
Enhanced and switchable nanoscale thermal
conduction due to van der Waals interfaces
Juekuan Yang1,2, Yang Yang1, Scott W. Waltermire1, Xiaoxia Wu3, Haitao Zhang3, Timothy Gutu3,

Youfei Jiang3, Yunfei Chen2, Alfred A. Zinn4, Ravi Prasher5,6*, Terry T. Xu3* and Deyu Li1*

Understanding thermal transport in nanostructured materials
is important for the development of energy conversion appli-
cations1–4 and the thermal management of microelectronic
and optoelectronic devices5. Most nanostructures interact
through van der Waals interactions6, and these interactions
typically lead to a reduction in thermal transport7–10. Here, we
show that the thermal conductivity of a bundle of boron nano-
ribbons can be significantly higher than that of a single free-
standing nanoribbon. Moreover, the thermal conductivity of
the bundle can be switched between the enhanced values and
that of a single nanoribbon by wetting the van der Waals inter-
face between the nanoribbons with various solutions.

In non-metallic nanostructures, energy is carried predominantly
by lattice vibrations or phonons. The weak adhesion energy (typi-
cally less than 100 mJ m22) associated with van der Waals interfaces
between nanostructures assembled under normal laboratory con-
ditions6 results in a low possibility for phonon transmission
through the van der Waals interfaces11. Therefore, in a nanostruc-
ture ensemble, phonons will be scattered at the interface, leading
to a phonon mean free path that is the same or less than that of a
single free-standing nanostructure. As a result, the thermal conduc-
tivity of a nanostructure assembly will be the same as or lower than
that of free-standing individual nanostructures. This argument has
been used to interpret many observations of reduced thermal con-
ductivities of nanostructure bundles and nanostructures on a sub-
strate7–10. For example, it is found that the thermal conductivity of
a bundle of carbon nanotubes is significantly lower than that of a
single free-standing carbon nanotube7, and the thermal conduc-
tivity of a supported graphene membrane is lower than that of a
free-standing graphene membrane, because of interface effects8. In
these investigations, either the nanostructures are extremely thin
compared to the phonon wavelength or heat flow is perpendicular
to the direction of the interface9,10. In this Letter, we examine the
effect of van der Waals interactions when energy transport is parallel
to the interface in the more classical regime; that is, the thickness of
the film is greater than the phonon wavelength but smaller than the
phonon mean free path. In this regime we show that van der Waals
interactions can enhance thermal transport.

We measured the thermal conductivities of single crystalline
a-tetragonal boron nanoribbons to understand the effects of van
der Waals interactions (see Supplementary Information for an intro-
duction to a-tetragonal boron). These nanoribbons were synthesized
by pyrolysis of diborane at a high temperature and without catalysts12,
giving nanoribbons of uniform thickness (20+2 nm), as verified by

atomic force microscopy (AFM) studies (see Supplementary
Information). High-resolution transmission electron microscopy
(HRTEM) images (Fig. 1) show that the resultant ribbons are
single crystalline with a thin (�0.5 nm thick) amorphous oxide
layer on the surface (see Supplementary Information).

The thermal conductivities of several single nanoribbons and
their double ribbon bundles were measured using a method that
has been used for thermophysical property measurements of
various nanowires, nanotubes and nanoribbons13–16. As shown in
Fig. 2, the single ribbon or double ribbon bundle samples were
placed between two side-by-side suspended membranes (see
Supplementary Information for zoom-in views of double ribbon
samples). All ribbon samples were from ribbon suspensions in
reagent alcohol.

Sample S1 is a single ribbon fabricated using a direct dropcast
approach, and samples S2 and S3 (with two not-bundled ribbons)
are single ribbons prepared by probe manipulation. Sample D1 is
a ribbon bundle stuck together, by chance, through the dropcast
method, and samples D2 and D3 are ribbon bundles with two
ribbons stuck together using probe manipulation, prepared with a
reagent alcohol and deionized (DI) water mixture and isopropyl
alcohol (IPA), respectively (see Methods). Care was taken to
ensure that the contact thermal resistance between the sample and
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Figure 1 | HRTEM micrographs of an a-tetragonal boron nanoribbon. Insets

show the zoom-in view of the ribbon boundary and the electron

diffraction pattern.
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suspended membranes was negligible (see Supplementary
Information); this is confirmed by the fact that the lengths of
the single ribbon samples between the two membranes are quite
different, ranging from 2.7 mm to 7.2 mm, but the measured
thermal conductivities of these ribbons match one another to
within 10%. The measured thermal conductivity can therefore be
considered to be intrinsic.

Figure 3a clearly shows that the thermal conductivity of ribbon
bundles is higher than that of single ribbons. The enhancement is
well beyond the measurement uncertainty estimated using very con-
servative parameters (see Methods). This observation indicates that
a significant portion of phonons transmit through the van der Waals
interface between two ribbons without being diffusely scattered.

The van der Waals interaction provides coupling between two
ribbons. In the extreme case of a welded contact6, phonons will
transmit through the interface without suffering any scattering,
because both sides are composed of the same material, leading to
a transmissivity of unity. In this case, the double ribbon bundle is
nothing but a single ribbon of double thickness. In the classical
regime, because the thickness of each ribbon, d, is far smaller
than the phonon mean free path, l, the ratio of the thermal con-
ductivity of a ribbon of double thickness to that of a single ribbon
is given by17,18 a¼ 2ln(1/2g)/ln(1/g), where g¼ d/l. Based on
an analysis of the mean free path by Slack19, the average value
of a in our experimental temperature range can be obtained

as �1.75. We define the enhancement in thermal conductivity as
(kdouble 2 ksingle)/ksingle , where kdouble and ksingle are the thermal
conductivities of double ribbon bundles and single ribbons, respect-
ively. Because the thermal conductivity of a single ribbon of double
thickness is the upper bound for double ribbon bundles, the
maximum thermal conductivity enhancement should be �75%, as
the experimental data show in Fig. 3b.

For van der Waals contact between identical materials, the spec-
tral phonon transmissivity based on a modified acoustic mismatch
model can be written as6

tv = 1
1 + (v2/4K2

A) z2 cos2 u
(1)

where v is the phonon frequency, KA is the spring constant per unit
area, z is the acoustic impedance, and u is the angle between the
interface normal and the phonon propagation direction. For lower
temperatures, v� 0, and phonons will transmit through the inter-
face without being scattered; that is, tv¼ 1. Therefore, for lower
temperatures, the thermal conductivity of double ribbon bundles
should approach that of a single ribbon of double thickness, and
the enhancement approaches �75%. For higher temperature, v
increases, leading to tv , 1, which results in phonon scattering at
the interface and an enhancement of less than 75%.
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Figure 2 | SEM micrographs of six measured samples. Samples S1, S2 and S3 (with two separate single ribbons) are single ribbon samples. Samples D1, D2

and D3 are double ribbon bundles consisting of two ribbons sticking together.
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The total, hemispherical transmissivity ratio (Gr), which denotes
the portion of all phonons incident on the interface being trans-
mitted through, can be calculated as

Gr =
�vm

0

�uc

0 Cvvvtv sin u cos u du dv
�vm

0

�uc

0 Cvvv sin u cos u du dv
(2)

where vm is the maximum phonon frequency, Cv is the frequency-
dependent heat capacity per unit volume, vv is the frequency-depen-
dent phonon velocity, and uc is the critical angle (which is p/2 as the
material is the same on both sides). In calculating Gr , we choose KA
as a fitting parameter and use the Debye model. The phonon
velocity vv is calculated as vv¼

p
(E/r), where E is the Young’s

modulus obtained from a nanoindentation test (425 GPa; see
Supplementary Information) and r is the density (2,430 kg m23;
ref. 20). For ribbon bundles, the thermal conductivity can be
written as kdouble¼ Cvleff[(1 2 Gr)þ Gra]/3, where C is the total
heat capacity per unit volume, v is the sound velocity, and leff is
the phonon mean free path in the ribbon (see Supplementary
Information). The enhancement in the thermal conductivity is
then (kdouble 2 ksingle)/ksingle¼ (a 2 1)Gr. As shown in Fig. 3b, the
theoretically derived enhancement matches the experimental data
well by taking KA as 1.93 × 1021 N m23. To verify that this KA
value still falls into the van der Waals interaction region, we
calculated the adhesion energy, yielding a value of 320 mJ m22

(see Supplementary Information for details and additional
comments on modelling). This value is higher than typical adhesion
energy of van der Waals interactions (,100 mJ m22) but is less than
that between a monolayer graphene membrane and a silicon oxide sub-
strate (450 mJ m22) and approximately equal to that between multiple
layer graphene sheets and silicon oxide (310 mJ m22; ref. 21).

In addition to ribbon bundles prepared from reagent alcohol or
mixtures of reagent alcohol and DI water, we also measured five
ribbon bundles prepared with probe manipulation by pulling two
ribbons from IPA (samples D3–D7, see Supplementary
Information for scanning electron microscopy (SEM) images and
measured thermal conductivities for samples D4–D7).
Surprisingly, for these bundles, measurements show that their
thermal conductivity is the same as that of single ribbons. To
further verify that the observation was truly because of the IPA,
for sample D2, after having measured approximately the same con-
ductivity enhancement twice, we wet one of the suspended mem-
branes by injecting IPA with a micropipette, and measured it
again. The measurement revealed that wetting with the IPA
reduced the thermal conductivity of the ribbon bundle to that of
single ribbons (Fig. 4a). In addition, for sample D3 (prepared by
pulling two ribbons from IPA), after measuring a thermal conduc-
tivity equal to that of single ribbons, we wet the suspended mem-
brane with a mixture of 90% reagent alcohol and 10% DI water
and measured the thermal conductivity. The results show that the
wetting increased the thermal conductivity of the ribbon bundle
by �15–20% as the temperature dropped from room temperature
to lower values. This enhancement could be eliminated again by
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Figure 3 | Comparison of thermal conductivities of single nanoribbons and

double ribbon bundles. a, Measured thermal conductivity of single

nanoribbons and double ribbon bundles. b, Thermal conductivity

enhancement calculated from the experimental data, which fits well with the

theoretical analysis.
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Figure 4 | Switchable thermal conductivity of double ribbon bundles.

a, Thermal conductivity of sample D2 drops after IPA wetting. b, Switchable

thermal conductivity of sample D3 with alternating IPA and reagent alcohol

and DI water mixture wetting.
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wetting the membrane with IPA. In other words, we can switch the
thermal conductivity of a ribbon bundle back and forth between an
enhanced value and that of a single ribbon by alternating IPA and
reagent alcohol wetting of the van der Waals interface, as shown
in Fig. 4b. This provides a simple approach to tuning the thermal
conductivities of materials composed of multilayer nanoribbons
with van der Waals interfaces.

It is worth noting that the 15–20% enhancement is well beyond
measurement uncertainty. An investigation using SEM showed that
sample D3 retained its configuration on the device before and after
the reagent alcohol and DI water mixture treatment (see
Supplementary Information). Therefore, in comparing these
values, the same geometrical parameters were used in the calcu-
lation to extract the thermal conductivity. As a result, the only
uncertainty that should be considered is from the electrical
measurements, which is less than 4% if the temperature is higher
than 80 K.

The observation that double ribbons prepared with IPA do not
show any enhancement is most probably due to the fact that IPA
leaves residues after evaporation. It is well known in the microscopy
field that residues are observed when dropcasting samples from IPA
suspensions. In our membrane-wetting experiments, we observed
that after wetting with the reagent alcohol and DI water mixture,
the membrane returned to its original colour. However, with IPA
wetting, colourful fringes could be seen from the membrane
surface (see Supplementary Information). It is well known that a
single monolayer of organic molecules can dramatically decrease
the bonding strength of an interface22, thus totally altering
thermal transport through it11,23,24. As a result, the phonon trans-
missivity reduces significantly, making the thermal conductivity of
ribbon bundles the same as that of single ribbons. Note that the
thermal conductivity enhancement of sample D3 after reagent
alcohol and DI water washing was only 15% at room temperature,
less than the 45% observed in samples prepared directly from
reagent alcohol or reagent alcohol and DI water mixture. In the
wetting process, we found that the bulk of the liquid was confined
to the suspended membrane receiving the liquid, so only a small
amount of the liquid perfused into the interface by capillary force;
this was not therefore a thorough wash and could not remove all
residues arising from the IPA.

The observed enhanced thermal conductivity of ribbon bundles
has important implications for the thermal management of micro-
and optoelectronic devices and nanostructure-based thermoelectric
materials. Efficient thermal transport is extremely important for the
reliable performance of micro- and optoelectronic devices; however,
due to their thin film nature, the thermal conductivity of the device
layers is typically low. The phenomenon described in this Letter pro-
vides insights into improving the management of the interfaces
between different layers to achieve an effective spread of heat in
these devices. Furthermore, this phenomenon can also be used to
tune the thermal conductivity of nanocomposites to desired
values. For example, in thermoelectric modules composed of
arrays of nanostructures, it is important to verify that phonons
will not transmit through the van der Waals interfaces between
individual nanostructures.

Methods
Sample preparation. Boron nanoribbons, all from the same chip, were first
dispersed into reagent alcohol (Fisher Scientific) to form a suspension. In the
dropcasting approach, a drop of suspension was cast on the measurement devices
and, after the alcohol had evaporated, the devices were examined to determine
whether a device with a ribbon or a ribbon bundle bridging the two suspended
membranes had been created. In the probe manipulation approach, a drop of
suspension was cast on a poly-(dimethylsiloxane) (PDMS) substrate. Under a Nikon
optical microscope, individual ribbons were picked up using a micromanipulator
with a sharp probe and laid down on the microdevice bridging the two membranes.
To prepare a double ribbon bundle with reagent alcohol and DI water mixture, we
first picked up two ribbons with the probe and then inserted the free ends of the

ribbons into a mixture of 90% reagent alcohol and 10% DI water. When the
probe was pulled away, the two ribbons often overlapped with one another
(see Supplementary Information). The purpose of adding 10% DI water was to slow
evaporation. It was difficult to insert the two ribbons into a DI water droplet
because of the large surface tension. The procedure of preparing a double ribbon
bundle with IPA (EMD Chemicals) was the same. After a ribbon sample was
placed between the two membranes, the membranes could be wetted using a
micropipette to assist the adhesion between the sample and the membrane with the
help of the surface tension effect. Both the IPA and the alcohol and DI water
mixture could be injected, with the bulk of the liquid being confined to the
membranes, but the liquid could be pulled into the interface between the two
ribbons by capillary force.

Microscopy. SEM examination was carried out using a Hitachi S-4200. TEM
studies were carried out using a JEOL JEM 2100 LaB6 microscope with a point
resolution of 0.23 nm and a lattice resolution of 0.14 nm.

Uncertainty analysis. The experimental uncertainty of the electrical measurements
was evaluated using a Monte Carlo method25, and was less than 4% above 80 K. The
length of the ribbon between the two membranes was determined from SEM
micrographs, with the curved ribbon being divided into several segments; the
uncertainty was estimated conservatively as 0.2 mm. The width of the ribbon was
determined from SEM examination, and the uncertainty was evaluated
conservatively to be 20 nm. The thickness of the ribbon was evaluated from AFM
studies, and the relative uncertainty was determined as 10%. The overall uncertainty
was calculated following the standard approach of uncertainty propagation25, as
shown for selected data points in Fig. 3a.
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