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TeO2 nanowires with diameters ranging from a few tens to hundreds of nanometers and lengths of a few
tens of micrometers were prepared by thermal evaporation of Te powder with a Co catalyst. Initially,
bead-like g-TeO2 nanoparticles on the surface of pre-formed thick TeO2 nanowires were heterogeneously
formed. Subsequently, uniform thin TeO2 nanowires without the g-TeO2 phase were homogeneously
synthesized by changing only the inlet N2 gas ﬂow rates and keeping other process parameters constant.
The morphological and microstructural evolution of the two different nanomaterials was examined by Xray diffraction, energy-dispersive X-ray spectrometry, and scanning and transmission electron microscopy. The optical properties of the nanomaterials were also investigated using photoluminescence
spectroscopy. The emission peaks in the PL measurement without the supply of N2 gas showed a synergetic effect between (1) bead-like orthorhombic g-TeO2 nanoparticles that show two speciﬁc emission
bands at 388 nm and 590 nm; and (2) uniform tetragonal TeO2 nanowires that show a characteristic
emission band at 440 nm. In contrast, the pure tetragonal TeO2 nanostructures synthesized under a N2
gas ﬂow rate of 2 standard liters per minute ﬂow rate revealed a red-shifted emission band at 450 nm
compared to heterogeneous structures of the same composition. The origins of the growth and emission
mechanisms in the different TeO2 structures are also discussed.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

g-TeO2, a metastable crystal, has an orthorhombic unit cell
belonging to the space group P212121 [1]. There are two different
kinds of bonding between Te and O in g-TeO2, symmetric and
asymmetric bridge structures, implying that disphenoids could be
ﬁrmly deformed. Hence, g-TeO2 is a very promising candidate for
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non-linear optical applications [2e4]. In particular, g-TeO2 is
formed as an independent phase in the ﬁrst stage [3] before the
crystallization of TeO2, which is obtained from many synthetic
routes, such as spray pyrolysis [5], rf reactive sputtering [6e8], solgel [9e11], and solution-based chemical techniques [12e16].
On the other hand, TeO2 as a stable crystal has a tetragonal unit
cell with space group P41212 [17]. TeO2 is a versatile semiconducting
oxide because of its excellent optical properties for tunable ﬁlters
[18], laser devices [9], modulators [19], optical storage [20], and
deﬂectors [21]. Jiang et al. [22] fabricated tellurium dioxide nanorods having uniform size distribution in a hot air atmosphere via
laser ablation. Lecomte et al. [11] proposed that TeO2 thin layers
based on sol-gel processes can be developed via dip-coating and
heat treatment, by controlling the reactivity of tellurium alkoxide.
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Fig. 1. Schematic diagram of the evolution of mixed g-TeO2 with TeO2 (upper image) and only TeO2 (lower image) nanostructures during the thermal evaporation process.

Vinogradov et al. [23] suggested that single crystal TeO2 with a
large diameter of up to 60 mm can be grown via the Czochralski
technique in specially designed setups. Huriet et al. [24] reported
that titanium additives enhanced the aspect ratio and crystallization of TeO2 crystals at low temperature.
Usually, TeO2 is one of the wide band-gap semiconducting oxides (i.e., ~4.05 eV) [25] including both orthorhombic and tetragonal structures as described above. However, so far hybrid
nanostructures of two different kinds of TeO2 has not been synthesized because most of TeO2 microstructures have a tendency to
transform into stable tetragonal-structured TeO2. Nevertheless, it is
very important to form the hybrid nanostructures for synergetic
interaction and extraordinary interface reaction of two different
components. To the best of our knowledge, there are no reports on
the morphology, microstructures of the different phases of TeO2based nanostructures that coexist, and their optical properties. This
study reports the synthetic conditions and dimensional properties
of g-TeO2 and TeO2 nanostructures using different N2 ﬂow rates,
from 0 to 2 standard liters per minute (slm), along with their
photoluminescence (PL) characteristics.

2. Experimental
Two different types of TeO2 nanostructures based on the vaporliquid-solid (VLS) mechanism were synthesized in a vertical tube
furnace. For the thermal evaporation process of source materials,
incident Te powders (300 mg, 99.99%, Sigma-Aldrich) were positioned on the lower holder. A piece of Si substrate (3 cm  3 cm, ptype Si (100)) with a 3 nm-thick cobalt (Co) ﬁlm, pre-deposited by
ion sputtering, was placed on the upper holder. The distance of the
two points from the N2 gas entrance to the upper holder is
approximately 50 cm. The process temperature was increased to
450  C at a heating rate of 10  C/min and maintained there for 1 h.
The internal ﬂow rate was gradually controlled by ﬂowing highpurity N2 gas at 0, 0.5, 1, and 2 slm, without any extra reaction
gas, to obtain an inﬂux effect from only the carrier gas. After
completing the product synthesis, the supply of N2 gas was stopped
and the temperature of the furnace was decreased to room temperature. Finally, light-white colored TeO2 samples were collected.
X-ray diffraction (XRD, glancing angle, 0.5 ) was performed
using a Philips X'pert MRD diffractometer (Cu Ka radiation) for
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crystallographic analysis of the samples. Both scanning electron
microscopy (SEM, Hitachi S-4200) and transmission electron microscopy (TEM, Philips CM-200) with energy-dispersive X-ray
spectrometry (EDX) were performed for characterizing the external
morphology as well as the internal microstructure and elemental
composition. PL spectroscopy (SPEC-1403 PL spectrometer) with a
HeeCd laser (325 nm, 55 MW) was used for investigating the optical properties at room temperature (RT).
3. Results and discussion
Fig. 1 shows a schematic illustration of a series of nucleation and
growth processes of two different TeO2 nanostructures (tetragonal
TeO2 nanowires (light blue) and orthorhombic g-TeO2 nanoparticles (purple)) with a Co catalyst on the Si substrate. With no N2
supply, in the ﬁrst stage, a hybrid system was observed, as seen in
the ﬁrst upper image of Fig. 1. Starting from the pre-deposited solid
Co catalyst, both the Te vapor obtained from the Te powders and
remnant O presence in the vertical tube furnace could be adsorbed
on the liquidized surface of Co particles (second upper image). This
is because the gradually increasing temperature, to 450  C, is sufﬁcient for phase transformation of the Co catalyst from solid to
liquid on the Si substrate, arising from the rapid drop in the melting
point and fast growth of the total surface area/energy in agreement
with the particle size effect [26]. For example, Adamson and Gast
[27] reported that NaCl with a 0.77 cm edge length has 3.6 cm2
surface area and 7.2  105 J/g surface energy. However, once the
edge size is gradually decreased to 107 cm, the corresponding total
surface and energy of NaCl are drastically increased to
2.8  107 cm2 and 560 J/g, respectively. As the particle dimensions
changed from centimeters to nanometers, the surface area and
energy could be increased more than one million times. This means
that liquidized Co nanoparticles are formed on the surface of the Si
substrate, facilitating adsorption of Te and O gas molecules even
though the melting point of Co is approximately 1495  C in the
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bulk. Next (third upper image), Te and O molecules are supersaturated at the top of the liquidized Co particles. Here, no remarkable
morphologies were observed at the tip region, compared to the
rounded droplet seen in typical VLS growth. Generally, when the
catalyst (Co) particle deposited on the substrate is relatively large or
the adsorption coefﬁcient value between the two interfaces of the
catalyst (Co) and Si is large, the growth mechanism from the
saturated point after nucleation follows the root growth model
[28]. This mechanism gives rise to many multi-pronged nanowires,
contrary to the single-pronged nanowires in the ﬂoat growth
model [28]. This is because the surface of the catalyst has the same
possibility of having nucleating sites for TeO2 nanowires, except
embryo formation, which does not reach saturated nuclei formation, and consequently, becomes extinct. In other words, it would
be possible to make a one (catalyst)-to-many (nanowires)
arrangement during the growth process, although our schematic is
drawn as a one-to-one correspondence as a special case for better
understanding. After the main tetragonal TeO2 nanowires are
grown from the liquidized Co particles at the bottom, the orthorhombic g-TeO2 nanoparticles adhered to the surface of the preformed tetragonal TeO2 nanowires. This was observed with
successive axial growth of the tetragonal TeO2 nanowires, as shown
in the fourth upper image in Fig. 1. The sudden appearance of
orthorhombic g-TeO2 caused two different phases to coexist, wireand particle-like composite structures. This indicates that the
relatively more-time-remaining state of Te and O gases creates
metastable orthorhombic g-TeO2, and not the relatively little-timeremaining state of Te and O gases. In the last stage, a perfect hybrid
system was achieved after cooling to RT (ﬁfth upper image in Fig. 1)
with no carrier gas. Tetragonal TeO2 alone, without orthorhombic
g-TeO2 structures, can be synthesized under relatively higher N2
ﬂow rates, i.e., 2 slm N2 gas supply, with the same TeO2 synthetic
steps as shown in the upper images, except for the orthorhombic
TeO2 formation stage (lower image of Fig. 1).
Fig. 2 shows the four different morphologies obtained from the

Fig. 2. SEM images of the structures based on different N2 gas ﬂow rates (a) 0 slm, (b) 0.5 slm, (c) 1 slm, and (d) 2 slm.

718

H.G. Na et al. / Journal of Alloys and Compounds 695 (2017) 715e720

SEM images of the as-synthesized TeO2 nanowires with an increase in the N2 gas ﬂow rates, below 2 slm. Randomly-oriented
TeO2 nanostructures were observed (Fig. 2) over the samples.
The typical SEM image of hybrid TeO2 nanowires shows a wire-like
morphology with droplet particles on its surface (Fig. 2a) with no
N2 gas. The diameter and length of most tetragonal TeO2 nanowires were larger. In addition, orthorhombic g-TeO2 nanoparticles
of different sizes also grew alongside the axial direction of the preformed tetragonal TeO2. In fact, since the orthorhombic g-TeO2
single crystal is metastable, it is nearly impossible to attain only
pure g-TeO2 structures because of phase transformation into the
stable tetragonal TeO2 structures [29]. Therefore, orthorhombic gTeO2 structures need stagnant Te and O gas for nucleation at
favorable sites (i.e., surface areas of pre-formed tetragonal TeO2
structures in our case). That is, different internal ﬂow rates are
required for synthesizing structures between the stable tetragonal
TeO2 and the metastable orthorhombic g-TeO2 nanostructures. As
shown in Fig. 2b, at 0.5 slm N2 gas ﬂow rate, SEM observations
showed the same trend as that shown in Fig. 2a, apart from a
smaller diameter of the tetragonal TeO2 and lower concentration
of orthorhombic g-TeO2. However, at a N2 ﬂow rate of more than 1
slm (Fig. 2c and d), at glance, the products seem to consist of only
one type of tetragonal TeO2 without any orthorhombic g-TeO2
structures. At least in our SEM images (Fig. 2c and d), there are no
signiﬁcant morphological differences apart from the N2 gas ﬂow
rates and the aspect ratio although fewer orthorhombic g-TeO2
structures are included in 1 slm N2 gas ﬂow rate condition as
shown in Fig. 3. One thing for sure is that the tetragonal TeO2
nanowires synthesized at 2 slm N2 gas ﬂow rate (Fig. 2d) have a
higher aspect ratio than those synthesized at 1 slm (Fig. 2c). This
result suggests that the nucleation of orthorhombic g-TeO2
nanoparticles could not occur at a relatively higher N2 gas ﬂow
rate because of the very short time available to form the nuclei.
Accordingly, the relatively more-time-remaining state of Te and O
gases is an essential prerequisite for the development of orthorhombic g-TeO2.
XRD (Fig. 3) showed that the samples obtained using different
N2 gas ﬂows with constant Te powder content comprise both
orthorhombic g-TeO2 (JCPDS card No. 52-1005) and tetragonal
TeO2 (JCPDS card No. 42-1365). The sharp reﬂection peaks shown
in Fig. 3a, when there is no N2 supply, suggest that the TeO2based hybrid nanostructures mixed with orthorhombic g-TeO2,
tetragonal TeO2, and the other orthorhombic TeO2 (JCPDS card
No. 09-0433) are all crystalline. On the other hand, as the N2 gas
ﬂow rate increased to 0.5 (Fig. 3b), 1 slm (Fig. 3b), and 2 slm
(Fig. 3d) slowly, the crystal phase of the products gradually
transformed into stable tetragonal TeO2 structures, i.e., mixture of
two different phases (Fig. 3b) to more tetragonal TeO2 and fewer
orthorhombic g-TeO2 (Fig. 3c), and ﬁnally, all tetragonal TeO2
single phases (Fig. 3d). The XRD data agrees well with the SEM
data shown in Fig. 2.
A low magniﬁcation TEM image of the mixed TeO2 synthesized
with no addition of N2 gas clearly indicated that the TeO2 nanostructures have two different segments (Fig. 4a). The wire-like
morphology was observed using both the high-resolution TEM
(HRTEM) image (Fig. 4b) and the corresponding selected area
electron diffraction (SAED) pattern (Fig. 4c) of a representative
tetragonal TeO2 nanowire. The distance between two parallel
neighboring fringes was 0.76 nm for the (001) plane and 0.34 nm
for the (110) plane as determined from the HRTEM images (Fig. 4b).
The spot-like SAED pattern with the electron beam parallel to the
[1e10] direction conﬁrmed that the product (tetragonal TeO2
nanowires) is clearly a single crystal (discrete rings, spots, and
continuous concentric patterns indicate polycrystalline, single
crystalline, and amorphous structures, respectively) [30]. On the

Fig. 3. XRD patterns of various TeO2 nanostructures at different N2 gas ﬂow rates (a)
0 slm, (b) 0.5 slm, (c) 1 slm, and (d) 2 slm.

other hand, the particle-like morphology also reveals that the distance between neighboring fringes was 0.39 nm for the (011) plane
and 0.32 nm for the (101) plane from the HRTEM (Fig. 4d) as well as
single crystal spot-like SAED pattern (Fig. 4e) parallel to the [1-1-1]
direction of the orthorhombic g-TeO2 nanostructures, although
there are some polycrystalline structures (i.e., discrete ring pattern)
mixed in it. The elemental composition analysis in this kind of
sample using EDX is presented in Fig. S1 in the supporting information (SI). The EDX results of Fig. S1 reveal that the wire-like
morphology (tetragonal TeO2 as shown with Fig. S1b) with
droplet particles (orthorhombic g-TeO2 as shown with Fig. S1c and
Fig. S1d) contained elemental Te and O including Cu and C from the
TEM sample preparation.
As described in Figs. 1e3, Fig. 5 shows that only tetragonal TeO2
nanowires were formed at 2 slm N2 gas ﬂow rate and have a
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Fig. 4. TEM images of hybrid TeO2 nanostructures with no N2 gas supply. (a) Typical
TEM image of heterogeneous TeO2 nanostructures, (b) HRTEM image of tetragonal
TeO2 nanowires, (c) SAED pattern of tetragonal TeO2 nanowires, (d) HRTEM of
orthorhombic g-TeO2 nanoparticles, (e) SAED pattern of orthorhombic g-TeO2
nanoparticles.

uniform surface with a diameter of 30 nm. No orthorhombic g-TeO2
nanoparticles were observed (same as in Fig. 4a and b). The corresponding SAED pattern (Fig. 5b) and HRTEM images (Fig. 5c)
indicated a series of (101), (010), (111) planes and an interplanar
distance of 0.41 nm, respectively. The additional EDX data is shown
in Fig. S2 in the SI. The EDX analysis (Fig. S2) is similar to the
elemental compositions (Te and O) of Fig. S1 except somewhat of Si
atoms originating from Si substrate.
The PL analysis were performed at RT with HeeCd laser source
having 325 nm excitation wavelength and the PL spectra of the
orthorhombic g-TeO2 and tetragonal TeO2 nanostructured samples are shown in Fig. 6. The mixed hybrid nanostructures
without carrier gas (upper PL spectrum in Fig. 6) had ﬁve speciﬁc
emissions including (1) at 388 nm (3.2 eV) and 590 nm (2.1 eV)
originating from orthorhombic g-TeO2 nanoparticles, compared
to that of only tetragonal TeO2 nanowires (i.e., no emission peaks
at the same or nearby positions in the lower PL spectrum in
Fig. 6) and (2) at 413 nm (3 eV), 440 nm (2.8 eV), and 540 nm
(2.3 eV) originating from tetragonal TeO2 nanowires, showing the
combined effect of yellow, blue, and violet emissions with various
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Fig. 5. TEM images of TeO2 nanowires without g-TeO2 nanoparticles at 2 slm N2 gas
supply. (a) Typical TEM image of homogeneous TeO2 nanostructures, (b) SAED pattern
of TeO2 nanowires, (c) HRTEM of TeO2 nanowires.

Gaussian ﬁtting analyses. Especially, a remarkable emission peak
at 388 nm obtained from orthorhombic g-TeO2 nanoparticles
might be attributed to bound excitons as well as donor-acceptor
pairs [31]. However, the other emission peaks such as 590 nm
from orthorhombic g-TeO2 nanoparticles and 413 nm, 440 nm,
and 540 nm from tetragonal TeO2 nanowires might be attributed
to surface state as well as defect trapping [31] even though
further studies are necessary to clearly deﬁne the kind and
density of defects. Daﬁnei et al. [32] suggested that radiative
recombination based on self-trapped excitons and thermal
quenching up to 100 K causes the 425 nm-centered PL emissions.
They also reported that oxygen vacancies and Te2þ give rise to
luminescence, possibly due to different defect states in the
forbidden band. On the other hand, stable tetragonal TeO2
nanowires (lower PL spectrum in Fig. 6) showed a PL emission at
450 nm (2.76 eV) in the blue region with three shoulders at
534 nm (2.32 eV), 482 nm (2.57 eV), and 417 nm (2.97 eV)
without any emission peaks from metastable orthorhombic gTeO2 nanoparticles. This difference in the emission intensity and
wavelength might be due to the difference in crystallography and
morphology between the two nanostructures (orthorhombic g-
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Fig. 6. Room temperature PL spectra obtained from heterogeneous TeO2 (upper PL
spectrum) and homogenous TeO2 (lower PL spectrum).

TeO2 and tetragonal TeO2).
4. Conclusions
Orthorhombic g-TeO2 and tetragonal TeO2 nanostructures were
fabricated by simple thermal evaporation based on the N2 gas ﬂow
rates from 0 to 2 slm. The morphologies of the hybrid system with
no N2 supply showed (1) wire-like tetragonal TeO2 with the relatively little-time-remaining state of Te and O molecules as well as
(2) particle-like orthorhombic g-TeO2 when the gaseous source
powders were the relatively more-time-remaining state of Te and O
gases. However, as the N2 gas ﬂow rate was gradually increased to 2
slm, the metastable orthorhombic g-TeO2 structures disappeared
because of the difﬁculty in the formation of nuclei on the preformed tetragonal TeO2. Consequently, only stable tetragonal TeO2
nanowires remained. Therefore, in the PL spectra, heterogeneous
TeO2 structures showed two kinds of distinctive PL emissions
originating from orthorhombic g-TeO2 and tetragonal TeO2 nanostructures, while homogeneous TeO2 structures revealed only
exciton- and defect-induced luminescence arising from the inborn
tetragonal TeO2 nanowires.
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