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We prepared MgO-coated SnO, nanowires, by means of fabricating SnO, core nanowires and subsequently evaporating an MgB,
powder onto the core nanowires. We investigated changes in the morphological, structural, Raman, and photoluminescence
(PL) characteristics resulting from application of the coating process and of a thermal annealing process. The surface of the
nanowires became roughened by the MgO coating. While the core nanowires corresponded to the tetragonal rutile SnO,
structure, the shell was comprised of the cubic MgO phase. Raman spectra revealed that the core-shell nanowires exhibited
a weak line for MgQO-associated with surface phonon modes in a TO-LO phonon gap, in addition to the SnO,-related lines.
The room-temperature PL spectrum of core SnO, nanowires exhibited a 2.1 eV-centered broad band and the peak position
was invariant not also by the shell coating but also by the subsequent thermal annealing. The PL intensity was increasd by
the MgO coating, being attributed to a diffusion effect. The PL reduction by the subsequent thermal annealing is ascribed to
oxygen incorporation into the SnO, core nanowires.

Key words: Nanowires, SnOQ,/MgQO, Transmission electron microscopy (TEM), Raman, Photoluminescence.

Introduction that nanowire heterostructures consisting of these materials
will find a variety of applications.

Tin oxide (SnO,) is an important and inexpensive Among a variety of nanostructures for nanodevice
semiconductor with a wide band gap (E,=3.62 eV, at room applications [10-19], the nanowire, which is a one-
temperature). It is well known for its potential applications dimensional form of a nanostructure, has received a tremen-
in gas sensors [1], transparent conducting electrodes [2], dous amount of attention. In particular, coaxial heterostruc-
flat display devices [3] and solar cells [4]. Accordingly, SnO, tured nanowires have been developed for a diverse range
nanowires have been fabricated by means of a variety of of applications. For example, ZnO/SnO, core-shell nanowire
techniques including redox reactions [5], laser ablation [6], sensors exhibit a drastic enhancement in NO, gas sensing
and vapor-liquid-solid (VLS) catalytic growth [7]. On the properties compared to that of the bare ZnO nanowires
other hand, magnesium oxide (MgO) is a typical wide- [20]. SnO,/V,0s core-shell nanowires showed a significant
band-gap insulator and it can be used in a variety of area enhancement of photocatalytic activity than bare V,0s
such as catalysis, additives in refractories, paints and nanowires [21]. Pt/ SnO, core-shell nanowires have a
superconductor products, and as substrates for thin film remarkably enhanced ethanol gas- and photon-sensing
growth [8, 9]. Based on the extraordinary physical and properties due to the surface functionalization resulting

chemical properties of the oxides SnO, and MgO, we expect from the formation of heterostructures [22]. Also, we have
obtained an enhanced near-band-emission from ZnO/SnO,

*giﬁefggnl‘grlgg‘é%t%‘gé core-shell nanowires [23]. In regard to the MgO shell,
FZx; 182-2-2220-0389 ZnO/MgQ cor«_e-shell nanowires showed S}lbstaptigl solar-
E-mail: hyounwoo@hanyang.ac kr cell efficiency improvements compared with pristine ZnO
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nanowires [24]. Also, the MgO shell was reported to enhance
the photoluminescence (PL) properties of ZnO core-shell
nanowires [25].

Since both MgO and SnO, have extraordinary physical
and chemical properties, we expect that nanowire hetero-
structures consisting of these materials will provide a variety
of applications such as in nanoscale optoelectronics, sensors,
and catalysts, etc. It has been observed that the flat-band
potentials of SnO, nanoparticles shifted negatively once
they were coated with a thin insulating MgO layer [26].
Coating of a MgO layer on SnO, resulted in an increase
in the photocatalytic activity of SnO, [27]. Although dye-
sensitized solar cells based only of SnO, are prone to a severe
recombination loss, cells made of SnO,/MgO films deliver
reasonably high efficiencies [28].

In the present study, we have synthesized SnO,/MgO
core-shell nanowires, by thermal evaporation of MgB,
powder on pre-synthesized SnO, nanowires. Subsequently,
we have carried out thermal annealing at 800 °C, which is
a high enough temperature for ultra-large-scale-integration
processes, and investigated the structural, Raman, and
PL properties. In a previous study, we have fabricated
MgO/SnO,; core-shell nanowires and investigated their
Raman spectra [29]. To the best of our knowledge, this
is the first report on the fabrication of MgO/SnO, core-shell
nanowires and on the annealing effects of SnO,/MgO
core-shell structures.

Experimental

SnO, core nanowires were synthesized in a quartz tube
(diameter : 55 mm). Details of the experimental apparatus
have been described elsewhere [30]. The source material
was pure Sn powder. We employed Au-coated Si substrates.
In order to fabricate the Au-coated Si substrates, we used
Si as the starting material onto which a layer of Au
(about 3 nm thick) was deposited using sputtering. On top
of an alumina boat with the source material, a piece of the
substrate was placed with the Au-coated side downwards.
The quartz tube was inserted into a horizontal tube furnace.
In the heating process at 900°C for 1 h, the typical partial
pressure percentage of O, and Ar partial pressure,
respectively, were set to approximately at 3 and 97 %.

Coating of these SnO, nanowires with MgO shell layers
was also achieved using the evaporation method. On top
of an alumina boat with the MgB, powders, a piece of the
SnO, nanowires-grown substrate was placed with the
deposition side downwards. In the heating process at
900°C, the typical partial pressure percentage of O, and
Ar partial pressure, respectively, were set to approximately
at 3 and 97% [31]. In the subsequent step, for some selected
samples, a thermal annealing was performed in a quartz
tube at 800 °C for 10 minutes.

The collected product was characterized by a field emission
scanning electron microscope (FE-SEM) (Hitachi, S-4200),
transmission electron microscopy (TEM) (Philips, CM-200)
with an attached energy dispersive X-ray spectroscope

(EDX), and X-ray diffraction (XRD) (Philips X ’pert MRD
diffractometer with CuKa,, radiation). A PL spectrum was
collected by illuminating with a 325 nm wavelength from
a He/Cd laser (Kimon, 1K, Japan).

Results and Discussion

Figs. 1(a) and (b) show SEM images of SnO, nanowires
before and after the coating with MgO, respectively.
Although the surface became rougher by the coating process,
it is noteworthy that the 1D-nature of the product has
been maintained. Fig. 2(a) shows an XRD pattern of the
as-synthesized SnO, nanowires. The peaks are consistent
with the standard JCPDS card of tetragonal SnO, (No. 41-
1445). The XRD spectrum of MgO-coated SnO, nanowires
prior to thermal annealing is presented in Fig. 2(b). Some
of its diffraction peaks are maybe assigned to tetragonal
SnO, (JCPDS No. 41-1445), whereas other peaks correspond
to the diffraction of cubic MgO (JCPDS 45-0946).

Fig. 3(b) shows a lattice-resolved TEM image enlargement
of an area near the core-shell interface of the low
magnification image shown in Fig. 3(a). In the core region,
the interplanar spacings between the two neighboring
fringes coincide with the interplanar distance of the planes

Fig. 1. SEM images of (a) core SnO, nanowires, (b) MgO-coated
SnO, nanowires prior to thermal annealing.
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Fig. 2. XRD patterns of (a) core SnO, nanowires, (b) MgO-
coated SnO, nanowires prior to thermal annealing.
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Fig. 3. (a) Lattice-resolved TEM image of a boundary region betweer
SnO,-core and MgO shell layer. (b) Corresponding SAED pattern

of the tetragonal SnO; lattice. In the shell region, the
interplanar spacing between the two neighboring fringes is
about 0.29 nm, agreeing with the interplanar distance of
the (110) plane of the cubic MgO lattice. Fig. 3(c) shows
a corresponding SAED pattern. This exhibits not only a
spot pattern of the tetragonal SnO, phase (JCPDS card :
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Fig. 4. (a) Low-magnification TEM image of an annealed MgO/SnO,
core-shell nanowire, (b) Lattice-resolved TEM image enlarging an
area enclosed by the square box in (a), (c) The SAED pattern
shows that the annealed product is composed of amorphous and
crystalline phases.

No. 41-1445), but also diffraction rings of the cubic MgO
phase (JCPDS card : No. 45-0946). The spotty pattern of
SnO, reveals a single crystal nature, whereas MgO ring
spots correspond to a polycrystalline nature.

On the other hand, Fig. 4(a) shows a low-magnification
TEM image of an annealed core/shell nanowire. It is
noteworthy that the MgO structure has agglomerated
and thus some part of MgO/SnO, interface has been
exposed to the air ambient. Fig. 4(b) is a lattice-resolved
TEM image enlarging a boxed region of Fig. 4(a). While
the core region is comprised of a crystalline SnO, phase,
the shell exhibits the lattice fringes corresponding to the
interplanar distance of the (200) plane of the cubic MgO
lattice. Fig. 4(c) shows the associated SAED pattern. The
single-crystal diffraction spots were indexed as tetragonal
Sn0O,, including (100) and (101) reflections. In addition,
diffraction spots consisting of the diffraction rings of cubic
MgO can be observed.

Fig. 5(a) shows the Raman spectrum of core SnO,
nanowires. The fundamental Raman scattering peaks were
noticeably observed at 633 cm™ and 771 cm™, corres-
ponding to the A,, and B,, vibration modes in the rutile
SnO, structure, respectively [32-35]. Fig. 5(b) shows the
Raman spectrum of the as-prepared SnO,-core/MgO-shell
nanowires. In addition to the three Raman lines at 474,
632, and 774 cm™', being assigned to Ey, Ajg, and By,
modes, respectively, a weak Raman peak at about 694 cm™'
was observed. It has been suggested that this line
corresponds to IR-active A, LO mode [32]. On the other
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Fig. 5. Raman spectra of (a) core SnO, nanowires, (b) as-prepared
SnO,-core/MgO-shell nanowires, and (c) annealed SnO,-core/MgO-

shell nanowires. Insets in (b) represents the enlarged spectrum in

the spectra range of 1050-1150 cm™.

hand, the line at 1086 cm™ accompanied by a line at
1107 cm™ can be observed. Since these lines are very weak,
we have enlarged it for clarity (upper-right inset in Fig. 5(b)).
The broad band composed of two lines is similar to those
observed from MgO microcrystals [36, 37], being attributed
to the surface phonon modes in a TO-LO phonon gap.
Fig. 5(c) shows the Raman spectrum of the annealed SnO,-
core/MgO-shell nanowires. Three fundamental Raman
peaks at 475, 632, and 774 cm™', being associated with the
E,, A;g, and B,, modes, respectively, are found, confirming
the existence of the rutile SnO, phase. Although their
intensities are relatively weak, Raman lines at 1088 cm™
and 1121 cm™', presumably from the MgO shell, were
observed. By comparing Fig. 5(c) with Fig. 5(b), we reveal
that the relative intensity of the IR-active LO A,, mode line
to the A, line was reduced by the thermal annealing. The
Raman activity of the IR-active LO A,, mode line is induced
by disorder [33] or size effects [38]. Since the size of the
core SnO, nanowires will not be significantly varied by
the thermal annealing, we surmise that the thermal annealing

tended to decrease the disorder by increasing the crystallinity
of SnO, core nanowires. Further study is in progress. The
measured FWHM values of the Ay, line of core SnO,
nanowires, as-prepared SnO,-core/MgO-shell nanowires,
and annealed SnO,-core/MgO-shell nanowires are 8.0,
10.3, and 10.5°, respectively, indicating that the A;, mode
has been significantly broadened by the MgO-coating.
We surmise that the SnO, nanowires tend to gain more
defects such as vacancies of oxygen and vacancy clusters,
during the heating process for the MgO-coating [39].
Fig. 6 shows the room-temperature PL spectra of
core SnO, nanowires, as-prepared SnO,-core/MgO-shell
nanowires, and annealed SnO,-core/MgO-shell nanowires.
The spectra exhibited a strong and broad peak centered
around 2.1 eV for all samples. In the spectrum of core
SnO, nanowires, the 2.1 eV-peak in the yellow region
originated from the defect energy levels within the bandgap
of SnO,, being associated with O vacancies or Sn interstitials
[40-42]. By means of the MgO coating, the intensity of the
PL spectrum has been increased, whereas the peak position
is almost invariant. Although MgO is known to exhibit
blue or blue-green emissions [43], there has been a rare
report on the yellow emission. Accordingly, the MgO shell
does not contribute to the annealing-induced intensification
of PL of the composite nanowires. During the MgO coating,
at a high temperature of 900 °C, there should be an atomic
diffusion near the SnO,-core/MgO-shell boundaries.
The free energies of formation (AGy) at the growth
temperature of 900 °C for SnO, and MgO are about —337
and —473 kJ/mol, respectively [44]. There exists a consi-
derable amount of oxygen vacancies in both SnO, and MgO
phases. Since the formation of MgO is more favorable
than that of SnO,, oxygen atoms tend to move from the
SnO, phase to the MgO phases (Fig. 7(a)). Accordingly,
it is likely that additional oxygen vacancies are generated
in the SnO, phase during the MgO-coating process at
900°C. By means of thermal annealing at 800 °C, the PL
intensity was slightly decreased (Fig. 6). We have used
a furnace with an ambient nearly equal to air, which should
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Fig. 6. PL spectra of core SnO, nanowires, as-prepared SnO,-core/
MgO-shell nanowires, and annealed SnO,-core/MgO-shell nanowires.
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Fig. 7. Schematic outlines of the behavior of oxygen vacancies
during the process for (a) MgO coating and (b) subsequent thermal
annealing.

have substantial amounts of oxygen. Figs. 4(a) and 7(b)
indicate that some part of MgO/SnO, interface has been
exposed to the air ambient, during the thermal annealing.
We surmise that the thermal annealing increases the density
of oxygen vacancies or Sn interstitials in the SnO, core,
intensifying the yellow emission. Although it is possible
that some of oxygen atoms migrate into the MgO phase and
thus generate oxygen vacancies in the SnO, core, we surmise
that the direct incorporation of oxygen from the air ambient
onto the exposed SnO, surface plays a crucial role in
decreasing the oxygen vacancies in SnO, core nanowires.

Conclusions

We have prepared MgO-coated SnO, nanowires and
subsequently investigated the effects of thermal annealing.
SEM images indicate that the surface of the nanowires
became rougher by the MgO coating. XRD investigation
reveals that the core-shell nanowires exhibited cubic MgO-
related diffraction peaks from the shell, as well as tetragonal
SnO,-related peaks from the core. SAED patterns and
lattice-resolved TEM images reveal that the shell layer
comprises a crystalline MgO phase, regardless of whether
the samples were annealed or not. Raman spectra indicate
that the core-shell nanowires exhibited a weak line for
MgO-related surface phonon modes in a TO-LO phonon
gap, as well as SnO,-related lines. While the PL spectrum
of core SnO, nanowires exhibits a yellow emission around
2.1 eV, the subsequent MgO coating did not change the
peak position but enhanced the PL intensity, due to the
diffusion of oxygen from SnO, to MgO phases and
generation of oxygen vacancies in the SnO, phase. The
subsequent thermal annealing decreased the intensity,
due to the incorporation of oxygen from the annealing
ambient and reduction of the oxygen vacancies in the
SnO, core.
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