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Thermal rectification can help develop modern thermal manipulation devices but has been rarely engin-
eered. Here, we validated the nanoscale bimaterial interface-induced thermal rectification experimentally
for the first time and investigated its underlying mechanism via molecular dynamics simulations. The
thermal diode consists of polyamide (PA) and silicon (Si) nanowires in contact with each other. The
thermal rectification ratio measured by a high-precision nanoscale experiment reached 4% with an uncer-
tainty of <1%. The temperature has little influence on the ratio, while the decrease in contact length or
increase in temperature differences can increase the ratio. The molecular dynamics simulations further
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confirmed the thermal rectification in the PA/Si nanowires. We found that the localized modes generally
gather on the edge, and the higher extent of phonon localization is responsible for the lower thermal
conductance in the thermal rectification. Our findings not only have guiding significance, but can also
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1. Introduction

Devices with more flexible controls in heat flux, especially at
the nanoscale, have drawn increasing attention in recent
years."” Although thermal science has a longer history than
electrics, its development lags far behind the latter in many
aspects.® For example, electric diodes with the ability for
current rectification are widely used in daily life, but there is
no mature analog in the thermal field. Thermal rectification is
the counterpart of the electric diode for heat conduction and
was first discovered in 1936.°> A device with thermal rectifica-
tion effects is called a thermal rectifier or a thermal diode
whose thermal conductance along a specific direction is
different from that in the reverse direction.® A thermal rectifier
provides a fundamental element in some novel schemes of
“thermal circuits” including as a thermal transistor,” thermal
memory’ or thermal modulation.® This suggests that the
“thermal computer” used in thermal control and management
may be realized in the future. It is of both scientific and
applied significance to design a mature product with thermal
rectification. Thus, thermal rectification has aroused increas-
ing concern in recent years.’*°
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promote the development of interface-based solid-state thermal diodes.

Pioneering theoretical studies of one-dimensional non-
linear lattices allow the study of nanoscale thermal
rectification.” ™ Li et al. put forward a theoretical model of
thermal memory” and thermal gates'' based on the thermal
rectification effects in one-dimensional nonlinear lattices. The
asymmetry and non-linearity factors are believed to be the two
dominant and indispensable factors in nanoscale thermal rec-
tification systems.'> Hence, numerous proposals based on
asymmetry and non-linearity including asymmetric carbon
nanotubes,® trapezoidal graphene nanoribbons™ and graded
nanowires have emerged in past years."® These are collectively
known as phonon-based thermal rectifiers. Besides phonon-
based devices, there are also electron-based'” and photon-
based**** counterparts. This dramatic breakthrough is due to
the seminal experimental research by Chang et al.,'® in which
they designed a solid-state nanoscale thermal rectifier.
Although its thermal rectification factor remains very limited,
it could be used to design a real thermal diode. After that,
some passive solid-state thermal rectifiers experimentally
achieved appreciable thermal rectification ratios, such as
phase change thermal rectification®* and shape memory
alloy thermal rectification.”’ However, these solid-state nano-
scale thermal rectifiers need a complex external source, which
makes them very inconvenient. Most existing proposals have
very  complex  structures  including  high-precision
devices,"®*** or external sources to drive.”’**> Easily pre-
pared thermal rectifiers are highly desired to direct the devel-
opment of thermal diodes.

Lately, theoretical studies have indicated that the interfacial
effect in a bimaterial system can also lead to thermal
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rectification.>®2%?*3%1% Bimaterials usually consist of two
quite different materials such as fluid/solid,** metal/dielec-
tric,>® and organic/inorganic (crystal/polymer).>**° Apparently,
the thermal rectifier of the bimaterial system is much easier to
fabricate than that based on changing the structure of a single
material. Thus, the interface-induced thermal diode can be
realized as a mainstream idea of a thermal diode in the future.
However, to this day, no experimental proof can validate the
interface-induced thermal rectification and its physical mech-
anism remains ambiguous at the nanoscale. Currently, there
are three main approaches to interpret the thermal rectifica-
tion mechanisms: mismatch of the power spectra of two nano-
structures,'® temperature-dependent thermal properties,”® and
different extents of phonon localization.® These factors may be
coupled with each other or work separately. The physical
essence of interface-induced thermal rectification is still an
open question.

Here, we demonstrate that interface-induced thermal recti-
fication can be realized by sophisticated experiments and
molecular dynamics (MD) simulations. Moreover, we propose
a brand new mechanism to guide the design of interface-
induced thermal rectifiers. To successfully carry out these
experiments, two difficulties must be overcome. The first is to
prepare the samples. The experiments should be conducted at
the nanoscale because the interfacial resistance dominates the
heat conductance of the entire system. Considering both the
feasibility and application value, we established an organic/
inorganic system consisting of a silicon (Si) nanowire and a
polyamide (PA) nanofiber. Si is the most important semi-
conducting material in nanoelectronics, and PA is widely
known as nylon—a very popular organic material with advan-
tageous mechanical properties. More importantly, both of
them are easy to produce. The second difficulty lies in the
measurement of the thermal rectification ratio. Our platform
has a very high resolution of heat flux, 107" W K™*, which has
been used in previous nanoscale experiments by Chen et al.**
The radiation and convection loss can be ignored so that the
uncertainty is reduced to <1%. The MD simulations are then
used to reveal the underlying mechanism. We propose and
validate an easy but effective way to achieve interface-induced
thermal rectification. This is a promising approach for the
design of thermal diodes.

2. Experimental study
2.1 Experimental method

We created a high-resolution experiment to measure the
thermal conductance on a sensitive micro-device platform.*!
The micro-device consists of a heating beam and a sensing
beam, both of which are made of SiN, (the circuit diagrams
are in the ESI Note 1). The specimen is suspended between
the two beams. The entire micro-device is placed in a high
vacuum cryostat for eliminating the convection loss. The radi-
ation heat loss is also negligible.*" A 1-w AC current is applied
on the heating beam, and a DC current is applied on the
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sensing side. The heating power is a 2-w signal so the tempera-
ture rise is a 2-w signal as well. The resistance rise is pro-
portional to the temperature rise. Combined with the current,
we get 3-w and 2-w voltage changes at the heating beam and
the sensing beam, respectively. This estimates their tempera-
ture rise to be AT}, and AT, respectively (see the ESI Note 17).
The heat flux in the sensing beam, Qpeam, and the thermal
conductance of the beam, Gpean, are related as

Qbeam - Gbeam(ATh - AT5)~ (1)

Based on the heat balance analyses, the thermal conduc-
tance of the specimen, G, is

AT,

G = Gheam ————.
beam (AT, — ATY)

2)

Fig. 1 shows the SEM images of the PA/Si nanowire thermal
rectifier suspended between two beams. The organic part of
the rectifier is an aligned PA-11 nanofiber produced via
electrospinning. PA is a widely used polymer material with
high performance that is relatively easy to produce.** The in-
organic side is a Si nanowire synthesized by the chemical
vapor deposition growth method.** To avoid heat loss, the
redundant part of the specimen should be removed via a
focused ion beam (FIB), and the sample before FIB cutting is
shown in the inset of Fig. 1a. The Si nanowire and the PA
nanofiber have diameters of 140 nm and 580 nm, respectively,
and both are fixed on the pads with platinum.

The thermal rectification ratio, 7, is defined as

_ |Gps — Gsp|
y = B8 TSPl

SP

x 100%, (3)

where G is the thermal conductance, ‘PS’ refers to the heat flux
from PA to Si, and ‘SP’ is the reverse.

2.2 Experimental results and discussion

First, we focus on the influence of heat flux because previous
analyses™ suggest that heat flux has a significant influence on
thermal rectification. In our experiments, the applied voltage

After cutting

Fig. 1 SEM images of: (a) the entire thermal rectifier, and the inset is
the sample before FIB cutting; (b) Si nanowire; and (c) PA-11.
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Fig. 2 (a) Temperature rise as a function of voltage; (b) thermal con-
ductance: Gps and Gsp; (c) thermal rectification ratio as a function of
heat flux; and (d) temperature-dependent resistance of the two beams.

in the heating beam ranges from 1 V to 5 V. Fig. 2a shows the
temperature rise of the heating beam, AT}, and the sensing
beam, AT, at the room temperature environment. The
maximum ATy, and ATy are about 4.3 K and 0.08 K, respect-
ively, implying that the latter is almost two orders of magni-
tude less than the former. That is because the heat flux in the
sensing beam is much lower than that in the heating beam.
Fig. 2b shows the thermal conductance of the rectifier.
Apparently, Gsp is always larger than Gps, which verifies the
existence of thermal rectification. We emphasize that the error
mainly comes from the sensing side because AT is very
subtle. A lower heat flux leads to a higher relative error, and
the error in low heat flux measurements is relatively larger. It
is estimated that the interface dominates in heat transfer. In
the ESI, Fig. S71 shows that the thermal conductivity of a
single PA fiber with a diameter of 870 nm is about 0.55 W
(m K)™' at room temperature. Since the thermal conductivity
of the PA fiber increases with a reducing diameter,*" hence,
the thermal conductivity of PA in Fig. 1 should be higher than
0.55 W (m K)™' at room temperature; in other words, the
estimated thermal conductance should be higher than
5.58 nW K™' (AnR*/L, R ~ 400 nm, L ~ 50 pm). However, for the
first PA/Si sample, it is only 2.1 nW K™' as shown in Fig. 2b.
Hence, the interface plays an important role in heat transfer.
Fig. 2c shows the thermal rectification ratio as a function of
heat flux at room temperature. Except for the first point, 5 is
around 3%. We can check the temperature coefficient of resist-
ance (TCR) when the asymmetry of the micro-device leads to
pseudo-rectification . Fig. 2d shows that the TCRs of the two
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beams are nearly the same throughout the entire temperature
range. This means that the two beams are nearly equivalent.
The effect of the asymmetric micro-device can thus be
excluded. In other words, the observed thermal rectification is
probably due to the change in thermal properties of the speci-
men. This will be discussed in more detail below. In general,
there is no significant relevance between the heat flux and the
rectification performance according to Fig. 2c. This is due to
the low heat flux. The high heat flux has been shown to have a
significant impact on thermal rectification.”® However, we
cannot apply a very high heat flux for fear of damaging the
specimen. The influence of the heat flux will be further
studied via MD simulations.

Next, we investigated the temperature dependence of
thermal rectification. Fig. 3a represents the thermal conduc-
tance of the rectifier at different temperatures. Gsp, ie., Si-to-
PA, always has a higher thermal conductance. The thermal
conductance reduces by about 40% as the temperature
declines from 296.6 K to 96.8 K mainly due to the decrease in
the PA thermal conductance. Fig. 3b shows that the thermal
rectification ratio varies from 2.8% to 3.5%; so the temperature
does not easily influence the thermal rectification ratio (uncer-
tainty analyses are in the ESI Note 27).

To further verify the rectification of this interface-induced
rectifier, we checked another specimen consisting of PA and Si
nanowires in contact with each other. We emphasize that the
two specimens have a significant difference in contact area.
Fig. 4a indicates that the second specimen has a visible defor-
mation due to the internal stress after FIB cutting. Thus, the
contact area is much larger than that of the first, which means
the thermal contact resistance may be lower for the second
specimen. Fig. 4b shows the thermal conductance and Fig. 4c
shows the thermal rectification ratio. Similarly, the thermal
conductance increases with increasing temperature, and the
error bar is still acceptable. Ggp is always larger than Gps under
different temperatures, which agrees well with the first speci-
men. The thermal rectification ratio has a slight rise from
2.7% to 3.4% as the temperature drops from 296.5 K to
246.3 K. In short, both specimens have about a 3% thermal
rectification ratio, and there is still no notable relevance
between the thermal contact resistance and the thermal rectifi-
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Fig. 3 Temperature-dependent (a) thermal conductance: Gps and Gsp;
and (b) thermal rectification ratio with error bars.
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Fig. 4 (a) The second specimen after FIB cutting; (b) measured thermal
conductance: Gps and Gsp; and (c) thermal rectification ratio with error
bars.

cation ratio in our experiments. Since the measurement uncer-
tainty is about 1%, the difference between the two samples is
concealed by the uncertainty.

Our experiments directly prove the existence of thermal rec-
tification in the PA/Si nanowire interface. A similar thermal
rectification ratio of about 3% is observed for both specimens.
The experimental conditions are limited because we cannot
apply a very high temperature gradient. Therefore, we cannot
confirm that there is no obvious relevance of the thermal recti-
fication ratio to temperature and heat flux current conditions.
Hence, the following MD studies can conquer the limitations
of the experiments, and help us reveal the underlying physical
mechanism.

3. Molecular dynamics study

3.1 Simulation method

The MD simulation was performed via the LAMMPS
package.** First, we generated stable polymer chains. The
molecular formula of PA-11 is —-[(NH-CO)-(CH,)44]-. Non-equi-
librium MD (NEMD) simulations were used to calculate the
thermal conductance of the PA/Si nanowires. The time step is
0.25 fs. The system is first relaxed in the NVT ensemble for
1000 000 steps, then in the NEMD for another 5 000 000 steps.
The X direction is a fixed boundary condition, and the Yand Z
directions are free boundary conditions. The atoms on the

This journal is © The Royal Society of Chemistry 2017

Paper

ends are placed in the Nosé-Hoover thermostats*®> with temp-
eratures Ty and Ti. The motion equations of the atoms in the
thermostats are

d%pi =Fi —ypi; (4.1)
=2 52 (43)

" 3Nk &= 2m;

Here, p;, F; and m; are the momentum, force and mass of
atom i, respectively. Term y is the dynamic parameter, 7 is the
relaxation time of the thermostats, kg is the Boltzmann con-
stant, and N is the number of atoms in the thermostat. The
heat flux applied to the thermostats is given by Q =
—3yNkgT(t). The thermal conductance is deduced from
Fourier’s law: G = Q/AT. In the MD simulations, the potential
model for PA-11 is modeled by the modified OPLS force
field*>*” that is partly derived from the all-atom model of
N-methylacetamide proposed by Caldwell et al®” The
stillinger-Weber potential*® is used to generate the Si nano-
wire. The interaction between PA and Si is characterized by the
van der Waals’ force (the verification of the potential function
is in the ESI Note 37). It should be emphasized that Pal et al.*°
also investigated the thermal rectification between the crystal
and polymer, but the interface interaction was defined by
covalent bonds in their simulations. Hence, the mechanisms
of the two cases are different. The schematic of the PA/Si nano-
wires is shown in Fig. 5a. The initial length of PA is 10 nm and
is 8 nm for Si. The influence of size effect in the direction of
heat flux is shown in the ESI Note 3.f The contact length of
the PA and Si, Leoss, 1S set as 2 nm and 4 nm, respectively.
Both of these have a diameter of about 1.5 nm. The tempera-
ture difference, AT, is set to 30 K, 60 K, 100 K, 150 K and
200 K.

It should be emphasized that the simulations are still
different with the experiments, though we try our best to
imitate the real situations. First, the size is different since the
real size needs a too huge computation cost. Second, the nylon
fiber structure is simplified to the multi-chain structure. The
real structure is more complicated and amorphous. Third, the
contact area in the experiment is not easy to be distinguished;
so the interface in the simulations is simpler. Hence, the
simulations may not capture some of the features observed in
the experiments. Nevertheless, the calculations can provide an
additional qualitative insight.

3.2 Simulation results and discussion

Fig. 5b shows the energy accumulation applied to the thermo-
stats where AT = 100 K, and L. is set as 2 nm and 4 nm,
respectively, to study its influence. The derivative of the energy
accumulation is heat flux, i.e., Q = dE/dt. Thus, the slope of the
curves in Fig. 5b can reflect the intensity of the heat flux. We
can deduce three main conclusions. First, the Si-to-PA flux is

Nanoscale, 2017, 9, 11480-11487 | 11483
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Lcross-

always larger than the PA-to-Si flux. This agrees well with our
experimental results. Second, the
increases as Leyoss drops from 4 nm to 2 nm because the curve
of the former is steeper than the latter. Third, the difference
between the PA-to-Si and Si-to-PA fluxes is more significant
when Lg.,ss = 2 nm. This implies that shorter contact length
leads to a higher thermal rectification ratio. Fig. 5c presents
the thermal rectification ratios as a function of AT and L¢;oss-
It shows that the decrease in L., and the increase of
AT leads to the augmentation of the thermal rectification
ratio. The former has a more significant effect on thermal
rectification than the latter. Versus the experiments, the MD
simulations show a clearer trend of the thermal rectification
ratio, which is due to the much higher heat flux applied in
the latter. In our experiments, the heat flux is about
0.1 MW m™?, while in the MD simulations, it is usually higher
than 10° MW m™>.

We should emphasize that the conclusions of ref. 29 are
completely different from ours although the authors likewise
studied the thermal rectification of the organic/inorganic
interface. They found that the heat transport from PE to Si has
a higher thermal conductance. We note that they used periodic
boundary conditions in all directions, i.e., they nearly simu-
lated bulk materials other than nanowires. The nanostructures
usually possess extraordinary bulk
4950 To confirm the difference between nano-

interfacial resistance

features  versus
materials.
structures and bulk materials, we also investigate the thermal

rectification of the bulk PA/Si interface. Fig. 6a shows the sche-
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matic of the bulk PA/Si interface. The temperature profile is
shown in Fig. 6b. The temperature difference of Si is far below
that of PA suggesting that the thermal conductance of bulk Si
is much larger than that of PA. Fig. 6¢c shows the energy
accumulation of the PA-to-Si and Si-to-PA cases. The thermal
rectification ratio is estimated based on the slopes of the two
curves, namely, n = 1.42/0.81-1 = 75%. The PA-to-Si heat flux
has a higher thermal conductance, and 5 can reach 75%. For
bulk materials, the possible mechanism of thermal rectifica-
tion is the dependence of thermal properties on space and
temperature. The thermal conductivity of the polymer
increases with increasing temperature (see the ESI, Note 47),
but it is reversed for Si.** Apparently, the PA-to-Si heat flux
should have higher thermal conductance because PA is placed
in the high temperature region and Si is in the low tempera-
ture region. It should be emphasized that for the bulk system,
the thermal rectification is not due to the temperature-depen-
dence of the interface thermal resistance, but due to the temp-
erature-dependence of the thermal conductance. In other
words, for PA/Si nanowires, the temperature-dependence of
the thermal conductance will not improve but will actually
suppress the thermal rectification effect. We estimate that the
thermal rectification ratio will increase about 6% if tempera-
ture-dependence is excluded (see in the ESI, Note 5%).
Generally, the PA/Si nanowire interface and its bulk counter-
part have very different thermal rectification mechanisms due
to the features of the nanostructures. Nanostructures have an
extremely significant edge/surface effect leading to phonon
lateral confinement. While phonons are the main energy
carriers for heat conduction in crystals, the phonon lateral
confinement has a strong impact on thermal properties. It is
essential for the thermal rectification of homogeneous
materials such as asymmetric graphene nanoribbons and non-
uniform nanofilms.® First, we show how the phonon density of
states (DOS) reveals how lateral confinement affects phonons.
The phonon DOS is computed by taking the Fourier transform
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of the velocity autocorrelation function (VAF).”" The VAF is
expressed as

VAF(6) = (v(0)(®)) = <;Zvi(o>~v,-<t>>, (5)
i—1

where v;(t) denotes the velocity of atom 7 at time ¢. Fig. 7 shows
the DOS of the atoms in PA and Si. PA has six types of atoms,
and we merely focus on three typical types—nitrogen, oxygen
and sp” carbon. For ease of description, the DOS of the edge
atoms is called EDOS (edge DOS), otherwise, IDOS (interior
DOS). The results show that the proportion of low frequency
phonons in EDOS is higher than that in IDOS for all atom types.
This suggests that the edge makes the phonon spectra shift to
the low frequency region, and the peaks are weakened. Hence,
the phonon localization occurs on the edge of the PA and the
silicon nanowires. The phonon modes are softened, which
means the thermal conductivity reduces.®® So, the extent of
phonon localization can reflect the relative value of the thermal
conductivity. This localization is selective to certain modes.**
Thus, the thermal rectification at the PA/Si nanowire interface is
possibly due to the different extents of phonon localization for
the different heat flux directions.

The extent of phonon localization can be qualitatively
described by phonon spatial distribution. The distribution of a
specific range, A, of phonon modes at atom i is

J DOS;dw
Pai = (6)

J DOS;dw

0

Considering that Si is a monoatomic crystal, we use the
phonon spatial distribution of the Si nanowire to visualize the
phonon localization in the PA/Si interface. For bulk Si, the
peak of DOS is about 16 THz, and we set A as 15 to 17 THz.
Fig. 8 shows the phonon spatial distributions of the Si nano-
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Fig. 8 Phonon (15 to 17 THz) spatial distribution of Si nanowire with (a)
PA-to-Si and (b) Si-to-PA heat fluxes.

wire with PA-to-Si and Si-to-PA heat fluxes, which are calcu-
lated based on eqn (6). Three points should be mentioned for
Fig. 8. First, p, ; of the edge atoms is different from that of the
interior atoms, which implies that localized phonon modes
exist at the edge, since there are few localized modes in
interior atoms. Second, the atoms in Fig. 8a generally have
higher p, ; than the atoms in Fig. 8b, especially for those close
to the interface. This means that the localization extent of the
Si-to-PA heat flux is less than that of the PA-to-Si heat flux.
Third, the atoms in the internal domain are only affected to a
minor degree. We can infer that the atoms in the interface play
a dominant role in thermal rectification. Only at the nanoscale
is the interfacial effect significant. Hence, this further demon-
strates that the nanoscale is an essential condition for the
interface-induced thermal rectification. In summary, the
different phonon localization extent at the interface of PA/Si
suggests that the Si-to-PA heat flux has higher thermal conduc-
tance than the PA-to-Si heat flux in PA/Si nanowires.
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Fig. 7 DOS of interior and edge atoms. Atoms in PA (a) N: nitrogen, (b) O: oxygen, (c) Cn: sp? carbon, and (d) Si atom. Solid lines refer to interior

atoms; dotted and dashed lines refer to edge atoms.
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4. Conclusions

To summarize, we identified a thermal rectification effect in
the PA/Si nanowire interface. Both the experimental results
and the MD simulations suggested that the thermal conduc-
tance is higher when the heat flux is from Si to PA. The experi-
ments resulted in a 2.7% to 3.5% thermal rectification ratio.
The system temperature has a slight influence on the thermal
rectification ratio, but the increase in the interfacial resistance
or heat flux can lead to an increase in thermal rectification
ratio. Interestingly, we find that the thermal rectification of the
PA/Si nanowires is completely contrary to its bulk counterpart.
In bulk PA/Si, the mechanism of thermal rectification depends
on the thermal property change with space and temperature,
but in PA/Si nanowires, the mechanism points to phonon
localization. The phonon spatial distribution of the Si nano-
wire can be used to visualize the phonon localization in the
PA/Si interface. This shows that the localized modes generally
gather on the edge, and the localization extent of the PA-to-Si
heat flux is larger than that of the Si-to-PA heat flux. Thus, the
latter has a higher thermal conductance. Our work reveals the
physical mechanism of thermal rectification caused by the
interfacial effect at the nanoscale. It offers a guiding signifi-
cance for the design of interface-based thermal rectifiers in
the future.
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