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ABSTRACT

We report synthesis of nanowires and nanoribbons of the charge-density-wave conductor NbSe 3 through direct reaction of Nb and Se powders.
The transverse dimension of the obtained nanostructures, as identified with scanning/transmission electron microscopy, ranges from 20 to
700 nm. X-ray and selected area electron diffraction analyses indicate that these nanowires and nanoribbons are single crystalline. Four-probe
resistivity measurements confirm the expected charge-density-wave transitions, and furthermore, we find significant enhancement in the
depinning threshold fields, which we attribute to a confinement effect.

Niobium triselenide (NbSe3) is a low-dimensional inorganic
conductor, which shows a variety of nonlinear transport
properties associated with charge-density-wave (CDW) phase
transitions at 59 and 145 K.1-3 NbSe3 crystals possess a
pseudo one-dimensional structure with infinite chains of
triangular prismatic units parallel to theb-axis.4,5 The chains
with strong bonding are separated by relatively large
distances. As a result, the compound exhibits remarkable
anisotropy in most of its physical properties and has been a
model system for quasi-one-dimensional CDW studies.
Intensive investigations including CDW transport and pinning
effects,6 structural determination,7 NMR,8 TEM,9 STM,10 and
AFM11 have been performed on pure and doped NbSe3

crystals. Interest has turned lately to the study of such
properties in confined structures. For example, a significant
size effect on the threshold field for CDW depinning has
been found in micrometer-sized samples.12 Efforts have also
been made to study CDW properties in nanometer-sized
samples.13-15 Novel collective pinning properties such as
dimensionality crossover from two- to one-dimension15 have
been reported including the disappearance of the CDW
properties with shrinking sample sizes.14 The current pro-
cesses for fabricating nanoscale NbSe3 samples, however,
are relatively inefficient and include two steps. First, bulk
NbSe3 ribbons are synthesized through a standard crystal
growth procedure16 and nanoscale structures are derived from
bulk ribbon-like structures with either e-beam lithography
followed by plasma etching13 or ultrasonic shaking that
exploits the weak bonds between chains.14 These approaches

are either complicated13 or can induce defects.14 Furthermore,
these methods can produce only a limited quantity of
nanoscale samples.

In this article we report an efficient one-step approach for
synthesizing NbSe3 nanowires and nanoribbons through
direct reaction of Nb and Se powders in an evacuated quartz
tube. This method provides a simple way to obtain NbSe3

nanostructures in unlimited quantities. We characterized the
structure, morphology, and electronic properties of these
NbSe3 nanostructures. We find that the nanostructures are
single-crystalline with high aspect-ratios and exhibit CDW
behavior with a larger depinning field than that found in bulk
NbSe3 samples.

Stoichiometric quantities of high purity (>99.99%) nio-
bium and selenium powders with particle sizes of several
micrometers were combined. The mixture was ground and
sealed in an evacuated quartz ampule of 17 mm in inner
diameter and∼15 cm in length, after purging repeatedly with
high purity Ar gas to ensure an oxygen free environment.
Ampules were then heated to various temperatures, ranging
from 580 to 950°C at the rate of 3°C/min and maintained
at these synthesis temperatures for 1 h before cooling to room
temperature at 2°C/min. We calibrated the furnace temper-
ature where the quartz ampule is located with a type-K
(Chromel-Alumel) thermocouple. The temperature stability
is about( 2 °C. Powder X-ray diffraction (XRD) analysis
with a monochromatic CuK (λ ) 1.540598) radiation source
was used to determine the phase of the product. The
morphological and elemental analyses were performed by
SEM (Hitachi S-4700-II) and EDS, respectively. A TEM
(FEI Tecnai F20ST) equipped with selected area electron
diffraction (SAED) attachments was used to obtain structural
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information on individual nanowires. The CDW properties
of these nanostructures were characterized with standard four-
probe transport measurements.

We begin by discussing the morphology and structure of
the NbSe3 nanowires synthesized at 700°C. Figure 1a shows
a typical SEM image of the NbSe3 nanostructures. They are
tens of micrometers to a few millimeters in length. Their
typical cross-section is rectangular. Following conventional
terminology,12 nanowires (nanoribbons) will be used to refer
to the nanostructures with width smaller (larger) than 5 times
the thickness. The widths of the synthesized nanostructures
range from∼20 nm to∼700 nm, although occasionally,
bundles with width up to micrometers can also be observed.
The nanoribbons can be as thin as a few nanometers. The
XRD pattern, shown in Figure 1b, indicates that the
compound is single-phase NbSe3 with lattice constants
consistent with the monoclinic structure reported in the
literature (PDF 29-0950).

Figure 2 shows a TEM image (a) of a nanoribbon and its
corresponding SAED pattern (b) obtained from an area
marked in Figure 2a. This particular nanoribbon is∼230
nm in width and its thickness is estimated to be of the order
of 20-30 nm. The contrast of the TEM image is due to the
bend contour (diffraction effect). The SAED pattern (Figure
2b) agrees with that of the literature for single crystals.17

SAED patterns from the entire length of the ribbon display
the same patterns except for slight diffraction conditions due
to local bending, indicating that the ribbon is a single crystal.
NbSe3 nanowire and nanoribbon axes are parallel to theb

axis while the smallest dimension of nanoribbons is along
the a axis.

To explore the synthesis parameters, we synthesized NbSe3

samples at various Se vapor pressures, heating/cooling rates,
sintering times, and sintering temperatures. We found that
sintering temperature plays a crucial role in NbSe3 nano-
structure growth while the effects of other parameters are
negligible. To study temperature effects, mixtures of Nb and
Se powders were heated in an evacuated quartz tube to
various temperatures between 580°C and 950°C. In each
run, identical quartz ampules and equivalent amounts of
starting material were used. In all cases, only the sintering
temperature was varied while heating and cooling profiles
were unchanged. At temperatures above 600°C, we observed
that the ampule filled with brownish Se vapor. The higher
the temperature, a thicker Se vapor was observed. During
the cooling process, the Se vapor condensed into the
compound.

Figure 3 shows the SEM images (left) and XRD patterns
(right) of samples sintered at 600, 610, 630, 750, and 850
C. At 600°C, XRD shows that the sample consists of Nb2Se9

(asterisks) and a small percentage of NbSe2 (solid circles).
The size of the particles is in the micrometer range, as

Figure 1. NbSe3 nanowires synthesized at 700°C. (a) SEM image
and (b) X-ray diffraction pattern.

Figure 2. TEM image (a) of a nanoribbon and its corresponding
SAED pattern (b) obtained from the marked area in (a).
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delineated in the SEM image. The NbSe3 nanowires and
nanoribbons begin to grow when the temperature reaches
610 °C, as can be seen from the SEM image. The XRD at
610 °C also reveals a small fraction of monoclinic NbSe3

phase, as indicated by the arrows, in addition to the majority
phases observed in the sample obtained at 600°C. The cross-
section area of the nanostructures increases with increasing
sintering temperature and can be seen in the comparison of
the SEM image for the 630°C and the 610°C compound
where the latter shows nanowires as small as 20 nm.

The XRD of the 630°C compound shows that the NbSe2

and Nb2Se9 phases disappear completely and only the NbSe3

monoclinic phase exists. The NbSe3 nanostructures are
apparently stable up to∼700 °C. At higher temperatures,
the nanostructures begin to decompose. As can be seen from
the SEM image for the compound synthesized at 750°C
and 850°C, the wire-like structures have completely dis-
appeared. Instead, we observed rod- and plate-like micro-
structures with thickness and length of∼1 µm and∼10 µm,
respectively. XRD analyses indicate that the phases in the
compound obtained at high temperatures are NbSe2 and
Nb2Se9. The amount of NbSe2 phase increases with increas-
ing sintering temperature, as can be clearly seen from the
XRDs for samples obtained at 750 and 850°C. It is known
that NbSe2 can crystallize into 2H or in 4H structures, which
are hard to distinguish with XRD analyses. We conducted

magnetization measurements to detect their superconducting
transition temperatures which should be approximately 7 and
6 K for the 2H and 4H phases, respectively. The observed
superconducting transition temperature of 7.2 K indicates
the NbSe2 phase obtained here is 2H.

The above results show that the formation of NbSe3

nanowires and nanoribbons via direct reaction of Nb and Se
powders can take place only in a narrow sintering temper-
ature range of 610°C - 700 °C. We note that free-flowing
powder products have been reported in the first stage of bulk
NbSe3 crystal growth where stoichiometric Nb and Se
powder mixtures were sintered to form the precursor mate-
rial.18 Nath et al. even obtained grayish powder at a sintering
temperature of 697°C from Nb and Se powders.19 It is
conceivable that these products contain NbSe3 nanowires
such as those described here, though it may also be a mixture
of NbSe2 and Nb2Se9 phases as well. This slight temperature
inconsistency can be caused by the variations in furnace
temperature between laboratories.

The vapor-liquid-solid (VLS) mechanism20 proposed by
Wagner et al. forty years ago for large whisker growth has
been often utilized to grow or to understand the formation
of nanowires.21,22In-situ TEM imaging did verify this growth
mode with23 or without24 exotic catalytic metal nanoparticles,
by observing the liquid droplets on the head of growing
nanowires of Ge23 and GaN,24 respectively. In the NbSe3

system, Tsuneta et al. also speculated the self-catalytic VLS
growth mechanism for the observed topological microstruc-
tures.25 However, careful SEM and TEM imaging on the tips
of our NbSe3 nanostructures reveals no sign of any droplets
typically associated with VLS growth. We speculate that the
nanowire and nanoribbon formation of NbSe3 observed here
arises due to its unique chained crystal structure, which
promotes 1D growth, as demonstrated in the single-crystal
growth where 1D ribbons were always obtained.16

The observation of Nb2Se9 + NbSe2 phases at both ends
of the temperature range where NbSe3 nanostructures are
formed is puzzling. This behavior indicates that the Nb2Se9

+ NbSe2 phases formed at low temperatures during the
heating period can be transformed into NbSe3 with increasing
temperature, while the Nb2Se9 + NbSe2 phases formed at
high temperatures are stable relative to NbSe3 at 610∼700
°C during cooling. To explore this interesting phenomenon,
we took Nb2Se9 + NbSe2 powders synthesized at 850°C
and heated them in fused silica ampules in the same way as
the Nb+Se mixture (3°C/min to 650°C; 1 h soak; 2°C/
min cool). In this case, we again observed the conversion of
Nb2Se9 + NbSe2 powders into NbSe3 nanowires. On the
other hand, if the Nb2Se9 + NbSe2 powders are cooled to
650°C and held there for 1 h before final cooling, no NbSe3

is found. These results lead us to speculate that the NbSe3

nanowires form only during heating and thus depend on the
Se evaporation for their formation. Additional studies will
be required to fully understand this phenomenon that is
directly related to the NbSe3 nanostructure formation mech-
anism.

We turn now to the electronic properties of the synthesized
nanostructures. Due to nesting of different parts of the Fermi

Figure 3. SEM images (left) and XRD patterns (right) of the Nb
and Se mixture after sintering at 600, 610, 630, 750, and 850°C
for 1 h. Single phase NbSe3 can be seen after sintering at 630°C,
while mixed phases of NbSe2 (denoted with solid circles)+ Nb2Se9

(denoted with asterisks) form at 600, 610, and 850°C. At 750°C
we found coexistence of NbSe2 + Nb2Se9 + NbSe3.
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surface, bulk NbSe3 shows two CDW transitions atT1 )
145 K andT2 ) 59 K. This electronic character is also
observed in our nanowires and nanoribbons. In Figure 4a,
we show the temperature dependence of the normalized
electrical resistivity of a NbSe3 nanowire with width of 500
nm in applied magnetic fields,H (perpendicular tob-
direction)) 0, 2, and 4 T. The applied electric field for the
resistance measurement is∼0.02 V/cm. Two resistivity
bumps atT1 ) 142 K andT2 ) 58 K, corresponding to the
two CDW transitions, are clearly seen. The size of the
resistance anomalies atT1 and T2, which is significantly
smaller than typically observed on bulk crystals, is consistent
with findings on lithographically generated NbSe3 nano-
wires26 for which the charge density wave anomalies were
progressively suppressed with decreasing sample cross-
section. For zero applied field, the residual resistance ratio,
RRR ) R(300 K)/R(10 K) is ∼2, which is 1 order of
magnitude smaller than that obtained from a high-purity
micrometer-scale NbSe3 crystal,1 but is comparable with that
of NbSe3 nanowires obtained with both e-beam lithography
patterning26 and ultrasonic shaking.14 That is, the small
residual resistance ratio is mainly due to the size effect rather

than caused by impurity or defects. In fact, as determined
by TEM, the nanowires and nanoribbons grown with this
method are single crystalline with low density of defects, as
usually expected for samples grown via the vapor approach.
There is a positive magnetoresistance MR belowT2 ) 58 K
but no obvious MR at aroundT1 and above. However, we
observe no shift in the position of the maximum atT2 and
no enhancement of the amplitude as reported elsewhere.27

An interesting feature of the CDW is its collective transport
mode. When an electric field is applied, CDWs slide along
the direction of the applied field, giving rise to a strongly
nonlinear conductivity. Because of the pinning effect, sliding
mode conduction can occur only when a well-defined
threshold field,ET, is reached. For some crystals the onset
of CDW motion at low temperatures occurs through a sharp,
hysteretic switching event.28,29 Figure 4b shows the temper-
ature dependence ofET for the 500 nm sized NbSe3 wire,
and the inset shows the applied fieldE dependence of
resistanceR for temperatures belowT2. TheR versusE plot
shows that there is no sign of nonlinear conductivity up to
electric fields of several hundreds of V/cm at temperature
aboveT2. The arrows indicate the onset of depinning at the
threshold fieldET. The apparent hysteresis in theR(E) curves
at low temperatures is reminiscent of the switching behavior
seen in single-crystal samples. We attribute the increase of
the resistance at largeE and lowT to a heating effect during
the measurement. We found from Figure 4b that the obtained
ET’s are much larger than those typically observed in crystals.
This could imply that our nanowires have a high defect
concentration, and therefore higher CDW pinning than
typical crystals, an observation that is consistent with the
low RRRvalue. Alternatively, it has been shown15,27that for
plate-like crystalsET increases as 1/t once the sample
thicknesst becomes smaller than the phase coherence length
of the CDW. In this limitET is determined by 2D collective
pinning. For a nanowire sample,ET is expected to increase
as 1/d3 (whered is the wire diameter), which could account
for the large values observed here. The plot ofET as a
function of temperature followsET ∼ exp(-T/T0 ) for T e
40 K, whereT0 is a constant. Our fit yieldsT0 ) 16 K, which
is very close to the 17 K observed for wires with a thickness
of 300 nm and width between 500 nm and 1µm.30

In conclusion, we have shown that single crystalline NbSe3

nanowires and nanoribbons can be synthesized through a one-
step direct reaction approach. The growth of NbSe3 nano-
structures occurs in a narrow reaction temperature range of
610∼700 °C. Four-probe resistivity measurements showed
the expected charge-density-wave (CDW) transitions atT1

) 142 K andT2 ) 58 K. The single-step synthesis method
described here provides a straightforward access to NbSe3

crystalline nanowires and nanoribbons that may be extended
to other materials in the Nb-Se system. Our results on
magnetoresistance, residual resistance ratio, and threshold
field indicate that the quality of our readily synthesized NbSe3

nanostructures is comparable to those fabricated through
e-beam lithography or ultrasonic shaking from bulk single
crystals.

Figure 4. (a) Temperature dependence of the normalized electrical
resistivity of a 500 nm wide NbSe3 nanowire in magnetic fields,H
⊥ b ) 0, 2, and 4 T. The inset shows the four-probe construction
of the resistance measurement. Four gold pads (brighter areas) are
separated from each other by 12.5 m gaps (darker areas). The small
rectangular box shows the enlarged picture of the wire. CDW phase
transitions were identified atT1 ) 142 K andT2 ) 58 K from the
bumps in the resistance versus temperature curve. (b) Temperature
dependence of the CDW depinning threshold fieldET for this 500
nm NbSe3 nanowire. The inset showsR versusE for temperatures
at 60 K and below. The dark arrows indicate the threshold field
ET. The dash-lined arrows indicate increasing and decreasing field
directions.
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