Copyright © 2011 American Scientific Publishers
All rights reserved
Printed in the United States of America

Journal of
Nanoscience and Nanotechnology
Vol. 11, 1-7, 2011

Preparation and Field-Emission of TaSe,
Nanobelt Quasi-Arrays, and Electrical
Transport of Its Individual Nanobelt

Xingcai Wu'*, Yourong Tao', Liang Li2, Tianyou Zhai? *,
Yoshio Bando?, and Dmitri Golberg?

Key Laboratory of Mesoscopic Chemistry of MOE, and School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing 210093, China
2 International Center for Young Scientists (ICYS) and International Center for Materials Nanoarchitectonics (MANA),
National Institute for Materials Science (NIMS), Namiki 1-1, Tsukuba, Ibaraki 305-0044, Japan

3R-TaSe, nanobelt quasi-arrays were gown on a Ta foil by a facile two-step method, namely, firstly
the TaSe; nanobelt arrays were grown on a Ta foil by a surface-assisted chemical vapor transport,
and then they were pyrolyzed to 3R-TaSe, nanobelt quasi-arrays in vacuum. The nanobelts have low
work function and the Ta foil has high conductivity, so the nanobelt arrays possess good electronic
field emission performance with a low turn-on (3.6 V/um) and threshold fields (4.3 V/um) (which are
defined as the macroscopic field required to produce a current density of 10 wA/cm? and 1 mA/cm?,
respectively) and a high enhancement factor (1045) at an emission distance of 200 um. The electric
transport of the individual nanobelt reveals that it is a high-conductive semiconductor, and observed
by the variable-range hopping model. It suggests that the nanobelts have potential applications in
field emission and field effect transistors.
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1. INTRODUCTION

One-dimensional (1D) nanostructures have attracted con-
siderable attention due to their unique physical properties
caused by quantum size effects and potential applica-
tions in nanoscale electronic and optoelectronic devices.!™
Based on quantum size effects field effect transistors
(FETs) made of individual nanowires,” ' and electronic
field-emission (FE) prototype devices composed of aligned
nanowires''”!3 have been fabricated. To meet differ-
ent demands it is very important to develop novel 1D
nanostructures and investigate their physical properties.
Tantalum diselenide (TaSe,) is a layered inorganic elec-
tric conductor (work function: 5.4 eV)* and its crystal
adopts various polymorphic forms depending on the coor-
dination of metal atoms such as 1T-, 2Ha-, 4Hb-, 4Hc-,
3R- and 6R-TaSe,. These forms show different physical
properties, for example, 1T-TaSe, possesses diamagnetic
and semiconducting bebaviors while the other forms
reveal nearly temperature-independent paramagnetism. and
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metallicity.!> ' 2H-TaSe, reveals two charge density wave
(CDW) phase transitions: an incommensurate triple one
at T)cpw = 122 K and a first-order lock-in transition to
a commensurate phase at Tepy = 90 K.!7 Over the last
several decades, TaSe, powders,'® crystals,'®2° films,'6
nanocrystals,?"?> and intercalation compounds,? as well
as NbSe;, NbSe,, and TaSe; nanobelts,?*” have been syn-
thesized, but TaSe, nanobelts (or nanowires) have not been
reported to date, because their synthesis is still a chal-
lenge. The present authors have tried to prepare 1D nano-
structures of TaSe, by a surface-assisted chemical vapor
transport (SACVT) reaction of Se powders and Ta foils
(one-step method), however, only TaSe, nanobelt arrays
have been obtained. Because TaSe, has low work func-
tion and good conductivity, if its nanobelts arrays are
directly grown on a metal substrate, the FE properties can
remarkably be improved due to the strong local electric
field at the belt tips and low contact resistance between
nanobelts and a substrate.?®” Here we synthesized quasi-
aligned 3R-TaSe, nanobelts on a Ta foil by a two-step
method.*® % Firstly, the TaSe; nanobelt arrays were grown
on a Ta foil by a SACVT, and then the precursors were
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pyrolyzed to align TaSe, nanobelts in vacuum. The field
emission measurements showed that the arrays could be
decent field emitters with a low turn-on (3.6 V/um) and
threshold (4.3 V/um) fields and a high enhancement factor
(1045) at an emission distance of 200 wm. To understand
the basic physical properties of the nanobelts, the electric
transport performance of a single TaSe, nanobelt has been
investigated.

2. EXPERIMENTAL DETAILS
2.1. Preparation of Aligned TaSe; Nanobelts

673.5 mg of Tantalum (Ta) foils (99.9%, 35 x 5 x 0.2 mm?)
and 146.8 mg of Selenium (Se) powders (99.9%) (molec-
ular ratio of Ta/Se of 1:0.5) were sealed in a quartz
ampoule (®6 mm x 10 cm) under vacuum (ca. 1072 Pa).
The Ta foils were put at the center section of the ampule.
Then the ampoule was placed at the center of a conven-
tional horizontal furnace (¥4 cm x 32 cm) with a temper-
ature gradient of ca. 10 Kem™! from the center to edge.
The furnace was heated to 550 °C at a rate of 10 °C/min
and kept at this temperature for 6 h. Then the furnace was
naturally cooled to room temperature and the Ta foils with
the TaSe; nanobelt arrays were extracted.

2.2. Preparation of Aligned TaSe, Nanobelts

The foils with the TaSe; nanobelts were again sealed in
another quartz ampoule under vacuum (®6 mm x 30 cm,
ca. 1072 Pa). Then one end of the quartz ampoule with
the TaSe; nanobelt arrays was again placed at the center
of the horizontal furnace (®4 c¢cm x 32 cm), and remained
there at 750 °C for 1.5 h, while the other end was extended
about 10 cm outside of the furnace so that the thermolyzed
selenium was deposited on the cold end. After the reaction
finished and the ampoule cooled to room temperature the
foils with TaSe, nanobelt arrays were extracted from the
ampule.

2.3. Characterization

The products were characterized by an X-ray diffrac-
tometer (XRD) under monochromatized Cu Ka1-radiation
(Shimadzu XRD-6000), a LEO-1530VP scanning electron
microscope (SEM) with an energy dispersive X-ray spec-
trometer (EDX), a JEOL-JEM-2010 high-resolution elec-
tron microscope (HRTEM) using imaging and selected
area electron diffraction (SAED). Field-emission proper-
ties were measured at room-temperature in a high vacuum
chamber at a pressure of 2.2 x 107® Pa. A rod-like copper
probe with a cross section of 1 mm? was used as an anode
and an aligned TaSe, nanobelt film served as a cathode. A
dc voltage sweeping from 100 to 1100 V was applied to
the samples.

2

2.4. Device Fabrication and Characterization

For FET device fabrication TaSe, nanobelts were sus-
pended in ethanol by a brief sonication and then deposited
on an oxidized Si wafer substrate with a 200 nm thick
thermal oxide layer that serves as a gate oxide. The
standard photolithography technique followed by Cr/Au
(10 nm/100 nm) metal evaporation and a lift-off procedure
were used to define the source and drain electrodes, and to
electrically contact TaSe, nanobelts. The current—voltage
(I-V) characteristics were recorded at room (HiSOL, Inc)
and low temperature (Nagase Electronic Equipments ser-
vice, co.) using probing systems and a semiconductor
parameter analyzer (Keithley Instruments Inc).

3. RESULTS AND DISCUSSION
3.1. TaSe; and TaSe, Nanobelt Arrays

The structure of the as-grown products has been deter-
mined by X-ray diffraction (XRD). As shown in
Figure 1(a), the nanobelt arrays synthesized in first step
can be indexed as a monoclinic TaSe; phase (S.G. P2,/m,
a=1041 A, b =3.494 A, ¢ =9.836 A, B =106.4°
JCPDS File 18-1310). After the TaSe; nanobelt arrays
are thermally decomposed in vacuum, the products crys-
tallize in a hexagonal 3R-TaSe, phase (S.G. R3m, a =
3.434 A, ¢ =19.17 A; JCPDS File 73-1800) (Fig. 1(b)).
The nanobelt morphologies were investigated by scanning
electron microscopy (SEM). Figure 1(c) is a plan-view
SEM image of aligned TaSe; nanobelts on a Ta foil, show-
ing that the TaSe; nanobelts are grown on the large-area
of the foil. Figure 1(d) is a side-view SEM image of
the aligned TaSe; nanobelts, revealing that the nanobelts
grew almost vertically, and a length of the nanobelts is
up to 23 um. Figure 1(e) is a high-magnification SEM
image of the nanobelts, showing that the nanostructures
are really in belt-like morphologies, the size is uniform,
and a typical nanobelt has a rectangular section of ~40 x
200 nm?. High-resolution electron microscopy (HRTEM)
image (Fig. 1(f)) of a single nanobelt and correspond-
ing fast Fourier transform (FFT) (inset) demonstrate that
the nanobelt grew along the [010] direction. Lattice fringe
spacing of 0.94 nm corresponds to the (001) plane of
a monoclinic TaSe; (JCPDS File 18-1310). A nanobelt
configuration is drawn in the inset of Figure 1(e). An
energy-dispersive X-ray spectrum of the nanobelts displays
the coexistence of Ta and Se, and the elemental atomic
ratio is 2.94, close to the 1:3.0 stoichiometry, as expected
(Fig. 1(f)).

Figure 2(a) shows the XRD pattern of the TaSe,
nanobelts quasi-arrays. Figures 2(b)—(d) are the low-
magnification side-view, low-magnification plan-view,
and high-magnification plan-view SEM images of the
nanobelts arrays, respectively, revealing that the size of
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the nanobelts is close to precursors. A transmission elec-
tron microscopy (TEM) image and selected area electron
diffraction (SAED) pattern (inset) (Fig. 2(e)) of an indi-
vidual nanobelt show that it grew along the [110] direc-
tion. The nanobelt configuration is presented in the inset of
Figure 2(e). Figures 2(f) and (g) show chemical mappings
of Se and Ta species, respectively, further confirming the
coexistence of the Ta and Se atoms. EDX spectrum reveals
the presence of Ta and Se at the atomic ratio of 1:2.01,
close to the 1:2.0 stoichiometry, as expected (Fig. 2(h)).
The growth of TaSe; nanobelts may be explained by
a modified vapor—solid growth mechanism because no
droplets are observed on the nanobelt ends.*® First, Se is
evaporated and transported onto the surface of the Ta foils,
reacting with a Se vapor (boiling point: 684.9 °C) to form
a TaSe; seed layer on the surface of the foils. As the
reaction proceeds, TaSe; molecules in a gas phase con-
tinuously deposit on the seeds to form nanobelts because
the seeds induce. The reaction is Ta+ 3Se = TaSe;. TaSe,
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nanobelts quasi-arrays are converted into TaSe, nanobelts
quasi-arrays because of thermal decomposition of TaSe,
nanobelts quasi-arrays in vacuum. Se is deposited on the
cool end of the quartz ampoule extended outside the fur-
nace because Se is vapored. The products are confirmed by
XRD, so the reactions can be written as TaSe; = TaSe, +
Se (vapor).

3.2. Electronic Field Emission Properties of 3R-TaSe,
Nanobelt Arrays

The TaSe, nanobelt arrays are ideal objects for elec-
tron FE. Figure 3(a) depicts the curve of the J ver-
sus E measured at an emission distance of 200 wm and
a 100-1100 V bias voltage range, and the inset shows
the corresponding plots of Ln (J/E?) versus 1/E. Based
on the J-E curves, we determine the nanobelt field emis-
sion turn-on and threshold fields, which are respectively
defined as the macroscopic field required to produce a

Ta

Ta *
A
Binding energy (keV)

Fig. 1. (a) XRD patterns of TaSe; nanobelts scraped off Ta foil. (b) Low-magnification plan-view, (c) low-magnification side-view, and (d) high-
magnification side-view SEM images of quasi-aligned TaSe; nanobelts grown on a Ta foil. (¢) HRTEM image, fast Fourier transition patterns (inset,
left above), and nanobelt configuration (inset, right down) of a single nanobelt. (f) EDX spectrum of TaSe; nanobelts.
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Fig. 2. (a) XRD patterns of TaSe, nanobelts scraped off Ta foil. (b) Low-magnification side-view, (c) low-magnification plan-view, and (d) high-
magnification plan-view SEM images of quasi-aligned TaSe, nanobelts on a Ta foil. (¢) TEM image and SAED pattern (inset) of a single nanobelt.
(f) Chemical mapping of Se species. (g) Chemical mapping of Ta species. (h) EDX spectrum of TaSe, nanobelts.

current density of 10 wA/cm? and 1 mA/cm?, as 3.6 and
4.3 V/um, respectively, whereas maximum emission cur-
rent density is 5.39 mA/cm? (applied field: 5.49 V/um).
The values are comparable or even surpass those men-
tioned in the previous reports on ZnO, ZnS, CdS, Si, AIN,
NbSe,, NbN nanowires/nanobelts quasi-arrays.***> The
emission current—voltage characteristics were analyzed by
the Fowler—Nordheim (FN) equation for the field emis-
sion: J = (AE?B?/®)exp[—B®*?/(EB)], where J is the

4

current density (A/m?), E is the applied field, B = 6.83 x
10° (eV732Vm™), A =156 x 1071 (AV=2 ¢V), B is a
field enhancement factor, @ is the work function.** The
FN plots exhibit an approximately linear behavior in the
high field region indicating that electronic emission fol-
lows the FN mechanism. The slight bias of linearity may
be ascribed to space charge effects in the vacuum space.®
By determining the slope of the Ln (J/E?) versus 1/E
plot using the work function value of TaSe, (5.4 eV),
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the field-enhancement factor, 3, has been calculated to be
about 1045. Generally, FE performance is dependent on
the geometrical features of the emitters, the spatial distri-
bution of emitting centers,*>’ and substrate resistance, so
the efficient electron FE of the aligned TaSe, nanobelts
has mainly been attributed to their small thickness, and
low-resistance of metal substrates. In order to fully under-
stand the electronic FE performance of the nanobelt arrays,
FE measurements under changing the anode—cathode dis-
tance have been carried out. When the emission dis-
tance of the nanobelts arrays changes to 120 um, the
turn-on and threshold fields become 5.6 and 6.6 V/um,
respectively, maximum emission current density is up to
24.4 mA/cm? (applied field: 9.2 V/um), and B is ca.594
(Fig. 3(b)). It further confirms that the present nanobelt
arrays are excellent field emitters. Stability of the field-
emitters is another important parameter related to poten-
tial applications. Field emission stability measurements on
the TaSe, nanobelt arrays were performed by keeping an
electric field at 7.7 V/um over a period of 5.6 hours.
As shown in Figure 3(c), there were no current degrada-
tions or notable fluctuations during this period. It indicates
that the nanostructures have potential applications in the
cold-cathode-based electronics. In addition, the FE prop-
erties of the TaSe; nanobelt arrays were also measured,
but they are not worth reporting because emission currents
are too low and unstable. It may be attributed to instabil-
ity of the materials when electrons are emitted at applied
field.

3.3. Electric Transport Properties of Individual
3R-TaSe, Nanobelt

To further investigate the electrical transport mechanism,
the dc conductance of a single nanobelt under differ-
ent temperatures was measured on the FET device (its
SEM image is shown in Figure 4(a) without applying a
gate voltage). Figure 4(b) presents the typical temperature-
dependence I-V curves of the device in the temperature
range of 8-300 K. It can be seen that the current increases
with rising temperature (which is consistent with a typi-
cal semiconductor). A resistance versus temperature (R-7)
curve (Fig. 4(c)) demonstrates the typical semiconduc-
tor behavior, though R abruptly bumps up at 160 K and
90 K. The bumps are likely attributed to CDW phase
transitions of 3R-TaSe,.!” 3R-TaSe, bulk materials have
been found to reveal metallicity,15 but here the individual
nanobelt shows a semiconducting behavior. This is prob-
ably ascribed to the nonstoichiometric chemical compo-
sition of the nanobelt, resulting in change of a metal to
a semiconductor. We attempted to explain the semicon-
ducting behavior by the small polaron theory (Mott pro-
posed a conduction model of the optical phonon assisted
hopping of small polarons between the localized states in
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Fig. 3. Current density-applied field curves and the corresponding
Fowler-Nordheim plots (insets) of aligned TaSe, nanobelts at an anode—
cathode separation of (a) 200 um, and (b) 120 uwm. (c) Emission current
density-time plot of the aligned TaSe, nanobelts at an applied field of
7.7 Vlipm.

transition-metal oxides),*®* and calculated the activation

energies (AE) at 300-125 K, 155-30 K, and 30-8 K as
0.042, 0.064, and 0.0015 eV, respectively. However, the
case was found to be better described by the variable-range
hopping model proposed by Davis and Mott. According to
an equation: o = o, exp[—(T,/T)"*] (where o, and T, are
constants),” the curve in Figure 4(d) is well fitted at 300—
120 K, and 120-8 K ranges. Therefore, as the temperature
decreases, the optical phonons do not have enough energy
to assist hopping so that their contribution to conduction
process decreases, whereas the hopping process assisted
by single acoustic phonons dominates.
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Fig. 4.

a single nanobelt within the temperature range of 8-300 K. (c) Plot of R versus 7. (d) o versus T~

hopping model.

4. CONCLUSIONS

In summary, high-quality 3R-TaSe, nanobelt arrays have
been fabricated using a facile two-step method. Field emis-
sion measurements show that the nanobelt arrays are high-
performance field emitters. Electric transport measurement
of the individual TaSe, nanobelt shows that the nanobelts
are semiconducting materials. They are envisaged to find
useful applications in vacuum microelectronic.’!
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