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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Giant thermal rectification beyond structural asymmetry via
current-induced nonreciprocity effects
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Pursuing significant thermal rectification effect with minimal temperature differences is critical for thermal rectifiers.
While asymmetric structures enable spectral matching, they inherently limit thermal rectification performance. To ad-
dress this issue, we developed a thermal rectification structure comprising a current-biased graphene-coated silicon carbide
(SiC) substrate paired with another graphene-coated SiC substrate separated by a nanoscale vacuum gap. A current-biased
graphene sheet generates nonreciprocal effect that actively modulates radiative energy transfer. Our theoretical framework
demonstrates that the current-biased graphene achieves a high thermal diode efficiency even under a modest temperature
difference. Remarkably, the thermal diode efficiency exceeds 0.8 at a temperature difference of just 100 K (between 300 K
and 400 K). These findings highlight the synergistic enhancement from graphene coatings and current biasing, providing a

viable strategy for nanoscale thermal management applications.
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1. Introduction

Thermal rectification refers to the phenomenon where
heat flow in one direction exceeds that in the reverse direc-
tion when the hot and cold sources are interchanged. Such
devices, termed thermal rectifiers or diodes, hold tremendous
potential for thermal management and energy system control.
Conventional thermal rectification primarily relied on convec-
tion and conduction mechanisms. In contrast, radiative heat
transfer, either in the far-field or near-field regimes (subwave-
length vacuum gap spacing), is another mode of heat transfer
that opens a prominent avenue to explore thermal rectification.
Near-field radiative heat transfer (NFRHT) can outperform the
blackbody limit through evanescent wave tunneling,[?! of-
fering distinct advantages such as high thermal rectification
ratios, precise thermal control, and rapid response compared
to convection/conduction-based approaches.!*! Furthermore,
NFRHT is enhanced if the emitter and receiver materials sup-
port surface plasmon polaritons (SPPs), surface phonon po-
laritons (SPhPs), or hyperbolic modes. [+

Thermal rectification can be achieved through three pri-
mary mechanisms: (i) dissimilar materials with temperature-
dependent dielectric functions, (ii) asymmetric structures, and
(iii) asymmetric interfaces between different materials. (7]
While dissimilar material pairs induce spectral mismatch that
reduces heat flux, 8! asymmetric structures limit the recti-
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fication efficiency.””! Xu et al.l'" reported that an indium
antimonide (InSb)/graphene-coated silicon carbide (3C-SiC)
diode achieved a rectification efficiency over 50% at high and
low temperatures of 400 K and 300 K with a 30-nm-wide vac-
uum gap and a graphene chemical potential of 0.35 eV. Al-
though temperature-dependent dielectrics (e.g., 3C-SiC) en-
able rectification efficiency, huge temperature differences are
required.[®! High temperatures hinder practical applications.
Tang and Francoeur reported that a 3C-SiC bulk/3C-SiC thin
film diode can sustain a high rectification efficiency rang-
ing from 80% to 87% over a wide high temperature range
(~ 700 K to 1000 K) for a 10-nm-wide vacuum gap.!'!'! Ode-
bowale et al.l®! reported a thermal rectification efficiency of
75% at an emitter temperature of 350 K and a 20-nm-wide
vacuum gap by the use of a two-dimensional topological insu-
lator — bismuth selenide (BirSe3). To break the bottleneck of
temperature dependence, the nonreciprocal effect is employed

12,131 The most common way to break reci-

to rectify heat flux.!
procity is by biasing magneto-optical materials with a static
magnetic field. Still, this approach is restricted by external
bulky biasing circuits and weak nonreciprocal responses at ter-
ahertz and optical frequencies.!!'*! Recent studies demonstrate
that applying an electric current to graphene can generate non-
reciprocal responses.!!3] Graphene, a typical two-dimensional

material, supports SPPs that can be controlled from near-
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infrared to terahertz frequencies by varying its chemical poten-
tial values, which makes it a particularly interesting material
in near-field thermal radiation systems./'®! Morgado er al.['¥]
revealed that drift current breaks the reciprocal response of the
graphene conductivity and enables a broadband regime of uni-
directional SPP propagation. Tang et al.!'! studied the near-
field heat transfer between graphene and magneto-optic me-
dia and found its direction and magnitude can be tuned by the
electric current and the in-plane magnetic field in the magneto-
optic medium. Peng ef al.!'”! demonstrated a drift-induced ra-
diative heat transfer in double-layer graphene and found a re-
lationship between the heat flux and the current. Ott et al.!']
proposed a radiative thermal diode composed of two magneto-
optical nanoparticles placed close to a magneto-optical sub-
strate and showed that the rectification coefficient can be ac-
tively tuned by changing the magnitude of a magnetic field ap-
plied on the system. Yuan et al.!'3 achieved theoretical rectifi-
cation ratios over 88.67 through nonreciprocal hyperbolic sur-
face plasmon polaritons, supported by a drift-biased graphene
grating, to rectify the radiative heat flux between the two di-
electric particles. These advances underscore the potential
of nonreciprocal phenomena in developing lower temperature
difference thermal diodes. Although sphere-sphere configu-
rations have significant potential to achieve notable thermal
rectification efficiency, the limited heat transfer area between
particles constrains the overall magnitude of the radiative heat
flux. Further exploration of nonreciprocal effects supported by
current-biased graphene is important to practical applications
of efficient thermal rectifiers under lower temperature differ-
ences.

This study investigates how the nonreciprocal effect in-
duced by current-biased graphene influences near-field ther-
mal rectification. We perform comparative analyses of ra-
diative thermal flux for three configurations: bare SiC-SiC,
unbiased graphene-coated SiC, and current-biased graphene-
coated SiC. Thermal rectification efficiency and the radiative
heat flux between two flat surfaces of these configurations at

different drift velocities are investigated.

2. Model and theory

The considered structure consists of a high-temperature
emitter and a low-temperature receiver separated by a vacuum
gap (d), as shown in Fig. 1, where the substrate, graphene,
vacuum, graphene, and substrate are denoted by s, 1, 0, 2,
and 3, respectively. Bulk SiC is treated as the substrate. The
high-temperature emitter is assumed to be made of graphene-
covered SiC and maintained at 7y = 400 K, and the graphene
layer carries a DC electric current induced by a static voltage
applied across it. Due to the high mobility of graphene, the
electrons in the graphene layer exhibit a drift velocity (vq) of
the same order of magnitude as the Fermi velocity (v¢). 18] The

low-temperature receiver is assumed to be made of graphene-
covered SiC and maintained at 71, = 300 K.

(a) Forward-biased scenario (b) Reverse-biased scenario

S SiC T
1
0 % gt d
2
SiC Ty, 3 i o

Fig. 1. Schematic image of the near-field thermal rectifier between the
graphene-coated plates. (a) Forward-biased scenario and (b) reverse-
biased scenario.

In the forward-biased scenario, as shown in Fig. 1(a),
the net radiative heat flux between the emitter (current-biased
graphene-coated SiC) and the receiver (graphene-coated SiC)
is denoted as gf. In the reverse-biased scenario, as shown in
Fig. 1(b), the emitter and receiver temperatures are swapped,
and the net heat flux is ¢.. The thermal rectification efficiency,
which characterizes the performance of the thermal rectifier, is
defined as

gt — a1
=—"\ €]
? = max(ar, )
The net heat flux between two infinite plates separated by a
distance d is derived from fluctuation electrodynamics. It is
obtained by integrating the spectral heat flux g,

gir = /0 dodo, @)

where the spectral heat flux is related to the transmission func-
tion of both propagating and evanescent waves via Refs. [15,
19].

2.1. Results and discussion

Figure 2 presents the real part of the dielectric function
for current-biased and unbiased graphene and SiC. Graphene
exhibits strong metallic behavior, characterized by negative
Re(g,). Electromagnetic waves can excite surface plasmon
polaritons (SPPs), particularly near the plasma frequency. Sur-
face polarization with p polarization can be coupled only when
the permittivities of media 1 and 2 have opposite signs. >8]
As shown in Fig. 2(a),

Re(gy)| increases with higher i, in-
dicating enhanced metallic behavior dominated by graphene
plasmons.['®! Notably, at low frequencies, Re(gy) becomes
positive due to the negative 0, which induces optical gain and

15291 The excitation of SPPs inter-

negative Landau damping.|
acts with incident radiation, leading to strong absorption. In
Fig. 2(b), the negative values of Re(&s;c) for SiC appear within
the frequency range of 1.5 x 10" rad/s to 1.8 x 10'* rad/s, giv-

ing rise to SPhPs.
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Fig. 2. Real part of dielectric function of (a) graphene at 300 K and
(b) SiC.

Figure 3(a) depicts the forward spectral heat flux as a
function of angular frequency (w) for three configurations:
bare SiC-SiC bulk, current-biased graphene-SiC bulk, and
graphene-SiC bulk, where parameters d = 10 nm, vg = 0.6vy,
Uz = 0.4 eV, and y, = 3.7 meV are maintained unless oth-
erwise stated. In the bare SiC-SiC scenario, a narrow peak
with significant monochromaticity emerges at ® = 1.76 x
10 rad/s.
ported by SiC in the frequency range of negative values of
Re (gsic) for SiC. Although the thermal diode effect in SiC
can be implemented by the temperature dependence of its

This arises from thermally excited SPhPs sup-

dielectric function, Fig. 2(b) reveals that this dependence is
weak. Consequently, a sizable temperature difference is re-
quired to achieve a pronounced thermal diode effect for SiC.
For the graphene-coated SiC configurations in Fig. 3(a), two
broad peaks are observed. The spectral heat flux of the
current-biased graphene-coated SiC configuration is slightly
higher than that of the unbiased graphene SiC configuration in
most low-frequency regions, with a notable increase in high-
frequency regions. This enhancement stems from the photon
occupation difference induced by the current-biased graphene,
which generates a finite photonic chemical potential. The
occupation number of radiative photons becomes nonrecip-
rocal, which can be controlled by the drift velocity of the
electric current. To this end, the current-biased configuration
achieves the highest heat flux, reaching 1.903 x 10® W/m?,
compared to 1.734 x 10° W/m? for unbiased graphene SiC

and 0.5620 x 10° W/m? for the bare SiC-SiC. To charac-
terize the thermal diode effect caused by the current-biased
graphene, Fig. 3(b) plots the forward and reverse spectral heat
Although the max-
imum spectral heat fluxes of the unbiased graphene-coated

fluxes at d = 10 nm and vq4 = 0.6vy.

SiC and bare SiC configurations are higher than those of the
current-biased graphene-coated SiC configuration, these re-
gions are extremely narrow. Figure 3(b) shows that the for-
ward spectral heat flux is significantly higher than the reverse
spectral heat flux, such that the forward thermal flux reaches
1.903 x 10° W/m?, which is 5.62 times larger than the reverse
thermal flux of 0.3386 x 10® W/m?. The thermal rectifier fac-
tor is as high as 0.822 even at a small temperature difference
of 100 K. Figure 3 indicates that the proposed structure en-
ables significant thermal rectification under small temperature
differences, highlighting its potential for low-energy thermal
management applications.
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Fig. 3. (a) Forward spectral thermal flux versus angular frequency.
(b) Forward and reverse spectral thermal fluxes versus angular frequency
atd =10 nm, vqg = 0.6vy, g = 0.4 €V, and y, = 3.7 meV.

Figure 4 illustrates the spectral thermal fluxes in both
(a) forward and (b) reverse cases as functions of angular fre-
quency for different vq at d = 10 nm. Two distinct peaks
can be observed in Fig. 4. In the forward case (Fig. 4(a)),
the narrow peak diminishes while the broader peak rises as
vq increases, leading to an enhancement in the forward ther-
mal flux. This behavior stems from the modulation of the
drift velocity on the photon distribution within the graphene
layer: higher vq4 enhances non-equilibrium photon popula-
tions, thereby boosting energy transfer. Conversely, Fig. 4(b)
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shows that two peaks of the reverse spectral heat flux in-
This trend is attributed to the in-
crease in reverse heat flux generated from the current-biased
graphene-coated SiC. The photon number (N;(®,T;, ) =
lexp (7i(® — Beva) / (ksT;)) — 1]7') on the graphene layer in-
creases as vq increases, allowing more heat flux to propagate

crease as vgq decreases.

from the biased graphene-SiC to the unbiased counterpart.
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Fig. 4. (a) Forward and (b) reverse spectral thermal fluxes versus angular
frequency for different vq at d =10 nm and py =0.4 eV.

Figure 5(a) displays the ratios of the forward and reverse
heat fluxes to the blackbody limit versus gap distance d. Both
forward and reverse radiative heat fluxes substantially exceed
the blackbody limit. This confirms that narrow gap distance
and large temperature differences amplify radiative heat flux.
For the same d and vq4, the forward heat flux exceeds the re-
verse flux, with the difference decreasing as d increases. As
shown in Fig. 5(b), the thermal rectification efficiency ¢ de-
creases with increasing d because the heat flux differences be-
tween the forward and reverse decrease as d increases (see
Fig. 5(a)). For instance, at vq = 0.6v¢, @ drops from 0.822 to
0.383 as d increases from 10 nm to 100 nm; at vq = 0.3vy,
¢ decreases from 0.526 to 0.214 when d is increased from
10 nm to 100 nm. Note that ¢ of the bare SiC-SiC configu-
ration equals zero because the forward and reverse heat fluxes
of bare SiC-SiC are the same, as shown in Figs. 3(a) and 3(b).
Thermal rectification efficiency ¢ at vq =0.6v¢ is observed to
be higher than that at vy = 0.3v¢ when the vacuum gap dis-
tances are equal. For d = 10 nm, ¢ = 0.822 at vq = 0.6v¢
while ¢ = 0.526 at vq = 0.3v¢. For d = 100 nm, ¢ = 0.383

at vg = 0.6v¢ while ¢ = 0.214 at vq = 0.3vs. Figure 5 demon-
strates that smaller gap distances and higher drift velocities
yield larger thermal diode factors, highlighting the critical role
of near-field coupling and nonreciprocal photon transport in
enhancing thermal rectification performance.

(@)
10°E:-
& 10%
g E Forward vy = 0.60v;
~
= Forward vy = 0.30v;
Z
a Forward vy = 0.15v;
o>
; 101: vg = 0.0v¢
Reverse vy = 0.60v;
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Reverse vy =0.15v;
100 L L L P M FE R TEEE FRTTETIT] T
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(b) 1.0
—=== vy = 0.60v;
0.8k vq = 0.45v;¢
- = = v=0.300
0.6 F \\\\\ vq=0.15v¢
S AN Tl _
0.4 R T
0.2
0 1 L 1 1

n 1 n n
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d (nm)
Fig. 5. (a) Ratio of radiative heat flux and (b) thermal rectification effi-

ciency as functions of the gap distance with different vq at gy = 0.4 eV
and ¥, = 3.7 meV.

3. Conclusions and outlook

We proposed a model of a thermal diode comprising
two graphene-coated SiC substrates, where a drift current tra-
verses the graphene layer at one terminal. The drift current
in the graphene sheet induces a nonreciprocal effect. The
impacts of near-field coupling and nonreciprocity on thermal
rectification are investigated. Our analysis reveals that, un-
like the bare SiC configuration, both unbiased and current-
biased graphene-coated SiC configurations exhibit two spec-
tral peaks. Furthermore, the heat flux in these graphene-
enhanced configurations surpasses that in the bare SiC con-
figuration. Under drift current conditions, the forward spec-
tral thermal flux is significantly higher than the reverse flux.
Specifically, the forward thermal flux attains a peak value of
1.903 x 10° W/m? (5.62 times greater than the reverse ther-
mal flux of 0.3386 x 10® W/m?) at d = 10 nm and vg = 0.6vy.
These results highlight the critical role of near-field coupling
and nonreciprocal photon transport in enhancing thermal recti-
fication performance. The thermal rectification efficiencies are
0.822 and 0.526 for vq4 = 0.6v; and vq = 0.3v¢ at d = 10 nm,
respectively.
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The proposed thermal rectification structure is theoreti-
cally modeled as infinitely large plates. However, actual de-
vices typically have finite dimensions on the microscale or
nanoscale. In such cases, the view factor (also known as the
shape factor) — a purely geometrical parameter describing the
orientation-dependent radiation between surfaces — must be
considered. It quantifies the fraction of radiation emitted from
one surface that reaches another, ranging from O (no direct ra-
diation) to 1 (perfect alignment, as in infinitely large plates).
Radiation heat transfer between surfaces depends on their rela-
tive orientation, geometric configuration, radiative properties,
and temperatures. The view factor, as a key geometric param-
eter, has a significant effect on the radiative heat loss between
the emitter and receiver: a higher view factor reduces such loss
by enhancing direct energy transfer, whereas a lower value in-
creases loss due to reduced geometric coupling. 30311

Theoretically, a notable thermal rectification efficiency
is attainable at a 10 nm vacuum gap. While experiments of
NFRHT have been conducted with tip—plane, sphere—plane,
and plane—plane configurations, plane—plane configurations
are preferable for energy-related applications of thermal radi-
ation (e.g., thermophotovoltaic devices, radiative cooling, and
active heat control) due to their large heat transfer area. Al-
though plane—plane NFRHT has been verified down to gap
distances as small as ~ 7 nm,*?] maintaining a precise paral-
lel nano-gap between macroscale plates remains a significant
experimental challenge.?*34 Nonetheless, thermal rectifica-
tion in near-field thermal radiation at elevated temperatures
has been experimentally demonstrated, achieving a maximum
rectification efficiency of 10.9% at terminal temperatures of
375 K and 530 K with an initial separation gap of 3 um.[!
More recently, graphene-enabled enhancement of near-field
radiative heat flux between two planar dissimilar dielectric me-
dia has been experimentally verified for vacuum gaps in the
range of 100—140 nm.% These prior studies provide a solid
foundation for further experimental validation of the nonrecip-
rocal near-field thermal diode.

This study highlights that nonreciprocal effects in plane—
plane configurations can significantly boost the thermal
rectification efficiency, beyond traditional approaches like
temperature-dependent materials. In addition to current-
biased graphene, Weyl semimetals have emerged as promis-
ing candidates, offering nonreciprocal thermal responses with-
out requiring an external magnetic field — a critical advan-
tage over graphene-based systems that often rely on current
biasing.[?”-38 Beyond Weyl semimetals, topological materi-
als, such as Dirac semimetals, also exhibit remarkable capa-
bilities to enhance or suppress near-field thermal radiation.
Dirac semimetals can actively modulate the heat flux by tun-
ing geometric parameters, the Fermi level, and the degener-
acy of three-dimensional (3D) Dirac points.*! Such materials

open new avenues for efficient thermal rectification at moder-
ate gaps and low temperature differences.
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