VS mechanism and
stress relaxation mechanism are responsible for the growth
of CuO nanowires by thermal oxidation.
Figures 5(a) and 5(b) show the low-magnification TEM
image of a typical SiOx -coated CuO nanowire and the associated EDXS concentration profiles of Cu, oxygen (O), and
silicon (Si) along the diameter of the nanowire, respectively.
A comparison of Cu and O concentration profiles indicates
that the peak intensity ratio, i.e., the concentration ratio of
Cu to O is closer to 2 than 1, suggesting that the Cu2 O
phase is dominant over the CuO phase. This result is consistent with the XRD analysis result, yet the Cu2 O phase is
contributed from the Cu2 O layer underneath the nanowires
as was discussed earlier. Si elements are found to be present
in the core region as well as in the shell region, although the
Si concentration in the former is lower than that in the latter,
which may be caused by penetration or diffusion of Si atoms
into the CuO core during the sputtering process. Comparison of the Si concentration profile with the O profile suggests that Si elements mainly reside in the shell region. In
contrast, O elements are found to be present in the shell region as well as in the core region, indicating that the phase in
the shell region is SiOx rather than pure Si, although the O
concentration in the shell region is much lower than that in
the core region. The O atoms in the shell region may originate from O impurities in the ambient gas of the sputter
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Table 1 The standard free
energy changes (Go ) for
reactions (1) and (2) at 700 and
25°C

Table 2 Coefficients in free
energy equations [32]
Gt (cal/mole) =
Ho + 2.303aT log T + b ×
10−3 T 2 + c × 105 T −1 + I T
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Go973 (Kcal/mole)

Go298 (Kcal/mole)

Reaction (1)

−23.617

−34.997

Reaction (2)

−14.087

−30.710

Ho

2.303a

b

C

I

2Cu(c) + 1/2O2 (g) = Cu2 O(c)

−40,550

−1.15

−1.10

−0.10

+21.92

Cu(c) + 1/2O2 (g) = CuO(c)

−37,740

−0.64

+1.40

−0.10

+24.87

Fig. 6 Photoluminescence spectra of as-synthesized CuO nanowires,
as-prepared SiOx -coated CuO nanowires, the SiOx -coated CuO
nanowires annealed at 350°C in an Ar atmosphere, and the SiOx coated CuO nanowires annealed at 350°C in an O2 atmosphere

Fig. 5 EDX concentration profiles of as-synthesized CuO-core/
SiOx -shell nanowires

chamber and the Si target. Accordingly, these EDXS analysis results obtained by the line-scan along the diameter of
the coated nanowire agree well with what can be expected
for the SiOx -coated CuO nanowires.

As regards the PL properties of CuO materials there
are very few reports on CuO materials. A violet emission
band centered at 403 nm with a broad tail in the green
spectral region was reported for sintered CuO whereas a
broad emission band centered at 410 nm with a broad pronounced shoulder peak in the blue–green spectral region
due to the defect-related emission formed during sparkling
was reported for spark-processed CuO [34]. A broad emission band centered at 467 nm due to the quantum confinement effect was reported for CuO nanofilms [35, 36]. On
the other hand, several luminescence bands in various silica
glasses and nanowires with different peak wavelengths ranging from 288 to 653 nm were previously reported [37–46].
The 459 nm band was reported to be attributed to neutral
oxygen vacancy and the 413.3 nm band to some intrinsic
diamagnetic effect centers [47, 48].
Figure 6 represents the room temperature PL emission spectra of unannealed and annealed SiOx -coated CuO
nanowires along with as-synthesized CuO nanowires. We
can see that the as-synthesized CuO nanowires have three
different emission bands: a blue emission band centered at
around 350 nm, a green emission band at around 510 nm,
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and a red emission band at around 760 nm. The blue emission may originate from excitons and the other two may
originate from deep level defects. The SiOx -coated CuO
nanowires show emissions somewhat stronger than that at
the same wavelengths. The particularly large increase in the
green emission intensity by SiOx coating may be attributed
to the increase in the concentration of deep level such as Si
impurities formed in the CuO cores during Si sputtering.
The spectra also clearly show that the PL emission is enhanced by thermal annealing. The emission peak position
has been shifted a lot from 510 to around 640 nm as well as
the emission intensity has been increased by annealing in an
N2 atmosphere whereas the emission intensity has been increased but the emission peak position has not been shifted
by annealing in an O2 atmosphere. The new emission at
around 640 nm generated by N2 annealing may originate
from the radiative recombination at the O vacancies during thermal annealing under O-free condition. On the other
hand, the origin of the green emission at 540 nm from the
coated nanowire sample annealed in an O2 atmosphere is
not clearly understood, but we surmise at the moment that
the increase in the in the intensity of the green emission of
the coated nanowires at 510 nm by annealing in O2 is attributed to the increase in the concentration of the deep level
defects such as color centers in the SiO2 shell layer since
the SiOx in the shell layer is changed to SiO2 by reacting
with O2 molecules in the O2 atmosphere, although further
detailed study is necessary.

4 Conclusions
We have fabricated CuO-core/SiOx -shell 1D nanostructures
by using a two-step process consisting of thermal oxidation of Cu foils and sputtering of Si. The nanowires synthesized at 600°C were comprised solely of the CuO phase.
The Cu2 O phase detected by XRD and EDXS analyses were
attributed to the Cu2 O layer underneath the nanowires. TEM
and XRD analysis results reveal that the CuO-cores and the
SiOx -shells of the as-synthesized nanowires have crystalline
monoclinic CuO and amorphous SiOx structures, respectively. As regards the growth mechanism of CuO nanowires,
both VS mechanism and stress relaxation mechanism are responsible for the growth of CuO nanowires by thermal oxidation.
PL measurements show that SiOx coating increases the
intensity of the emission, particularly the green emission, of
CuO nanowires. The PL properties of the CuO-core/SiOx shell nanowires are found to strongly depend on the annealing atmosphere. The PL emission intensity of the CuOcore/SiOx -shell nanowires has been increased and the emission peak position has not been nearly shifted by annealing
in an N2 atmosphere whereas the emission peak position has

C. Jin et al.

been shifted a lot from 510 to around 650 nm as well as the
emission intensity has been increased by annealing in an O2
atmosphere.
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