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Tellurium nanotubes with controlled diameter and wall thickness were synthesized by galvanic displace-
ment of cobalt nanowires and their temperature dependent field effect transistor and magnetoresistance
properties were systematically investigated. The nanotube diameter was slightly larger than the sacrificial
cobalt nanowire diameter with a wall thickness of range from 15 to 30 nm depending on the diameter of

cobalt nanowires. Te nanotubes show p-type semiconducting property with the field effect carrier mobil-
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ity of approx. 0.01 cm?/V s which is relatively lower than other 1D nanostructure. Low mobility might be
attributed to porous morphology with small grain size (<10 nm). Temperature dependent mobility also
exhibiting a Conwell-Weisskopf relationship to temperatures below 250K, indicating that the dominant
scattering sites are ionized impurity centers. Unique MR behavior was observed from nanotube with a
maximum magnetoresistance ratio of 37% at 260 K.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Tellurium is a p-type semiconductor with a direct band gap
energy of 0.35eV at room temperature. It has been applied for
high-efficiency photoconductors [1], piezoelectric devices [2], and
carbon monoxide [3] and ammonia [4] gas sensors. Additionally,
tellurium and its alloys are considered important semiconductor
materials for thermoelectric generators and coolers because of their
high thermopower [5]. Unfortunately, the thermoelectric figure of
merit of pure bulk tellurium is relatively low because of its high
thermal conductivity. However, one-dimensional (1D) nanostruc-
tures have been proposed to increase the thermoelectric figure of
merit by decreasing thermal conductivity via phonon scattering.
Thus, the synthesis of one-dimensional tellurium nanostructures
is of great interest. Furthermore, Te nanotubes, in particular, are
attractive 1D nanostructures as their wall thickness allows their
physical properties to be tuned by much smaller characteristic
lengths compared to their diameter.

Previous reports have synthesized Te nanotubes via hydro-
/solvo-thermal [6,7] and physical vapor deposition [8]. However,
these processes are limited by low yield (<30%) and inability
to produce high aspect ratio nanotubes, which is essential for
nanostructure-based thermoelectric devices. Alternatively, gal-
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vanic displacement reactions, which are induced by the difference
in redox potentials between materials, are site-specific electro-
chemical processes producing structural features determined by
those of the sacrificial material. Galvanic displacement reaction
is simple and versatile route to create nanostructures with con-
trollable hollow interiors and porous walls. The requirement for
achieving such hollow nanostructures is the availability of noble
metal ions in the presence of less-noble nanoconstructures. Various
hollow metal nanostructures including nanocubes and nanotubes
have been synthesized via this reaction [9]. Recently, we demon-
strated the synthesis of semiconducting nanostructures using
galvanic displacement [10].

In this work, Te nanotubes with controlled diameters and wall
thickness were systematically synthesized by galvanic displace-
ment of sacrificial cobalt nanowires. The nanotube diameter was
adjusted by the diameter of the sacrificial nanowires. Temperature
dependent electron- and magneto-transport properties of single
tellurium nanotube were also investigated.

2. Experiments

The sacrificial cobalt nanowires with average diameters of
70, 120 and 220nm were synthesized by a template-directed
electrodeposition method using polycarbonate membranes as scaf-
folds. A gold thin film with a thickness of 200 nm was deposited
on one side of the template with an Emitech K550 table-top
sputter to serve as the seed layer for the electrodeposition of
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Fig. 1. Schematic representation of fabrication procedure to create top areal electrode contact on nanowires.

cobalt nanowires. The nanowires were galvanostatically deposited
by applying current density of 5mA/cm? using EG&G PAR VMP2
multi-channel potentio/galvanostat. The cobalt electrolyte con-
sisted of 1M CoCl, +1 M CaCl; at pH of 3. After electrodeposition,
the nanowires were released in isopropyl alcohol by dissolving the
template in 1-methyl-2-pryrrolidinone. Tellurium nanotubes were
synthesized by galvanically displacing the cobalt nanowires. The
galvanic displacement electrolyte (0.01 M HTeO,* +1M HNO3, pH
of 1) for the tellurium nanotubes was prepared by dissolving TeO,
in concentrated nitric acid followed by addition of deionized water
to reach the final volume.

Electron- and magneto-transport characterization of single
tellurium nanotubes required a back gated two-point electrical
contact configuration. To create a robust electrical and mechan-
ical contact between nanowire and microfabricated electrodes,
device fabrication began by dispersing suspended cobalt nanowires
(average diameter of 220nm) on a boron doped silicon sub-
strate (p=0.01-0.022cm) coated with a HfO, dielectric layer
(150 nm thickness). After assembly of nanowires, Au/Cr electrodes
(200 pm x 200 pm, ta, =280 nm, tc; =20 nm) with 3 wm gap were

fabricated on top of the nanowires by e-beam evaporation and stan-
dard lift-off lithography (Fig. 1). Substrates with contacted cobalt
nanowires were immersed in the tellurium electrolyte to form tel-
lurium nanotubes. The reaction was carried out with no agitation
at ambient temperature and a fixed time of 30 min. The tempera-
ture dependence of electro- and magneto-transport properties of
single tellurium nanotube were measured using a source-measure-
unit (Keithley 2636) and a physical property measurement system
(PPMS, Quantum Design), respectively.

3. Results and discussion

Fig. 2 shows the transmission electron microscopy (TEM)
image of electrodeposited cobalt nanowires with average
diameters of 70nm and tellurium nanotubes subsequently
synthesized from these wire by galvanic displacement. Selected
area electron diffraction (SAED) pattern of the nanowires indi-
cates a nanocrystalline microstructure (Fig. 2(a)). When cobalt
nanowires are immersed into the acidic nitric solution contain-
ing HTeO,* ions, cobalt nanowires are galvanically displaced
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Fig. 2. TEM images and selected area electron diffraction patterns of (a) electrodeposited cobalt nanowires and (b) tellurium nanotubes.
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Fig. 3. Outer diameter distribution of Co nanowires (a-c) and Te nanotubes (d-f). The mean diameter of Co nanowires are (a) 70, (b) 120, and (c) 220 nm, respectively.

to form tellurium, because of the difference in the redox
potentials (i.e., Co**+2e~—Co (E°=-0.28V vs NHE) and
HTeO,* +3H* +4e~ — Te+2H,0 (E°=+0.551V vs NHE)) [11],
where the galvanic displacement of cobalt nanowires to tellurium
nanotubes can be represented as follows:

HTeO,*(aq) + 3H*(aq) + 2Co%s) — Te%(s) + 2H,0 + 2Co**
(M

Homogeneous tellurium nanotubes with well-defined void
spaces were formed as shown in Fig. 2(b) where the SAED pat-
tern also confirms the formation of tellurium nanotubes. The final
outer diameter of the tellurium nanotubes was slightly larger than
the cobalt nanowires. These results are in accord with the pro-
posed mechanism for tube formation, in which the displacement
reaction occurs at the surface of the nanowire creating an incom-
plete thin tellurium sheath at the cobalt nanowire surface. The
reactants and products diffuse across the porous tellurium sheath,
building a continuous tellurium nanotube on the exterior wall of
the initial tellurium sheath. The tellurium nanotubes also have a
nanocrystalline microstructure with a grain size <10 nm and wall
thickness around 15 nm which was measured using TEM images.
The nanocrystalline microstructure of the Te nanotube implies the
crystallinity of the sacrificial Co nanowire may be induced upon
the Te nanotube during the displacement reaction. Fig. 3 shows
the histogram of outer diameter distribution of sacrificial cobalt
nanowires and tellurium nanotubes where the average diameter
of the Te nanotubes were determined to be 85, 140, and 250 nm
for sacrificial cobalt nanowires diameters of 70, 120 and 220 nm,
respectively. As expected, the outer diameter of Te nanotubes was
greater than the diameter of sacrificial cobalt nanowire. In addition,
the wall thickness increased from 15,20 and 30 nm which increased
in the diameter of cobalt nanowires from 70, 120, and 220 nm.
These clearly indicated that the tube diameter and wall thickness
can be tuned by adjusting the diameter of sacrificial nanowires.

To determine the thermal activation energy of synthesized Te
nanotubes, temperature dependent electrical resistance were mea-
sured from 20 to 300K. Fig. 4(a) shows the Arrhenius plot of
temperature dependent resistance of a single tellurium nanotube
(220 nm in diameter). Two linear regions are observed with activa-
tion energies of 87 and 6.8 meV obtained for temperatures above
and below 200K. These values fall within the range of activation
energies, between 6 and 178 meV, reported by Goswami and Ojha
[12] for thermally evaporated tellurium thin films with variation
in film thickness and fabrication conditions. The transition tem-
perature (200K) of tellurium nanotubes is also similar to that of
tellurium thin films.

To determine semiconducting properties of single Te nanotubes,
field effect transistor (FET) transfer characteristics were measured.
Fig. 4(b) shows a series of the source-drain current (Isp) versus
voltage (Vsp) curves measured at different gate voltage (V) from
—20 to +20V with a step of 10V under ambient condition. The
back gate was formed by contacting highly doped silicon sub-
strate back-side with metal electrode using conductive silver paint
(PELCO Conductive Silver 187). The Isp—Vsp curves at different Vg
are all linear, which indicate ohmic contact between gold elec-
trodes and Te nanotube. The dependence of Isp-Vsp on the Vg
indicates that the synthesized tellurium nanotube is a p-type semi-
conductor. The transfer characteristics of the tellurium nanotube
are shown in Fig. 4(c) with fixed Vps of 1V. The conductance of the
tellurium nanotube decreased with the increase in Vg indicating
the tellurium nanotube has typical characteristics of a p-channel
semiconductor field effect transistor (FET). In addition, we investi-
gated the carrier mobilities at temperatures from 50 to 300 K using
a cold-finger cryogenic system (Janis CCS-350SH). The mobility of
the carriers can be estimated from the transconductance of the
FET, dlsp/dVg = (C/L?)Vsp, where p is the carrier mobility. The
approximate nanotube capacitance C = 2meeoL/ In(2h/r), where &
is dielectric constant of HfO,, h is the thickness of the HfO, layer, Lis
the nanotube length, and ris radius of tellurium nanotube [13]. The
temperature dependence of carrier mobility of tellurium nanotube
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Fig. 4. Electron transport properties of tellurium nanotube device; (a) temperature dependence of electrical resistance, (b) the gate voltage dependent Isp—Vsp curves, (¢)
Isp—V¢ characteristics measured at Vsp =1V, and (d) temperature dependence of field effect carrier mobility.

(Fig. 4(d)) shows that the field effect carrier mobility monotonically
increased with increase in temperature up to 250K, and slightly
decreased with further increases in temperature. The field effect
mobility at 300 K was approx. 0.01 cm?2/V s which is relatively lower
than other reported semiconducting nanostructures. For example,
field effect mobility of single-walled carbon nanotubes network is
in the range of 0.1-10cm?2/V's [14]. The lower mobility might be
attributed to porous morphology of Te nanotubes with small grain
size. The field effect carrier mobility below 250 K seems to obey the
Conwell-Weisskopf relation [15], indicating that ionized impurity
center scattering is the dominant factor in this region [16]. In the
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Fig. 5. Temperature dependence of resistance of tellurium nanotube device in the
absence and presence of external magnetic field (H=10T)in the transverse direction.
The triangle symbol shows the temperature dependence of the magnetoresistance
ratio of the nanotube device.

temperature region above 250K, the mobility is affected by lattice
scattering mode following T—3/2 law. The field effect carrier mobility
was estimated based on transconductance.

Magnetoresistance (MR) properties of tellurium nanotube in the
temperature range from 10 to 300 K were measured using a PPMS
with a two-probe contact. The temperature dependence of resis-
tance with zero magnetic field and applied field of H=10T, and
MR ratio are shown in Fig. 5. The magnetic field was applied in
the transverse direction. The resistance curves show the ordinary
semiconductor properties with higher resistance under an applied
magnetic field at all temperatures. The MR ratio has maximum
value of 37% at 260 K and decreases gradually with decreasing tem-
perature. It is known that the transverse magnetoresistance of the
medium with one kind of carrier increases with magnetic field as
(H)? relation, where p and H are the carrier mobility and mag-
netic field strength, respectively [17]. However, the MR mechanism
of tellurium is not clear at this moment [18-20].

4. Conclusion

For the first time, we reported the synthesis of Te nanotubes
with controlled diameter and wall thickness from sacrificial Co
nanowires by galvanic displacement reaction at room temperature.
The diameter and wall thickness of the nanotubes were controlled
by adjusting the diameter of the sacrificial nanowires. The length
can be also controlled by adjusting the length of sacrificial nan-
otube. As expected, the diameter and wall thickness of nanotube
increased with increases in the diameter of cobalt nanowires. As-
synthesized Te nanotubes show nanocrystalline microstructure
with an average grain size below 10nm. The wall thickness of
nanotubes ranged from 15 to 30 nm depending on the diameter
of cobalt nanowire. Synthesized nanotubes show typical p-type
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semiconductor with field effect mobility of approx. 0.01 cm?/Vs.
In addition, unique MR behavior was observed from single Te nan-
otube.
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