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Near-field radiative thermal rectifiers (NFRTRs) enabling directional heat transport hold great promise for
various applications, including thermal logic computing, thermal management, and energy conversion.
Current NFRTR designs rely on dissimilar terminal materials with high contrasts in their temperature-
dependent dielectric properties, which in turn hinders the spectral match for radiative heat transfer and
thus limits the device's efficiency. Herein, this dilemma is solved by designing heterostructures where a
pair of polaritonic layers are separately stacked on a thermally-expanding layer and a rigid substrate,
spaced by a vacuum gap. In this scheme, the symmetric polaritonic layers can provide stable near-field
radiative channels for heat transfer, while the thermally-expanding layer can modulate the gap size with
flipped temperature bias to allow high contrasts in heat flux. In exemplified implementations, the hBN-
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based design has achieved a record-high thermal rectification factor (TRF, ~10% even under small thermal
gradients (~20 K), which can be further boosted by polaritonic hybridizations in the graphene/hBN-based
design. This study paves the way to design novel NFRTRs with 2D materials, thus providing enriched polar-
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1. Introduction

Active control of heat transport at the nanoscale is vital for
various applications, including thermal logic computing,
thermal management, and energy conversion. One key com-
ponent to realizing thermal control in solid-state devices is the
thermal rectifier, which consists of two terminals and enables
heat transport in preferential directions.” To evaluate its per-
formance, a figure of merit termed thermal rectification factor
(TRF) is defined as TRF = (Qf — Q,)/Q;, where Qf and Q, denote
the heat flux under the forward and reverse temperature bias,
respectively. Thermal rectifiers with TRFs greater than ten are
required for practical use,” but this value can hardly be
achieved with conventional phonon-based thermal rectifiers.
The reason is that their contact heat-conducting channels
between the two terminals®® suffer from limitations such as
low group velocity of acoustic phonons, interfacial phonon
scattering, and multiple phonon-phonon interactions.””® In
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contrast, near-field radiative thermal rectifiers (NFRTRs),
based on photon tunneling through non-contact terminals,
can overcome these limitations to yield much higher efficiency
and have gained growing popularity in recent years.

The TRF of a NFRTR is determined by the temperature-
dependent electromagnetic (EM) properties of its terminal
materials.” The basic requirement is that they should enable a
spectral match to enhance the near-field radiative heat flux
under a given forward temperature bias, while the spectral
match should diminish due to their varied temperature depen-
dence when the bias is reversed, thus strongly attenuating the
heat flux. In this way, an asymmetry in heat flux between the
forward and reverse scenarios is created and thus high TRFs
can be achieved. To date, numerous NFRTRs by pairing dis-
similar terminals among various polar dielectrics,'”'" low-
dimensional materials,">"* and phase change materials™*™"’
have been explored. However, a contradiction in these designs
is that these asymmetrical material pairings with mismatched
EM properties significantly hinder the spectral match,'®"°
thereby limiting the radiative heat flux. Besides, the heat trans-
port asymmetry in these systems remains weak due to the
limited temperature dependence of the materials’ EM pro-
perties. Although three-body systems have recently been pro-
posed to strengthen this asymmetry by introducing many-body
interactions, enabling thermal rectification even without temp-
erature-dependent EM properties, the obtained TRFs remain
low (~1).2° Therefore, it is still a challenging task to design
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rational terminal pairings for NFRTRs to achieve TRFs higher
than 100.

In the present study, a design scheme for NFRTRs is pro-
posed to decouple the above-mentioned antithetical require-
ments for terminal materials by using distinct gap-isolated
heterostructures, where a pair of layers supporting infrared
(IR) polaritons are separately stacked on a thermally-expanding
layer and a rigid substrate. The symmetrical polaritonic layers
can provide stable near-field radiative channels for heat flux,
while the thermally-expanding layer can modulate the gap size
with flipped temperature bias to allow high contrasts in heat
flux due to its sharp gap-size dependence.'®*'">* A record-high
TRF (~10%) has been achieved with the pairing of hBN/PDMS/
SiO, and hBN/SiO, due to the thermally excited phonon polari-
tons, and it can be further boosted by the effective polaritonic
coupling in graphene/hBN-based heterostructures. These TRFs
have demonstrated an improvement of 1-4 orders of magni-
tude over previous studies (Table S1 in the ESI}), indicating
the tremendous potential of the proposed scheme to design
highly-efficient NFRTRs. It is quite impressive that this
scheme depends on the spatial distributions of evanescent
fields mediated by surface polaritons (SPs) across the vacuum
gap rather than their spectral distributions, thus providing a
rectification mechanism distinct from previous studies. Such a
mechanism not only improves the performance of a photon-
based thermal rectifier but also derives high design flexibility
by taking advantage of enriched polaritons in 2D materials.

2. Methodology
2.1 Model systems

The proposed NFRTR design and its working principle are
schematically illustrated in Fig. 1. The kernel in this design is
the two distinct terminal heterostructures separated by a
vacuum gap (d), where a pair of thin polaritonic layers are sep-
arately stacked on a thermally-expanding layer and a rigid sub-
strate. Each heterostructure consists of at least two functional
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layers. As for the hot terminal heterostructure under the
forward scenarios, the active layer with a large coefficient of
thermal expansion (CTE) can modulate the gap size in
response to the temperature changes, while the radiative layer
supporting IR polaritons can provide near-field radiative chan-
nels for heat flux. More diverse configurations can be obtained
by incorporating additional layers into each functional layer.
Hence, this scheme is quite general due to its flexible modular
designs.

Assuming that fixed constraints or other feasible measures
are applied to the active terminal, directional thermal expan-
sion/contraction and desired gap size variation can be
obtained. In the forward scenarios (left panel in Fig. 1), the
vacuum gap (d¢) decreases due to the downward movement of
the hot terminal caused by the thermal expansion of the active
layer, resulting in greatly enhanced heat flux. When the temp-
erature bias is reversed (right panel in Fig. 1), the vacuum gap
(dy) enlarges due to the thermal contraction of the active layer,
thus attenuating the heat flux.

In the following sections, specific material combinations
are applied to implement this scheme and to demonstrate its
thermal rectification potential.

2.2 Computational techniques

Within the theoretical framework of fluctuational electrody-
namics,>* the near-field radiative heat flux Q across the
vacuum gap d between bi-planar heterostructures (Fig. 1) can
be computed as

Q(Th7 TC7 d) =

0 i " . 4
4LJTZJ0 O(w, Th) — O(w, T)|dw L [Ss(@, B) + & (@, B)]pdp,

(1)

where O(w,T) = hw/[exp(hw/kgT) — 1] is the mean energy of a
Planck oscillator; w is the angular frequency; § is the magni-
tude of the in-plane wavevector; Ty, and 7. are the equilibrated
temperatures of the two terminals; and &(w,f) is the energy
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Fig. 1 Schematic illustration of the proposed NFRTR design and its working principle.
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transmission coefficient for s- and p-polarized waves, which
is also termed the photon tunneling probability (PTP) and
given as

(1 — R - |y
1 — RUR2e-2ikod|*

4lm (R} )Im(R?)e2lkold
|1 — RLR2e2ikod|?

B<ko

n2sp(@. ) = (2)

B> ko

where the superscripts 1 and 2 denote the emitter and receiver,
respectively; k, = w/c is the vacuum wavevector; k., is the out-
of-plane wavevector given by k., = (ko> — f%)"% and R, is the
Fresnel reflection coefficient of each terminal heterostructure,
which can be derived for multilayers by using the scattering
matrix method.*>?° In eqn (2), the far-field ( < ko, propagat-
ing modes) contribution to the heat flux is clearly separated
from the near-field (f > ko, evanescent modes) one. Due to
the exponential damping of evanescent modes, f is limited
at a given frequency to a value below the cutoff wavevector
k..2”*® More details about this calculation can be found in the
ESL7

2.3 Materials properties

2.3.1 Thermally expanding materials. Thermal expansion
is a material’s tendency to change its volume in response to
temperature variation. When a material is heated, the kinetic
energy of molecules increases, causing them to move more
and, in most cases, maintain a greater average separation. It is
an intrinsic property of a material that can be quantified using
the coefficient of thermal expansion (CTE). The required linear
CTE can be calculated as

a=-—(K"), (3)

drL
where L is the linear dimension (length or thickness) and a7

is the change rate of the linear dimension per unit change in
temperature. Polymers have much higher CTEs than inorganic
materials and can expand to a greater extent when heated to
the same temperature.

Here, polydimethylsiloxane (PDMS) and silica are selected
as the active layer and the rigid substrate, respectively. PDMS
is a silicone polymer commonly used in biomedical, microflui-
dic, or lab-on-a-chip applications due to its low cost, rapid
manufacturing, and ease of use.”® Furthermore, it has high
thermal sensitivity and thus has been widely used in photo-
thermal actuators.>>*' The CTE of PDMS is reported as a con-
stant, ranging from 2.66 x 10~* to 3.14 x 107* (K™"), and it
works normally in the temperature range from —45 °C to
200 °C.*?>7** Thus, the CTE of PDMS is set constant as 3 x 10™*
K™' and the operating temperature range (7},) is considered as
300-500 K in this study. Notably, if other high-CTE materials
with higher-temperature stability are selected, the operating
temperature of the designed NFRTRs can be accordingly
expanded to higher values. For a given thickness of the
PDMS layer (tppms) under a given temperature gradient (AT),
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the thermally-induced gap size variation can be determined as
follows:

Ad = atPDMS AT = atPDMS(Th — TC) (4)

This means that a gap size reduction of 300 nm can be
achieved for a 20 pm-thick PDMS layer with a temperature rise
of 50 K. Obviously, larger gap size variations can be obtained
by using thicker PDMS layers or larger temperature gradients.
In contrast, silica possesses a CTE of about 5 x 1077 K™%,
which causes negligible gap size variations under the same
conditions.

2.3.2 Two-dimensional (2D) materials supporting infrared
polaritons. In principle, any material enabling enhanced near-
field radiative heat transfer can be selected as the radiative
layer. Materials supporting IR polariton modes outperform
those based on evanescent frustrated modes in this respect
due to their more pronounced enhancement and better tun-
ability.>® Herein, 2D van der Waals materials including gra-
phene and hexagonal boron nitride (hBN) are chosen due to
their advantages such as single-atom-layer thickness, broad-
band IR frequency responses, strong field localization in 2D,
and highly tunable polaritonic modes. All these advantages
make them well-suited for mediating, enhancing, and tailoring
near-field radiative heat transfer. Previous research has
demonstrated their potential in this regard.*’

The dielectric function of graphene with a finite thickness
of h can be given as*®

io(w)

elw,h) =1+

4
- (4)
where &, is the vacuum permittivity,  is the angular fre-
quency, and o is its in-plane conductivity, which can be
approximated at room temperature T (kgT < Ef) as>>

ie’Ey ; e? In 2||Er — Ao +ic71)
6=—5———+i— . ,
h* (o +ic71)  4Anh | 2|Ep| + Ao + i)

(5)

where 7 = pcmFErp/evs” is the relaxation time; uen, is the carrier
mobility; and Ey and vy = 10° m s~ are the Fermi energy and
velocity, respectively. Unless otherwise specified, the para-
meters for the graphene monolayer used in this study are /2 =
0.334 nm, gem = 2000 cm? V™' s7! and Ep = 0.3 V.

hBN is a natural hyperbolic material supporting hyperbolic
phonon polaritons (HPhPs) within two reststrahlen bands
(RBs), enclosed by transverse-optical (TO) and longitudinal-
optical (LO) phonon frequencies. Two types of HPhPs can be
excited in the hBN crystal layer (type I: £, > 0, £ < 0 and type
II: £, <0, g > 0) in the RBs, characterized by a negative real
part of the dielectric constant. The in-plane and out-of-plane
dielectric constants of hBN can be well approximated by the
classic Lorentz model as follows:

(wLQm) - (wTO,m) (6)

€hBN,m = €oom |1 + 2 . )
(wrom)” — @ —iwly

where the subscript m = L or || denotes the in-plane and out-
of-plane components corresponding to the perpendicular or
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parallel direction to the optical axis of the hBN crystal, respect-
ively; £c,m is the high-frequency permittivity; wrom and wro,m
are the LO and TO phonon frequencies, respectively; and I'y, is
the damping factor. Here the fitting parameters are given

as®”38 £ll,0 = 2.8, Wro,| = 845 cm_l, Wro,| = 785 cm_l, and F” =

1 em ™, while &) o, = 3, w10,, = 1630 cm ™", wro,, = 1395 cm ™,
and I, = 2 cm™. For all calculations, the hBN thickness is
fixed at 20 nm. The dielectric functions of PDMS and silica
can be found in the literature.*® The dielectric constants of the
four adopted materials have been plotted as a function of

angular frequency, as shown in Fig. S2 in the ESL¥

3. Results and discussion
3.1 Gigantic TRFs and underlying mechanisms

We now demonstrate that ultrahigh TRFs can be accomplished
in the NFRTR designs with gap size variations induced by
thermal expansion/contraction of the PDMS layer. As an illus-
tration, we set T. = 300 K and a tunable T} to achieve the
required gap size variations (eqn (4)). It has been well estab-
lished that heat transport is in the crossover regime between
conduction and radiation when the gap size is down to a few
nanometers.*>*' To avoid any possible impacts from thermal
conduction, the gap size under the forward bias dy, ie., the
minimum operating gap size, is fixed at 10 nm to serve as the
benchmark. The reverse gap size can be accordingly deter-
mined using d, = d¢ + Ad. In the following calculations, tppums
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is fixed at 20 pm, and a 1 mm-thick silica substrate is added
beneath both terminal heterostructures to provide the necess-
ary support. Notably, both terminals work at equilibrated
temperatures of Ty, and T., respectively, implying that heat
transfer inside them is not taken into account.

As shown in Fig. 2a, both greatly enhanced Q and ultra-
high TRFs have been achieved even with small temperature
gradients for the two distinct NFRTR designs, i.e. hBN- and
graphene/hBN-based pairings. For the former design, a heat
flux of 4257.15 W m >, about 692 times higher than that of the
blackbody radiation limit (6.15 W m™2), is achieved under a
forward bias of only 1 K. Then it surges with elevated tempera-
ture gradients (Fig. 2a) since more phonon modes are excited
at higher temperatures. This intensive heat transfer is mainly
attributed to the contribution of evanescent waves mediated
by the cavity phonon polariton modes thermally excited
between the bi-planar paring of hBN/PDMS/SiO, and hBN/
Si0,. Two main sharp peaks centered at ~1.6 x 10'* rad s™*
and ~2.8 x 10" rad s™" (Fig. 2b), corresponding to the energies
of HPhPs within two RBs of the hBN layer, dominate the spec-
tral heat flux, together with two other small peaks mediated by
the optical phonon energies of SiO, (Fig. S2 in the ESIf).
When the temperature bias is reversed and increases from
—1 K to —200 K, the heat flux Q considerably decreases at first
due to the enlarged gap size and then gradually increases due
to the increased temperature gradients (Fig. 2a). The reason
for the former behavior is that the SP-mediated evanescent
modes decay exponentially in the vacuum gap, leading to a
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Fig. 2 Thermal rectification performance of NFRTRs with hBN- and graphene/hBN-based parings, together with the underlying mechanisms. (a)
Radiative heat flux (solid lines with markers) and TRFs (dashed lines) as a function of temperature bias AT. Note that the TRF characterizes the relative
enhancement of Q between the forward (+AT) and reverse (—AT) scenarios under the same absolute temperature difference (|AT]). Thus TRFs are
plotted as a function of |AT]. (b) Spectral heat flux under both forward and reverse biases of 200 K, corresponding to forward and reverse gap sizes
of 10 nm and 1210 nm. (c and d) Schematic illustration of the underlying mechanisms for the proposed NFRTR designs under (c) forward and (d)

reverse bias conditions.
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considerable decrease in the number of available surface modes
with increasing gap size. More specifically, only SP modes with
the decay length [ approximately equal to or larger than the gap
size (I > d) can be tunneled across the gap,>” thus contributing
to the Q enhancement. This naturally happens when the
forward gap size is 10 nm. In contrast, nearly no SP modes can
be tunneled when the reverse gap size enlarges and exceeds the
decay length (I < d), resulting in a considerable decrease in Q.
This trend has been well elucidated by the profile of the reverse
spectral heat flux (Fig. 2b), which closely resembles that of the
forward one but has an amplitude being more than 10° lower.
In this way, a strong asymmetry in heat fluxes is created
between the forward and reverse scenarios, thus achieving high
TRFs. For this hBN-based NFRTR, a maximal TRF of ~900 is
obtained under |AT| = 200 K. As schematically illustrated in
Fig. 2c and d, these high TRFs originate from the contrasted
spatial distributions of the SP-mediated evanescent fields
between the forward and reverse scenarios, rather than their
spectral distributions, thus providing a rectification mechanism
that differs from the previous studies.

The performance of NFRTRs can be further improved by
symmetrically stacking a graphene monolayer on the radiative
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layer of the original heterostructure. The heat flux for this gra-
phene/hBN-based NFRTR is about 25.98 MW m™> under a
forward bias of 200 K, which is about 13.25 times higher than
that of the hBN-based design. This significant enhancement is
attributed to the effective coupling of SPPs in graphene and
SPhPs in both hBN and SiO,, which forms the hybridized
polaritonic modes enabling a more broadband spectral heat
flux (the red solid line in Fig. 2b). The underlying mechanism
can be further elucidated using the PTP contour maps in
Fig. 3. Notably, to better illustrate the roles played by the SPs,
Fig. 3a-d show the PTP mediated by the SP modes only, ie.,
&p(w,p) is calculated over ky < 8 < k.. Two distinct features can
be observed. First, the PTP bands in Fig. 3b appear both
broader and brighter than their counterparts in Fig. 3a, indi-
cating the heat transfer enhancement mediated by the
effective polaritonic coupling in the graphene/hBN-based
design. Second, the PTP bands under the reverse bias signifi-
cantly decay in large wavevectors f, and become invisible for f
>8x 10" m™" (Fig. 3c and d). The reason lies in that the decay
length [ of SP modes is approximately equal to the inverse of
the momentum (wavevector f), i.e., [ = 1/4,%* indicating that SP
modes with larger § have smaller [ and thus lead to faster
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Fig. 3 Contour maps displaying the PTP of p-polarized SP modes thermally excited between distinct pairings: (a) hBN/PDMS/SiO,-hBN/SiO, and (b)
graphene/hBN/PDMS/SiO,-graphene/hBN/SiO, under a forward temperature bias of 200 K and a gap size of 10 nm. (c and d) Corresponding PTP
contour maps under the same reverse bias with a corresponding gap size of 1210 nm. The red dashed lines illustrate the vacuum light line.
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decays. Besides, the cutoff wavevector k., i.e., the upper limit of
p for the contributing modes, is inversely proportional to the
gap size k. & 1/d.*’*®*> The reverse gap size is 1210 nm in
these cases, leading to a greatly reduced k. and also the contri-
buting mode numbers compared with those in the forward
cases. This also explains the trend of its reverse heat flux
which gradually decreases and then saturates as AT changes
from —1 K to —200 K (Fig. 2a). More hybridized polaritonic
modes with large f in the graphene/hBN-based design decay
with increasing d compared to the case of the hBN-based
design (Fig. 3), thus leading to a faster decrease of Q. This
difference eventually results in a much higher contrast of Q for
the graphene-hBN design, e.g. with a TRF of ~6936 achieved
under a 200 K temperature bias, which is 7.7 times that of the
counterpart of the hBN-based one (Fig. 2a). These TRFs can be
further optimized by tailoring the chemical potential of the
monolayer graphene and the hBN thickness, as shown in
Fig. S4 in the ESL{

3.2 Unlimited potentials due to high tunability and design
flexibility

To further demonstrate the rectification potential of the pro-
posed scheme, we computed the Q for the above-mentioned
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two pairings with d ranging from 10 nm to 1 pm under both
AT of 20 K and 100 K. Near-field heat transfer occurs through
the evanescent coupling of thermally excited surface reso-
nances, thus making Q scale inversely with the gap size d.**
Here, a power-law model Q = yd" (n < 0) is used to determine
their quantitative relationship, where the exponent n is a geo-
metry-dependent factor and y is the fitting coefficient.”?

As shown in Fig. 4a and c, fitting curves indicate a near-
perfect d~* scaling relationship of Q for all cases, which is con-
sistent with previous studies for similar parallel-plane
configurations.>**®****> This dependence signifies the strong
contribution of surface modes (i.e., SPPs in graphene, SPhPs
in hBN and SiO,, and their hybridized modes) in the near-field
radiative heat transfer. Detailed fitting parameters can be
found in Fig. S6 of the ESI.T This relationship also provides an
intuitive understanding of the sharp gap-size dependence of
the radiative heat flux, as well as an optimistic upper bound
for the gap-size variation-induced thermal rectification. As
indicated by the different y values, the two pairings exhibit
different d-dependences of Q. The NFRTR based on the gra-
phene/hBN heterostructure exhibits a much stronger depen-
dence than the hBN-based one, due to the effective coupling of
SPPs and SPhPs in the combination of polar dielectrics with
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IR plasmonic materials. This combination finally results in
higher TRFs, particularly with larger gap size variations.
Record-high TRFs of ~9597 and ~9980 have been obtained for
the hBN- and graphene/hBN-based designs under dy = 10 nm,
d; = 1000 nm, and AT = 20 K, respectively. Furthermore, these
TRFs remain nearly unchanged for both designs when AT
increases from 20 K to 100 K (Fig. 4b and d), even though the
amplitude of Q increases significantly (Fig. 4).

TRFs achieved for NFRTRs in this work have been com-
pared with those in previous publications, as listed in Table S1
(ESI).t+ An improvement of 1-4 orders of magnitude has been
achieved, indicating the tremendous potential of the proposed
scheme for designing highly-efficient NFRTRs. Here we would
like to emphasize that the key to achieving ultra-high TRFs in
our proposed design scheme for NFRTRs is to obtain a strong
gap-size dependence of the radiative heat flux. Specifically,
measures that enable the further enhancement of the forward
heat flux but the rapid decay of the reverse heat flux with
increasing gap size would help to improve the TRFs. Hence, we
anticipate that other IR polaritonic materials such as a-MoO;
and BP,**"” and elaborate nanostructures such as multilayers
and meta-surfaces,*®*® particularly those featuring hyperbolic
properties with broadband responses and large transverse
wavevectors, can serve as alternative radiative layers to achieve
extra gains. Besides, both the active layer and the substrate can
be appropriately selected and matched with the radiative layers
for further optimization. When it comes to the experimental
implementation of this NFRTR concept, challenges have to be
tackled such as maintaining the surface parallelism alignment
under dynamic variations of the gap size at the nanoscale,
avoiding undesired deformation of the heterostructures
induced by temperature changes, and optimizing the active
layer (e.g., the CTE and thickness) to compromise between the
available gap size variations and the compactness requirement
of related devices.

It should be mentioned that the corresponding TRFs for
both designs decrease more than 20 times as the forward gap
size increases from 10 nm to 50 nm, with the maximum TRFs
decreasing to ~400 (Fig. 4b and d), due to the rapid decay of
the SP modes with increasing gap size. However, these TRFs
are still much higher than those achieved in most of the pre-
viously reported NFRTRs (Table S1 in the ESIf). More impor-
tantly, the proposed scheme offers higher design flexibility
and is much simpler to implement in experiments. The design
flexibility of this scheme, as well as the achievable superior
performance, has also been demonstrated by replacing the
radiative layer with traditional polar dielectrics such as SiO,
and SiC, as discussed in section S5 in the ESL.}

4. Conclusions

In summary, we have proposed a novel scheme to design
NFRTRs by stacking a pair of polaritonic layers separately on a
thermally-expanding layer and a rigid substrate. In this
scheme, the symmetrical polaritonic layers provide stable
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radiative channels for heat flux, while the thermally-expanding
layer can modulate the gap size with flipped temperature
biases to allow high contrasts in heat flux. This scheme relies
on the spatial distributions of SP-mediated evanescent fields,
which decay exponentially with increasing gap size. The hBN-
based paring has been demonstrated to yield a record-high
TRF of ~10* due to the thermally excited phonon polaritons,
which can be further boosted by the polaritonic hybridizations
in the graphene/hBN-based heterostructures. This study paves
the way to introduce more radiative material candidates for
NFRTRs with high efficiency, thus opening new avenues for
their long-awaited experimental realization.
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