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The capability of manipulating heat flux at the nanoscale has important implications in thermal circuits and
thermal management of electronics. In this work, by employing both the fluctuating surface current method and
the Wiener-chaos expansion method, we demonstrate a tunable thermal rectification effect based on the near-
field radiation for nanowire and nanocross structures. Due to the different decay behaviors of surface phonon
polaritons and surface plasmon polaritons, the rectification can be bidirectionally controlled at various rates by

tuning the separation between the nanostructures. This work provides new pathways for designing contactless

smart thermal modulation devices.

1. Introduction

Recent advances in thermal control and heat regulation render
thermal logic devices promising for applications in thermal management
of electronics, energy conversion systems, and thermal logic circuits
[1-4]. Among existing thermal logic devices (e.g., transistors, memories,
and logic gates), thermal rectifiers have attracted significant interest
[5]. Analogous to its electronic counterpart, a thermal rectifier is a
two-terminal device allowing thermal current to flow preferentially in
one direction, either forwardly or backwardly, under a temperature bias.
The contrast between the forward and backward heat flows is charac-
terized by a rectification ratio R, which is defined by subtracting 1 from
the ratio of the forward and backward heat flows. To realize such an
asymmetry in heat transfer, a variety of mechanisms have been explored
for developing solid-state rectification devices, including conductive
[6-9] and radiative approaches [10,11][45]. The radiative approach
employs the temperature dependent optical properties of the two ter-
minals that are typically made from distinct materials. While the two
terminals are subject to a favorable temperature bias under which their
corresponding electromagnetic resonances are spectrally aligned, strong
electromagnetic coupling between the resonances occurs. In contrast,
when the temperature bias is reversed, the loss of the resonance coupling
will block thermal radiation [10].

Phase change materials are promising candidates for achieving
temperature dependent optical properties and thus thermal rectifica-
tion. Vanadium dioxide (VO;), known as a typical thermochromic ma-
terial, experiences metal-insulator transition at a critical temperature,
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T. ~ 340 K, associated with structural transition [12]. Below the critical
temperature, VO, exhibits insulating properties with a monoclinic
structure. Above T, it is in the metallic state with a rutile structure [13].
As a result, the infrared response of VO, alters dramatically across the
phase transition, showing great promise for developing VO,-based
radiative thermal rectifier in both the far-field and near-field regimes
[14-16]. In a recent theoretical study, a rectification ratio >20 can be
obtained via matching the VO, loss with its host material
micro-grating structure [17]. Experimentally, the rectification ratio as

large as 2 was demonstrated between VO, and SiO, [18].

In the near-field regime, it that mainly
contribute to the radiative heat transfer [19,20]. Furthermore, when the
media support surface polaritons, the evanescent waves stemming from
the excitation of surface phonon polaritons (SPhPs) or surface plasmon
polaritons (SPPs) will significantly enhance the near-field radiation in
comparison with corresponding blackbody radiation [20-29]. In this
regard, VO, is particularly attractive for tuning near-field radiation as
there exist surface phonon modes in the infrared region for the insu-
lating VO,. Therefore, extensive efforts have been made to investigate

in a

is evanescent waves

the thermal rectification between VO, and other interacting materials in
the near-field regime. Theoretically [11,30-33] a rectification ratio of
one order of magnitude can be achieved when the two semi-infinite
terminals are separated by a 10 nm gap [11]. Experimental imple-
mentations focusing on plate-plate [5,34] and sphere-plate [35] con-
figurations have been reported. Thus far, the studies on the near-field
thermal rectification with phase transition materials have mainly been
based on bulk structures and materials, in which the rectification
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Fig. 1. Schematic diagrams of the thermal rectification model. (a), Nanowire-nanowire configuration. (b), Nanocross-nanocross configuration. (c) and (d), Real and

imaginary parts of the dielectric function of VO, and SiO».

direction (sign of R value) is independent of separation gap under a
given temperature bias. Moreover, no tunability in terms of rectification
direction has been achieved.

In this work, we demonstrate the near-field thermal rectifiers capable
of tailoring rectification directions based on nanowire and nanocross
configurations. To study the near-field radiation between nano-
structures with one terminal being VO, and the other being SiO,, both
the fluctuating surface current (FSC) method and the Wiener-chaos
expansion (WCE) method are employed in our direct calculations.
Both nanowire and nanocross configurations allow us to bidirectionally
manipulate the radiation at different rectification rates by tuning the
separation between VO, and SiO,. Particularly, the presence of degen-
erate modes in nanocross structures, as compared to the corresponding
nanowires, can boost the energy density and rectification range.

2. Numerical model

Two configurations including nanowires and nanocrosses are
considered in this work, as shown in Fig. 1(a) and (b), respectively. The
nanowires and the perpendicular beams in the nanocross structure are
1.5 Um long with a 120 nm X 120 nm square shape cross-section at the
separations of 50, 100, 150 and 200 nm, respectively, considering the
current nano-fabrication capability and near-field thermal signal sensing

competence in real applications. Following the convention [30,31], the
forward temperature bias is defined as the scenario where the temper-
ature of SiO, is greater than that of VO,, while the backward bias defines
the case with VO, having a greater temperature. The high, 7}, and the
low, Tj, temperatures are set to be 373 Kand 303 K, respectively, which
is either above or below the transition temperature of VO,. Therefore,
VO, behaves as an insulator in the forward bias but a metal in the
backward bias. For the dielectric function ()f insulating VS)Z, a classical
oscillator model &(w) = € + Z;VZIS,»OU]Z/ w]? — iyw— w? is adopted,
where € is the high-frequency constant, w; is the phonon vibration
frequency, ; is the scattering rate, S; represents the oscillation strength,
and j is the mode index. Metallic VO, can be approximated by the Drude
model €,(w) = — wf,soo/(wz — iwY), where & is a constant, w, and Y
represent the plasma frequency and the collision frequency, respec-
tively. The fitting parameters can be found in Ref. [36] for the insulating
phase and Ref. [31] for the metallic phase. The dielectric property of
Si0, is given by Palik [37]. As demonstrated in Fig. 1(c) and (d), the
dielectric behaviors of insulating VO, and SiO, show overlapped phonon
resonances, whereas the metallic VO, only manifests the Drude type
absorption.

We exploit the FSC method to model the radiative heat transfer be-
tween nanowires or nanocrosses because it enables the high-efficiency
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Fig. 2. Reduced heat exchange spectra s(w) in both the forward (solid lines) and the backward (dashed lines) directions between (a)-(b) a pair of nanowires, and (c)-
(d) nanocrosses. The gaps are 50 nm for panels (a) and (c), and 200 nm for panels (b) and (d), respectively.

thermal radiation calculation between arbitrary geometries [38-40].
When simulating the electromagnetic response of a structure due to
thermally induced fluctuating currents, the equivalent surface currents
on the surface boundary serve as the source to the stochastic Maxwell’s
equation where the homogenous Dyadic Green’s function is involved in
calculating the real electromagnetic response. The computation based
on the FSC method yields the exchange function s(w), also known as the
reduced spectral heat exchange. Detailed derivations have been re-
ported by other authors in Refs. [38-40], herein, only key equations are
presented in Supplementary Materials Note S1. Accordingly, the net
radiative heat transfer between the two terminals at temperatures of 7},
and T7; can be obtained as:

q= M[O(w, Tw) — O(w, T)ls(w)dw, @))
0

where O(w, T;) = hw/[exp (hw /ksT; —1)] for i € {h,1}, is the energy of a
Planck oscillator at the angular frequency w in thermal equilibrium at
temperature 7;. The boundary meshing size in the calculation is 30 nm,
which is determined by a thorough mesh independence study. To verify
the accuracy of the FSC method used in this study, the simulation results
for the spectral radiation between two sufficiently large and thick plates

are compared with that of semi-infinite planes reported in Ref. [31].
With the net heat flows for the forward-biased, gy and backward-biased,
qp, cases, the rectification ratio R is then defined as:

rR=%_1 @)
Ll
Correspondingly, R > 0 indicates a greater forward heat flow, and
there is rectification in the forward direction, whereas the rectification
direction is reversed if R < O.

3. Results and discussion

In Fig. 2(a) and (b), we show the two representative reduced heat
exchanges s(w) for nanowires with separations of 50 nm and 200 nm,
respectively, while the results for nanocrosses are plotted in Fig. 2(c) and
(d). Results corresponding to other gap distances (100 nm and 150 nm)
can be found in Supplementary Materials Fig S2.

As shown in Fig. 2(a) and (b), the reduced heat exchange spectra of a
pair of nanowires in the forward and backward biases are dominated by
different modes. In the forward cases, the near-field radiation spectra
are mainly dominated by the peaks around 1.5 X 10'* rad/s, where the
real parts of permittivity for both SiO; and insulating VO, are close to
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Fig. 3. (a). Net heat transfer between a pair of nanowires (red lines) and nanocrosses (green lines) in both the forward (solid lines) and the backward (dashed lines)
cases at different gaps. (b). Rectification ratios of the nanowire structures (red dots) and the nanocross structures (green dots) at different gaps; the red and green
shadows show the corresponding rectification ranges. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

-1 (Fig. 1(c)), corresponding to the excitation of SPhPs. In addition, absorption. Therefore, SPhP-induced electromagnetic coupling facili-
near the same frequency, SiO, also has a minor peak in the imaginary tates the near-field radiative heat transfer between SiO; and insulating

part of its permittivity (Fig. 1(d)), indicating relatively strong VO, nanowires, leading to the peak around 1.5 X 10'* rad/s. In contrast,
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Fig. 4. E. field profiles in the nanowire-nanowire configuration at various gaps. (a)-(c), The forward cases with the gaps of 50 nm, 100 nm, and 150 nm, respectively.
(d)-(f), The backward cases with the gaps of 50 nm, 100 nm, and 150 nm, respectively. The field profiles are captured at the ends of the nanowires at corresponding
resonance frequencies. The white lines highlight the cross-sections of the structures. In each panel, emissions are excited from the bottom structure.
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in the backward cases, the near-field heat transfer is dominated by the
peak located at 2.2 X 10" rad/s, which corresponds to the SPP modes
supported by the longitudinal oscillation of charges inside the VO,
nanowire in the metallic phase.

These SPhP and SPP modes, however, exhibit different spatial decays
from the emitter surface. At small separations (e.g., 50 nm), the peak in
the forward case driven by SPhPs is higher than that in the backward
case driven by SPP modes, as shown in Fig. 2(a). However, the SPhP
modes tend to decay with a higher rate from the emitter than the SPP
modes. Thus, the SPP will dominate in the large-gap cases, as indicated
by the comparison of the respective peaks in Fig. 2(a) and (b). This
causes the backward net heat flow to outperform that in the forward
direction for the gap distances larger than 100 nm, which leads to the
reverse of the rectification direction (change in the sign of R), as shown
in Fig. 3.

Due to the rotational symmetry of nanocrosses, they can support two
degenerate modes (one along each arm). In the far-field regime [41], the
existence of uncoupled degenerate modes only doubles the peak height
in the radiation spectrum. However, the coupling between the two
degenerate modes provides extra channels for enhancing radiative heat
transfer in the near-field, as discussed in our previous work [42]. In
consequence, nanocrosses enable higher near-field radiation as
compared with nanowires. As the SPhP modes show a higher spatial
decay rate, a negative rectification is achieved at larger gap distances for
nanocross structures as well. Based on the reduced heat exchange
spectra, the net energy transfer between the nanostructures can then be
calculated from Eq. (1) as a function of gap distances (Fig. 3(a)).
Accordingly, the rectification ratios are obtained by Eq. (2), as shown in
Fig. 3(b).

As observed from the net heat transfer in Fig. 3(a), the backward net
heat transfer of both nanowires and nanocrosses decreases with a lower
rate when increasing separations and exceeds the forward ones after
separation >100 nm, leading to the reverse of the rectification direction.
Furthermore, in both the directions, the net heat transfer between
nanocrosses deviates from two times of that between nanowires given
the same gap, which can be attributed to the coupling of degenerate
modes. Such the coupling in the nanocrosses also leads to larger recti-
fication, compared to the nanowire structures. In Fig. 3(b), by varying
the gap distances from 50 nm to 200 nm, the rectification ratio of the
nanocross structures ranges from 0.48 to —0.47, comparing to a rela-
tively narrower range from 0.44 to —0.27 for the nanowire structures.
Nevertheless, both the nanowire and nanocross structures realize
negative rectification ratios for the gap distances larger than 100 nm,
which has never been accomplished in previous studies [10,31,33].

To better understand such a bidirectional rectification behavior with
respect to separation, we plot the mode profiles of nanowire configu-
ration under different separations to compare the decay rates of the
supported SPhP and SPP modes. In Fig. 4, we show the E, profiles
captured at the ends of the two nanowires with selected gap distances for
both the directions. The field profiles are simulated via the WCE method
[43,44], where a series of dipoles (a number of20 X 2 X 2inx X y X z
directions, respectively) are added to the emitter according to a set of
deterministic base functions to systematically excite the supported
modes. Due to the confinement of the nanowires in the y direction, the
SPhP modes supported in the forward direction (Fig. 4(a)-(c)) are more
localized at the top two edges along the SiO; nanowire (top left and right
corners in the y-z plots) because of reflection/scattering at the edges,
which causes the mode profiles spreading in the y-z plane. Such a
spreading results in the dramatic decrease of the field intensity along the
z direction from the top surface of the emitter (bottom white boxes),
indicating that the SPhP modes significantly attenuate within the gap.
However, in the backward direction, the SPP modes supported by the
metallic phase of VO, (Fig. 4(d)-(f)) are distributed more uniformly on
the top surface of emitter, leading to a more directional mode profile and
a relatively lower decay rate. The reverse of the rectification direction of
the nanocross structures can be understood under the same principle

Materials Today Physics 29 (2022) 100921

because they share the same dominant modes as nanowires. Here,
different from the conventional surface modes supported by an infinitely
large surface (see Supplementary Materials Note S2 for the corre-
sponding results of the semi-infinite plate configuration), the mode
profiles and thus the bidirectional rectification effect highly depend on
the different localizations of SPhP and SPP modes to the nanowire
cross-sections. Varying the shape and size of the nanowire cross-section
or introducing cross-sectional asymmetry endows the bidirectional
rectification behavior with great tailorability. In other words, the gap
distances where the reversed rectification occurs can be designed in a
flexible manner.

4. Conclusions

In conclusion, by exploiting nanowire and nanocross structures with
phase transition material in the near-field regime, we have observeda
tunable thermal rectification phenomenon. By tuning separation be-
tween nanostructures, the rectification can be bidirectionally tailored at
different rates. Specifically, when the nanowires made of SiO, and VO,
are separated by small gaps (e.g., <100 nm), the strong coupling of
localized SPhP modes between SiO, and VO, in the insulating state in-
duces enhanced near-field radiative transfer which outperforms that
when VO, is metallic. However, as the separation enlarges, the SPhPs
mediated radiative heat transfer is surpassed by the case of the SPPs
between the metallic VO, and SiO,, leading to the reverse rectification.
Due to the coupling of degenerate modes, the nanocross-based thermal
rectifier reveals superior near-field radiation capability and broader
rectification tunability as compared to the nanowire configuration. Such
bidirectional thermal rectification provides an extra degree of freedom
in manipulating the near-field radiative heat transfer and opens a new
avenue for the future design of contactless thermal logic devices.
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