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ABSTRACT
Compared to extensive studies of thermal transport in two-dimensional materials, very limited attention has been paid to the corresponding
phenomenon in quasi-one-dimensional van der Waals crystals. Here, we show that Ta2Se3 can be easily exfoliated into thin nanowires, indicating strong anisotropy in the bonding strength within the basal plane. Systematic thermal property measurements disclose signatures of
one-dimensional phonons as the nanowire hydraulic diameter reduces below 19.2 nm with linearly escalating thermal conductivity as temperature increases and size dependence inconsistent with the classical size effect. We further show that these unusual transport properties are
induced by elastic stiffening occurring for wires of <30 nm diameter.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083980

Conﬁned transport of energy carriers in low-dimensional
materials could induce unusual phenomena that are not consistent
with traditional wisdom, leading to properties promising for various applications.1–3 In the past two decades, extensive efforts have
been carried out to explore and understand thermal transport
through a plethora of two-dimensional (2D) materials,4–12 while
experimental studies of one-dimensional (1D) transport have been
largely limited to earlier studies of thermal transport through
single-walled carbon or boron nitride nanotubes.13–15 Only very
recently, attempts to probe thermal transport in quasi-1D van der
Waals (vdW) crystal nanowires have been made, which reveal
interesting observations.16–18
For example, Zhang et al. ﬁrst disclosed pronounced diameter
and length dependence for the thermal conductivity of vdW crystal
Ta2Pd3Se8 nanowires.16 It was shown that the thermal conductivity
increases with the wire hydraulic diameter up to 110 nm and displays
a length dependence beyond 13 lm at room temperature. Taking
advantage of the unique charge density wave behavior in quasi-1D
NbSe3 nanowires, Yang et al. illustrated distinct signatures of electron–phonon scattering in the lattice thermal conductivity.17 Probably,
the most exciting discovery is the recent demonstration of superdiffusive phonon transport in ultrathin (10 nm) NbSe3 nanowires with
the thermal conductivity (j) escalating with the wire length (L)
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following a 1/3 power law of j  L1=3 from 6 to >42.5 lm, which
provides solid experimental evidence to the long-standing theoretical
prediction of divergent thermal conductivity of 1D lattices.18
Given that quasi-1D vdW crystals represent a large class of materials, it would be interesting to explore thermal transport in other vdW
nanowires to further understand phonon properties in different quasi1D materials and the size effect on thermal transport properties. Here,
we show that elastic stiffening in thin Ta2Se3 nanowires promotes the
contribution of 1D phonons at elevated temperatures with the diameter dependence of thermal conductivity violating the trend predicted
based on the classical size effect.
Very little information is available for Ta2Se3 in the literature. A
recent report using ﬁrst-principles calculations predicted monolayer
Ta2Se3 as 2D semimetals with two Dirac points close to the Fermi
level.19 However, we found that it is very easy to obtain Ta2Se3 nanowires from bulk single crystal needles through mechanical exfoliation
using two pieces of polydimethylsiloxane (PDMS), which suggests
strong anisotropy of the bonding strength along two different crystalline directions within the basal plane. The single crystalline nature of
the resulting nanowires is veriﬁed by the selected area electron diffraction (SAED) pattern, and the wire axial direction can be identiﬁed
from the high-resolution transmission electron microscopy (HRTEM)
micrograph, as shown in Fig. 1(a).
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FIG. 1. (a) An HRTEM image of a Ta2Se3
nanowire showing the well-aligned molecular chains. Inset: SAED pattern. (b) and
(d) Schematic diagram illustrating the
crystalline structure of Ta2Se3. (c) A SEM
image of the measurement device with a
Ta2Se3 nanowire placed between the two
suspended membranes (gap distance:
12 lm). Inset: cross-sectional image of
the measured nanowire.

We measured the electrical and thermal transport properties of a
series of Ta2Se3 nanowires with different cross-sectional sizes using a
well-established microthermal bridge method.20–22 To ensure meaningful comparison of the thermal conductivity between nanowires of
different sizes, the suspended length between the heat source and heat
sink as shown in Fig. 1(c) for all samples is managed to be 13 lm
during the sample preparation process. Since mechanically exfoliated
vdW crystal nanowires are usually of irregular shapes, we characterized each sample after thermal measurements by cutting the wire using
a focused ion beam and then directly imaging the cross section via
scanning electron microscopy (SEM), as shown in the inset of Fig.
1(c).16–18 The hydraulic diameter (Dh), four times the reciprocal of the
surface-area-to-volume ratio (S/V), is chosen as the characteristic size
of the nanowire as it better represents the surface effects on the transport properties, as we have done for other vdW crystal nanowires.16–18
These nanowires tend to contact the suspended membranes with a ﬂat
edge, and the relatively large contact area leads to negligible contact
thermal resistance. We have conﬁrmed this through comparing the
measured thermal resistance with and without electron beam induced
deposition (EBID) treatment of the wire-membrane contacts.
The electrical resistivity of Ta2Se3 nanowires was measured using a
standard four-point method to estimate the electron contribution to the
thermal conductivity. As shown in Fig. 2(a), the electrical resistivity
drops by more than three orders of magnitude as the temperature
increases, from 70 596.3 at 20 to 26.1 lX m at 300 K, indicating the
semiconducting nature of these Ta2Se3 nanowires. The electronic thermal conductivity (je) is estimated according to the Wiedemann–Franz
law with the Lorenz number taken as the Sommerfeld value, and the
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lattice thermal conductivity (jph) is extracted through subtracting je
from the measured total thermal conductivity (jtot). As shown in Fig.
2(b), je only contributes marginally to jtot, and the maximum contribution occurs at 300 K, which is still less than 5%. As such, we neglect the
electron contribution to thermal transport in the following analysis.
Figure 3(a) depicts the temperature dependence of the measured
thermal conductivity for Ta2Se3 nanowires of different hydraulic
diameters but approximately the same length of 13 lm. For larger
wires, j ﬁrst increases to a peak value at 60 K as a result of the rapid
escalation in heat capacity and then decreases with temperature due to
rapidly enhanced Umklapp scattering.23,24 The overall curve becomes
ﬂatter as the sample size reduces even though the trend remains the
same for wires of >19.2 nm hydraulic diameter, originating from the
stronger boundary scattering for thinner wires. However, the decreasing trend for the 19.2 nm diameter wire disappears, and more interestingly, for the two smallest samples of 18 and 16 nm diameter, the
thermal conductivity starts to escalate with temperature in the temperature range of 60–300 K. The above temperature dependence can be
even more clearly seen from the normalized thermal conductivity with
respect to the values at 300 K for each nanowire, as shown in Fig. 3(b).
While the suppression of strong temperature dependence of j for
thinner wires is common for nanowires of different materials, once the
nanowire size becomes smaller than the phonon mean free path,16,17,25
the transition to the escalating trend is unusual for nanowires made of
crystalline materials. The linearly increasing proﬁle with temperature
for the thinnest wire measured (16 nm diameter) resembles that of
ultra-thin NbSe3 nanowires in the regime where 1D phonons dominate the thermal transport.18
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FIG. 2. (a) Electrical resistivity of a 32.7 nm diameter Ta2Se3 nanowire. The resistivity decreases rapidly with temperature, suggesting a semiconducting behavior. (b)
Measured total thermal conductivity with contributions from phonons and electrons. Electrons contribute only a negligible portion (<5%).

To further examine the size dependence, we plot the thermal
conductivity vs the wire hydraulic diameter at two different temperatures of 50 and 300 K, as shown in Fig. 4. It can be seen that at 50 K,
the thermal conductivity increases monotonically with the diameter
for all measured wires, which is consistent with the expectation based
on the classical size effect, i.e., stronger phonon-boundary scattering
from the wire surface leads to lower thermal conductivity for thinner
wires. However, at 300 K, the thermal conductivity reduces as the wire
hydraulic diameter drops from 50.6 to 19.2 nm, and then it starts to
increase as the wire size further scales down, which is exactly opposite
to the classical size effect. This deviation suggests that a certain mechanism rendering an enhanced thermal conductivity for thinner wires
offsets the phonon-boundary scattering effect.

According to the kinetic theory, jph ¼ 13 Cvl, where C, t, and l are
the phonon heat capacity per unit volume, group velocity, and mean
free path, respectively. For the same nanowire, t usually does not
change with temperature and l actually intends to decrease with temperature due to enhanced Umklapp scattering. As such, most likely
the linearly escalating thermal conductivity with temperature comes
from the enhanced C as temperature increases, which is consistent
with the recent observation for thin NbSe3 nanowires, in which 1D
phonons dominate thermal transport at elevated temperatures.
It has been suggested that for NbSe3 nanowires, elastic stiffening,
i.e., enhanced Young’s modulus (E), is responsible for the observed
temperature and size dependence.18 Higher E corresponds to an
enhanced Debye temperature (hD), which allows for more phonon

FIG. 3. (a) Thermal conductivity of different diameter Ta2Se3 nanowires. (b) Normalized thermal conductivity j/j300 K. A clear transition in the temperature dependence can be
observed.
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FIG. 4. Thermal conductivity of Ta2Se3 nanowires at 300 and 50 K. At room temperature, the thermal conductivity shows a non-monotonic size dependence while at
50 K, the thermal conductivity continuously increases with the wire size.

modes to be populated as temperature escalates, and hence an increasing heat capacity. The linearly increasing trend with temperature also
suggests that the enhanced heat capacity is due to excitation of 1D
phonons.
To verify that this is also the case for Ta2Se3 nanowires, we measured E along the sample axis direction using a three-point bending
test with an atomic force microscope (AFM, Bruker Dimension
Icon).18,26–28 To do so, we placed the nanowire across a trench of
11 lm wide etched in a silicon substrate. Then EBID was performed
to ﬁx the two contacts between the nanowire and the trench edges, as
shown in the inset of Fig. 5(a). Before each bending test, the mechanical properties of the AFM tip including the spring constant and
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deﬂection sensitivity were calibrated. To perform the bending test, the
AFM tip was positioned to the middle point of the suspended wire
and pushed the sample to obtain the force–deﬂection curve, as shown
in Fig. 5(a). Young’s modulus of the sample can be extracted through
ﬁtting the force–deﬂection curve using a theoretical model of a suspended elastic string with ﬁxed ends.18,26–28 The resulting Young’s
modulus is plotted in Fig. 5(b) vs the wire hydraulic diameter. For
larger wires, E remains approximately a constant value of 42 GPa.
However, as the hydraulic diameter drops below 30 nm, the measured
E starts to increase as the sample size further reduces. For a 19 nm
sample, E approaches 68 GPa, about 62% larger as compared to the
value of large samples.
Coupled mechanical and thermal transport studies of nanowires
have been carried out only recently with acoustic softening effects
observed for silicon nanotubes and nanoribbons22,29 and elastic stiffening effects for NbSe3 and silver nanowires.18,30 In addition to escalating the heat capacity with temperature, elastic stiffening can also
lead to enhanced phonon group velocity and reduced Umklapp scattering rate. This is due to the fact that the speed of sound is proportional to E1/2, and a higher E corresponds to a larger gap between the
acoustic and optical phonon branches, which can effectively suppress
Umklapp scattering.31–33 This is because at any given temperature, a
higher hD shifts the phonon spectrum distribution to lower wave vectors, rendering it more difﬁcult for them to satisfy the requirements
for Umklapp scattering involving optical phonons above a large energy
gap.18
The non-monotonic size dependence at 300 K can, therefore, be
attributed to the effects of elastic stiffening on thermal transport in
thin Ta2Se3 nanowires. It is important to note that elastic stiffening
also occurs at lower temperatures such as 50 K; however, no transition
to higher thermal conductivity for thinner wires is observed at that
temperature. This contrast suggests that the trend opposite to the classical size effect is indeed due to the 1D phonons excited at higher temperatures. However, we did notice that the slope of the curve for 50 K

FIG. 5. (a) Force–deﬂection curve of a Ta2Se3 nanowire recorded during a three-point bending test. (b) Young’s modulus data for different diameter Ta2Se3 nanowires. A clear
increasing trend is shown as the sample size reduces.
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in Fig. 4 is smaller for thinner wires, which could be attributed to that
the elastic stiffening effects other than larger heat capacity partially offset the classical size effect.
We note that the thermal conductivity of the thinner Ta2Se3
wires is signiﬁcantly lower than that of NbSe3 of similar diameter.18
For example, the room-temperature thermal conductivity of a 16 nm
diameter Ta2Se3 nanowire is 4.63 W/m K, whereas the corresponding
value for a 16 nm diameter NbSe3 nanowire is 17.91 W/m K. The difference is likely due to the difference in the bonding strength. Young’s
modulus for a 19 nm NbSe3 nanowire is 191 GPa, 122% enhancement compared to the bulk value, whereas the enhancement is only
62% for a 19 nm Ta2Se3 nanowire. A larger E enhancement can lead
to a more signiﬁcant thermal conductivity escalation, which can
explain the difference in the observed thermal conductivity enhancement between thin Ta2Se3 and NbSe3 nanowires.
In summary, we have experimentally shown signatures of 1D
phonon transport in thin Ta2Se3 nanowires, which manifest as linearly
increasing thermal conductivity with temperature that is opposite to
the expectation from Umklapp scattering and size dependence not
consistent with the classical size effect. These unusual transport properties are induced by elastic stiffening in thinner wires with an
enhanced Young’s modulus. The results also suggest that strong bonding anisotropy exists in Ta2Se3, which could behave more like quasi1D instead of 2D crystals, especially under the effect of elastic stiffening for thinner wires. Importantly, together with the recent discovery
from thin NbSe3, the observation on Ta2Se3 suggests that elastic stiffening and 1D phonon transport could be a general feature for thin
selenide-based vdW crystal nanowires. Moreover, other types of ultrathin nanowires have been experimentally demonstrated,34–36 and it
would be very interesting to explore whether signatures of 1D phonon
transport could be observed in these systems.
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