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A B S T R A C T   

The hybridization of surface plasmon polaritons and hyperbolic phonon polaritons in graphene/hBN hetero-
structures has been well documented to achieve very high radiative heat flux transferred in the near field, paving 
the way for wide applications ranging from energy harvesting, non-contact thermal management to thermal 
imaging. However, previous related theoretical studies mainly focused on suspended structures. When it comes 
to the experimental implementation, a supporting substrate is quite a necessity for this kind of 2D layered 
heterostructures to ensure structural stability. Herein, the near-field radiative heat transfer (NFRHT) between bi- 
planar graphene/hBN heterostructures was revisited by integrating them with various substrates, including Au, 
SiC, and silica, under the framework of the fluctuation-dissipation theorem. The results show that each substrate 
exerts significant impacts either further enhancing or suppressing the NFRHT between those bi-planar hetero-
structures, due to the competition between polaritonic couplings and dielectric losses. Whereas, these substrate 
effects depend on the hBN thickness with a critical length, beyond which the hBN itself is thick enough to 
indiscriminately screen all these effects. The findings in this study will be instructive to both the experimental 
designs and device integrations for graphene-based NFRHT applications.   

1. Introduction 

Recent years have seen an increasing interest in studying near-field 
radiative heat transfer (NFRHT) because of its great potential in 
various applications, such as energy harvesting [1,2], non-contact 
thermal management [3,4], thermal imaging [5,6], heat-assisted mag-
netic recording [7], and nanolithography [8], etc. As a typical model 
system for the NFRHT, when two planar surfaces at different tempera-
tures are separated by a vacuum gap with a spacing shorter than the 
characteristic thermal peak wavelength (d < λTh = ℏc/ kBT, about 9.6 
μm at room temperature), i.e. in the near-field regime, the radiative heat 
transfer between them can exceed the blackbody limit by several orders 
of magnitude [9]. This astonishing enhancement stems from the 
contribution of evanescent waves, which open paths for photon 
tunneling that allows additional thermal energy to transfer through 
[10]. The NFRHT can be further enhanced when materials supporting 
surface polaritons in the infrared ranges are involved, making it more 

appealing to applications associated with high heat flux, such as 
micro/nanoscale electronic cooling [3,11]. 

Tremendous efforts have been devoted to enhancing NFRHT via 
exploring innovative materials, structure configurations as well as sur-
face engineering both experimentally and numerically [12,13]. The 
metallic and polar dielectric materials have been demonstrated to 
enhance the NFRHT due to the induced eddy currents, the excitations of 
surface plasmon polaritons (SPPs), and surface phonon polaritons 
(SPhPs) [14–19]. Besides, anisotropic metamaterials including nano-
wires [20], carbon nanotubes [21], multilayers [22,23], gratings [24], 
and others [25] have also been reported to significantly enhance the 
NFRHT due to the hyperbolic modes enabling larger transverse wave-
vectors. Among those, 2D van der Waals (vdW) materials represented by 
graphene [26] and black phosphorus (BP) [27] have been demonstrated 
to strongly mediate, enhance and tailor NFRHT due to their merits 
including the single-atom-layer thickness, wideband frequency response 
within infrared ranges, as well as rich and highly tunable polaritonic 
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modes. Vertical multilayered heterostructures via restacking exfoliated 
and/or epitaxial vdW layers provide an ideal material platform to 
deliver new optical responses beyond those of the individual constitu-
ents through effective coupling between various polaritonic modes, thus 
enabling to further enhance and tailor the NFRHT. For instance, the 
in-plane anisotropy of layered BP together with its highly tunable SPPs 
has been exploited to modulate the NFRHT by the mechanical rotation 
[27,28]. Besides, the hybridization of SPPs and hyperbolic phonon 
polaritons (HPPs) in graphene/hBN heterostructures yielded new 
polaritonic modes featuring as much stronger field confinement and 
lower energy losses [29]. When these heterostructures are symmetri-
cally arranged into a bi-planar configuration separated by a vacuum 
nanogap, the hybridized modes can promote the photon tunneling and 
enhance the NFRHT far beyond the blackbody limit by 4 orders of 
magnitude [30]. This has been numerically investigated in some liter-
ature in terms of both single-layered and multilayered configurations 
[30–32]. However, these studies were all based on suspended structures 
with very thin hBN layers, ignoring the possible effects of substrates. 
When considering experimental implementations, a supporting sub-
strate is quite a necessity for these 2D layered heterostructures to ensure 
structural stability. In fact, both SPPs and SPhPs are strongly sensitive to 
the dielectric environments or supporting substrates, due to the in-
teractions with surrounding phonons, accumulated charges, and impu-
rities, etc. [33], which greatly impact their properties and thus the 
NFRHT between. 

Therefore, in this study, we theoretically reexamined the NFRHT 
between graphene/hBN heterostructures by respectively integrating 
them with various substrates including Au, SiC, and silica. The role that 
these substrates play in terms of enhancing or suppressing NFRHT was 
particularly addressed, together with the underlying mechanisms. 

2. Model system 

Fig. 1a) schematically illustrates the NFRHT between two parallel 
planar heterostructures separated by a vacuum gap with a distance of d. 
Each heterostructure consists of a top graphene monolayer, a thin hBN 
spacer layer with a thickness hhBN, and a bottom substrate with a 
thickness of 2 μm. These heterostructures are at thermal equilibrium but 
under different temperatures. The emitter is at a relatively higher tem-
perature of Th while the receiver is at a lower one of Tc. In this study, Th is 
set to be 323 K while Tc keeps at room temperature of 300 K. Note that 
the surface polaritons will be thermally excited on the whole surfaces of 
both heterostructures, and Fig. 1a) is only for schematic demonstration. 

2.1. Material properties 

Previous studies on NHRHT between graphene-based hetero-

structures modeled graphene as a surface current through its 2D con-
ductivity that exerts on the beneath media [30,32]. Equivalently, the 
graphene can also be treated as a finite layer with a thickness of hg and 
characterized by an effective dielectric function [34] 

ε(ω, h)= 1 +
iσ(ω)

ε0ωhg
, (1)  

where ε0 is the vacuum permittivity, ω is the angular frequency, and σ is 
the in-plane optical conductivity of graphene. The surface conductivity 
can be fully captured by the Kubo formula [35], which at the room 
temperature T, i.e., kBT≪EF, can be adequately approximated as [36] 

σ =
ie2EF

πħ2(ω + iτ− 1)
+ i

e2

4πħ ln⁡
[

2|EF| − ħ(ω + iτ− 1)

2|EF| + ħ(ω + iτ− 1)

]

, (2)  

where the two terms on the right denote the contributions of intra- and 
inter-band transitions, respectively. Besides, τ = μcmEF/ev2

F is the relax-
ation time, μcm is the carrier mobility, EF is the doped graphene Fermi 
energy or chemical potential, and vF is the Fermi velocity. In this study, 
parameters for graphene monolayer [37] were adopted ashg =

0.334 nm, μcm ≈ 2000 cm2/(V ⋅s), EF = 0.3 eV,vF = c/300 = 106 m/s, 
unless otherwise specified. 

Hexagonal boron nitride (hBN) is a natural hyperbolic material that 
supports HPPs within the reststrahlen bands (RBs), which are defined by 
the material itself and locate within phonon frequencies of transverse- 
optical (TO) and longitudinal-optical (LO). The RBs are characterized 
by a negative real part of the dielectric constant, based on which two 
types of HPPs can be excited in the hBN layer (Type I:ε⊥ > 0, ε‖ < 0; and 
Type II:ε⊥ < 0, ε‖ > 0). The infrared optical response of hBN has been 
extensively investigated via both experimental measurements and first- 
principle calculations [38,39]. A consensus has been reached that both 
the in-plane and out-of-plane dielectric function can each be approxi-
mated by the well-known Lorentz model as 

εhBN,m = ε∞,m

[

1+
(
ωLO,m

)2
−
(
ωTO,m

)2

(
ωTO,m

)2
− ω2 − iωΓm

]

, (3)  

where subscript m = ⊥ or ‖, denotes the in-plane and out-of-plane 
component corresponding to the direction perpendicular or parallel to 
the optical axis, respectively; ε∞,m is the high-frequency 
permittivity; ωLO,m and ωTO,m are the LO and TO phonon frequencies, 
respectively; and Γmis the damping constant. Here the fitting parameters 
are given as [38,39]: ε‖,∞ = 2.8, ωLO,‖ = 845 cm− 1, ωTO,‖ = 785 cm− 1,

Γ‖ = 1 cm− 1; while ε⊥,∞ = 3, ωLO,⊥ = 1630 cm− 1, ωTO,⊥ = 1395 cm− 1,

Γ⊥ = 2 cm− 1.As displayed in Fig.S1 a) in the supplementary information 
(SI), the shaded regions indicate that HPPs can be excited in two RBs. It 

Fig. 1. a) Schematic diagram of NFRHT between bi-planar graphene/hBN/substrate heterostructures separated by a vacuum gap; b) Insets for detailed layers of one 
planar heterostructure. 
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should be noted that for very thin layers, the inherent dielectric loss of 
hBN becomes larger where the phonon damping constant Γ should take 
larger values [40]. This effect was not considered in the present study. 
The dielectric functions for Au, SiC, and silica can be found in Ref. [41]. 

2.2. NFRHT calculation based on fluctuation-dissipation theorem 

In this study, we focus on the NFRHT between bi-planar structures, 
which are constructed by two identical units and separated by a vacuum 
gap, just as the system of our main interest shown in Fig. 1a) with 
detailed layer configurations in insets of Fig. 1b). Based on the 
fluctuation-dissipation theorem (FDT), the radiative heat flux q can be 
calculated as [42]. 

q=
1

4π2

∫ ∞

0
[Θ(ω, T1) − Θ(ω, T2)]dω

∫ ∞

0

[
ξs(ω, β) + ξp(ω, β)

]
βdβ, (4)  

where the two structure units are assumed to be equilibrated at tem-
peratures T1 and T2; Θ(ω,T) = ħω/[exp⁡(ħω /kBT) − 1] is the average 
energy of a Planck oscillator; β is the magnitude of the in-plane trans-
verse wave vector; subscripts s and p denote s- or p-polarized modes, i.e., 
the transverse electric (TE) and transverse magnetic (TM) waves, 
respectively; and ξ(ω, β) is the energy transmission coefficient. 

As indicated by the second integral in Eq. (4),the total heat flux q 
receives contributions of both the far-field (β ≤ k0, propagating modes) 
and near-field (β > k0, evanescent modes). In the near field β > k0, 
ξ(ω, β) is also termed photon tunneling probability (PTP). Note that the 
second integration in Eq. (4) over transverse wave vector, i.e., 

∫∞
0 [ξs(ω,

β) + ξp(ω,β)]βdβ, is the spectral heat flux defining the heat flux per unit 
of frequency or photon energy [25]. 

The energy transmission coefficient ξn(ω, β) in Eq. (4) can be ob-
tained by considering the optical reflections in such multilayer systems 

ξn(ω, β)=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(
1 − |Rn|

2
)2

⃒
⃒
⃒1 − R2

ne− 2ikz0d
⃒
⃒
⃒

2, β ≤ k0

4[lm⁡(Rn)]
2e− 2|kz0 |d

⃒
⃒1 − R2

ne− 2ikz0d
⃒
⃒2 , β > k0

(5)  

where the subscript n = s, p, i.e., the s- or p-polarization;kz0 is the out-of- 

plane wavevector in the gap given by kz0 = (k2
0 − β2)

1/2; d is the gap 
distance; k0 = ω/cis the vacuum wavevector; and Rn is the total Fresnel 
reflection coefficient of each structure unit, as seen in Fig. 1b) for 
example. For suspended thin layers underβ ≤ k0,1 − |Rn|

2should be 
replaced by1 − |Rn|

2
− |tn|2, where tn is the transmission coefficient 

[43]. 
For the system illustrated in Fig. 1a), the reflection coefficient Rn can 

be derived from the Fresnel equations for a four-layer structure shown in 
Fig. 1b) via the scattering matrix method [17,44] 

Rn =
r12

n + R2
ne2ikn

z hg

1 − r12
n R2

ne2ikn
z hg

, (6)  

R2
n =

r23
n + r34

n e2ikn
z hhBN

1 − r23
n r34

n e2ikn
z hhBN

, (7)  

where hg and hhBN are the thicknesses of the graphene and hBN layers, 
respectively; the subscript denotes the regions of the heterostructure as 
labeled in the inset in Fig. 1b, namely, 1, 2, 3, 4 corresponding to the air, 
graphene, hBN, and substrate layers. In consequence, rij

n is the reflec-
tivity at the interface between layers i and j, decided by the Fresnel 
equations 

rij
s =

kis
z − kjs

z

kjs
z + kjs

z
, (8)  

rij
p =

kip
z εj

⊥ − kjp
z εi

⊥

kip
z εj

⊥ + kjp
z εi

⊥

(9)  

where 

kis
z =

(
εi
⊥k2

0 − β2)1/2
, kip

z =

(

εi
⊥k2

0 −
εi
⊥

εi
‖

β2
)1/2 

To establish the connection between the NFRHT and surface polar-
itons between these bi-planar heterostructures, the dispersion relation 
for the cavity surface polariton modes supported by the vacuum gap can 
be calculated as the solution of the following equation [17]. 

1 − R2
ne− 2ikz0d = 0 (10)  

which is the denominator in the expression of ξp (β > k0) in Eq. (5)). 
For convenience, two dimensionless parameters are defined to 

quantitatively compare the NFRHT performances of various hetero-
structures. NFRHT enhancement factor θ is defined as the near-field heat 
flux transferred between these bi-planar heterostructures normalized by 
the far-field blackbody limit under the same thermal gradient, given by 

θ= q
/

σSB
(
T4

h − T4
c

)
, (11)  

where σSB is the Stefan-Boltzmann constant given as σSB = 5.67 ×

10− 8 W/(m2K4).

Meanwhile, relative NFRHT enhancement factorφis defined to 
characterize the substrate effects by comparing NFRHT under cases of 
these heterostructures with and without substrates, calculated as 

φ=
qws − qwos

qwos
, (12)  

where, the subscript “ws” and “wos” denote “with substrate” and 
“without substrate”, respectively. 

3. Results and discussions 

In this section, the NFRHT behaviors of various bi-planar suspended 
structures are modeled and analyzed first as benchmarks. Then sub-
strates including silica, SiC, and Au are respectively integrated and their 
effects on the NFRHT are examined, with the underlying mechanisms 
particularly addressed. 

3.1. NFRHT properties in suspended structures 

The NFRHT behaviors between bi-planar suspended structures, 
including graphene monolayers, hBN thin layers, and graphene/hBN 
heterostructures, have been well reported in previous literature 
[30–32]. Here, we reexamine them as benchmarks for better compari-
sons to stress the substrate effects. 

As one can see in Fig. 2a) for the case of two graphene monolayers, 
the PTP maxima resemble the dispersion relation of the cavity SPP mode 
(Eq. (10)) that emerges from the hybridization of the SPP modes of the 
two vacuum-graphene interfaces. Notice that the PTP maxima lie to the 
right of the light line, indicating that these modes correspond to 
evanescent waves. Hence, it is strongly supported that the NFRHT 
originates from the contribution of the cavity surface polaritons in our 
systems. Besides, it is clear from Fig. 2 that the graphene/hBN hetero-
structure outperforms both the bi-planar graphene monolayers and hBN 
layers in terms of enhancing the NFRHT. This stems from the effective 
hybridization of SPPs in graphene and HPPs in hBN that forms into two 
new collective modes as hyperbolic plasmon–phonon polaritons 
(HPPPs) inside the two RBs and the surface plasmon-phonon polaritons 
(SPPPs) outside (Fig. 2c). It is worth noting that the distinction between 
the electrodynamics in HPPPs and SPPPs is evident [29]. The former 
features as guided waves that propagate through the entire 
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graphene/hBN; while the latter is surface modes confined at the inter-
face of graphene/hBN, which decay evanescently both inside the hBN 
layer and the vacuum. It is the evanescent field of these SPPPs decaying 
exponentially inside the vacuum gap that dominates the NFRHT. As 
displayed in Fig. 2c, the bright bands appear mainly within the fre-
quency ranges outside the two hyperbolic bands, indicating highly 
efficient photon tunneling mediated via SPPPs. This phenomenon is also 
clearly illustrated by the two peaks of the spectral heat flux profile for 
the graphene/hBN heterostructures in Fig. 2d. Note that each bright 
band in the PTP contour maps (Fig. 2a–c) consists of two branches since 
these polaritonic modes are simultaneously excited on both surfaces of 
the emitter and receiver, which are also referred to as cavity modes [14, 
25]. In addition, the general distinctions of characteristics in spectral 
distributions between SPPs and HPPs can also be observed in Fig. 2d. 
The SPP-mediated spectral heat flux for graphene monolayers with 
Fermi energy of 0.3 eV is quite broadband with frequencies ranging from 
0 to 3.75× 1014rad/s but in a lower peak of about 5 nJ/(m2 rad); while 
for 20-nm-thick hBN layers, HPPs are excited only within the two RB 
bands that result in the two sharp peaks of spectral heat flux profiles 
with a maximal peak value of about 15 nJ/(m2 rad). 

3.2. Substrates effects: enhancing or suppressing NFRHT? 

In this section, the NFRHT between bi-planar graphene/hBN heter-
ostructures is investigated by integrating them with various substrates 
including Au, SiC, and silica, respectively. Here these substrates were 
chosen because they are among the most commonly adopted substrates 
in plasmonics. Besides, silica and SiC are typical polar dielectric mate-
rials that support SPhPs within infrared ranges and enable significantly 
enhanced NFRHT; while metals as Au support SPPs within a wide range 
from visible to infrared, which hold great potential as thermal emitters 
due to their high carrier concentrations [45]. The effects of other 

substrates can be investigated using the same approach. 
To study the substrate effects on the NFRHT, we start with cases 

where the hBN layer has a thickness of 1 nm, and the graphene Fermi 
energy is 0.3 eV which is easily accessible in experiments. The 
enhancement factor profiles in Fig. 3a indicate that the NFRHT between 
all these heterostructures is greatly enhanced by three to more than four 
orders of magnitude over the far-field blackbody radiation limit, due to 
the contribution of evanescent waves. It is also clear that each substrate 
exerts distinct impacts. The bi-planar heterostructures integrated with 
silica substrates outperform the other three configurations in terms of 
enhancing the NFRHT (Fig. 3a,c), especially at smaller gap spacing 
(below 50 nm). At d = 10 nm, the radiative heat flux between graphene/ 
hBN/silica heterostructures (2087.93 kW/m2) is 3.11-fold higher than 
that between the bare silica substrates (507.49 kW/m2) and yields a 
further increase of 41.75% compared to that between the suspended 
graphene/hBN structures (1472.95 kW/m2). This shows the huge po-
tential for the 2D vdW material-based heterostructures to enhance 
NFRHT compared to the bulk materials as well as the possibility of 
substrate-assisted enhancement effect. 

On the other side, at d = 10 nm, the integrations of both the Au and 
SiC substrates greatly suppress the NFRHT enhancement, reducing by a 
factor about 37% and 87%, respectively, compared to that of the sus-
pended heterostructures. These effects can be more easily observed by 
the profiles of relative enhancement factor φ (Eq. (12)) in Fig. 3b. It is 
quite interesting to notice that these φ profiles keep almost flat under 
gap spacing smaller than 200 nm, indicating that these pronounced 
substrate effects remain nearly unchanged in this range. As the gap 
spacing continues increasing (>200 nm), the substrate effects either 
enhancing or suppressing NRFHT gradually weaken and tend to vanish 
in the far-field regime (Fig. 3b). 

These substrate effects highly depend on the thickness of the middle 
hBN layer. As illustrated in Fig. 3c-d, although profiles of θ for all the 

Fig. 2. NFRHT property for various sus-
pended structures: contour maps of PTP for 
a) graphene monolayers; b) thin hBN layers; 
c) graphene/hBN heterostructures. d) Cor-
responding spectral heat flux distributions 
for the above three suspended structures. 
Note that the light line is plotted as the white 
dotted line and the dispersion relation of 
cavity SPPs between two graphene mono-
layers is plotted as the blue solid line in Fig.2 
a). (For interpretation of the references to 
color in this figure legend, the reader is 
referred to the Web version of this article.)   
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studied heterostructures evolve differently as the hBN thickness in-
creases, they converge to a common constant as the hBN thickness is 
over 200 nm. These trends indicate the gradually weakened and finally 
negligible substrate effects with thicker hBN layers. This can be attrib-
uted to the thickness-dependent properties of surface polaritons and 
their coupling with various dielectric environments, where underlying 
mechanisms will be discussed in detail later. In addition, the NFRHT 
between those heterostructures without the middle hBN layer is also 
investigated, which is displayed in Fig. 3c as corresponding markers in 
the bright yellow rectangle. It shows that even the addition of a 1 nm- 
thick hBN film can contribute to enhancing the NFRHT between all these 
heterostructures, both those suspended and substrate-integrated ones, 
thanks to the effective hybridization of SPPs in graphene and HPPs in 
hBN. This in turn implies the great potential of hBN to further enhance 
the NFRHT of graphene-based heterostructures. 

3.3. Underlying mechanisms 

To elucidate the underlying mechanisms of these substrate effects, 
the PTP contour maps are plotted and compared in Fig. 4a–i. The sub-
strate can greatly modify the NFRHT since it provides the dielectric 
environment that interacts with the hybridized polaritons in the gra-
phene/hBN heterostructures, through either further polaritonic cou-
plings or causing extra energy losses. The former may further enhance 
the NFRHT but occurs only within frequencies that have overlapped 
ranges; while the latter dampens most of the polaritonic energy, thus 
leading to largely reduced NFRHT. 

For graphene/hBN/silica heterostructures, the SPhPs in silica 

substrate further couple with SPPPs within its characteristic frequency 
ranges due to the wide resonant frequency overlap. Compared with the 
PTP contour maps of graphene/hBN in Fig. 2c, the bright bands medi-
ated by SPPPs are distinctively altered due to the existence of silica 
phonons (Fig. 4a,d), indicating the strong coupling between SPPPs in 
graphene/hBN and the SPhPs in silica. This leads to the resonant 
enhancement of the hybridized modes that further boost the NFRHT, as 
clearly illustrated by the increased area enclosed by the spectral heat 
flux in this range (Fig. 4h). Note that the shapes of the bright bands 
mediated by SPhPs in silica are partially preserved in Fig. 4d, implying 
the contributions of silica phonons to the NFRHT. In contrast, the silica 
exerts limited impacts on the HPPPs in the two RB bands, and so is the 
resultant NFRHT in these two regions. Hence, the substrate-assisted 
enhancement effect is the direct result of the contributions from SPhPs 
in the silica substrate and its effective coupling with SPPPs in graphene/ 
hBN. 

For cases of the SiC substrate, similar coupling between SPPPs and 
SPhPs in SiC occurs within ranges of 1.52–1.8 × 1014rad/s, illustrated 
by the PTP contour map that preserves the feature of SPhPs in SiC 
(Fig. 4b,e). But it contributes little to the NFRHT enhancement due to 
this very narrow overlapped range, outside which the energy carried by 
SPPPs is considerably dampened (Fig. 4e,h). As a result, the SiC sub-
strate largely suppresses the NFRHT enhancement. When it comes to the 
graphene/hBN/Au heterostructures, the Au substrate damps the most 
polaritonic energy carried by SPPPs, leading to the lowest NFRHT 
enhancement among all the configurations (Fig. 4f,h). This large 
damping effect can be indicated by the large imaginary part of the 
dielectric constant for Au, particularly in the IR regime (Fig. S1b). It is 

Fig. 3. Substrate effects on the NFRHT between various bi-planar heterostructures: a) NFRHT enhancement factor θ and b) relative enhancement factor φ as a 
function of gap spacing, at hhBN = 1 nm and EF = 0.3 eV; c) NFRHT enhancement factor θ and d) relative enhancement factor φ as a function of hBN thickness, at EF =

0.3 eV and dgap = 10 nm. Note that the markers in the yellow rectangle of Fig.3c denote the NFRHT enhancement factor for corresponding heterostructures without 
the middle hBN layer. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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also noteworthy that the dominant contribution to the flux between Au 
substrates is due to eddy currents induced by the s-polarized magnetic 
field [46] (Fig. 4c), suggesting that no further coupling with SPPPs ex-
ists. In a word, the final substrate effect comes from the competition 
between the further enhancement mediated by the effective polaritonic 
coupling and the weakened effect induced by the dielectric losses to the 
original polaritonic energy. Substrate-assisted enhancement for the 
NFRHT can be achieved by properly selecting substrates that have not 
only wide overlapped resonant frequency ranges with the SPPPs in 
graphene/hBN but also low dielectric losses, just like the silica substrate. 

As for the thickness-dependent NFRHT property, the main mecha-
nism lies in the screening effect of the middle hBN layer rather than the 
thickness-dependent HPPs excited in hBN. Comparing the PTP contours 
in Fig. 4d and g, it is clear that higher orders of HPPPs appear at lower 
wavevector β in both hyperbolic bands in a thicker hBN layer. But this 
results in insignificant changes in spectral heat flux since the bright 
bands also vanish at lower wavevectors in this thicker layer. This trend 
can be more clearly observed in the PTP contour maps in the SI 
(Figs. S3a–f) for singe hBN layers with various thicknesses. Contrarily, 
SPPPs excited in graphene/hBN heterostructure are insensitive to the 
hBN thickness but very susceptible to the dielectric environment, since 
they are surface modes that propagate along the heterostructure inter-
face and the substrate. More energy mediated by SPPPs tends to dissi-
pate on the substrate with thinner hBN layers, thus resulting in less 

photonic energy being radiated and transferred through the vacuum 
gap. As the hBN thickness grows thicker, especially when the thickness is 
beyond the penetration depth of the evanescent field of SPPPs (about 
200 nm in this case) [14], the carried polaritonic energy is well pre-
served with little loss and thus the NFRHT achieves its maximum for 
most heterostructures (Fig. 3c). Heterostructures integrated with the 
silica substrates are the exception since the NFRHT enhancement de-
creases with thicker hBN (<200 nm). The reason lies in that the 
contribution of the phonons in silica to enhancing NFRHT is also 
increasingly screened by the thicker hBN spacer layer. This phenomenon 
can be illustrated by the almost vanishing bright bands mediated by 
SPhPs of silica in Fig. 4g, together with the nearly overlapped profiles of 
spectral heat flux for various heterostructures with hBN thickness no less 
than 200 nm in Fig. 4i. Corresponding PTP contour maps are better 
compared in Fig. S4, where the distributions of bright bands for all the 
substrate-integrated heterostructures recover to that of the suspended 
graphene/hBN with 200-nm-thick-hBN. Here the penetration depth of 
the SPPPs in hBN is the length scale over which SPPPs can exert their 
influence on the electrodynamics of surrounding media [29], beyond 
which the phonons and other substrate effects are indiscriminately 
screened by the hBN layer. In this case, the substrate selection no longer 
makes difference to the NFRHT. 

The polaritonic coupling in graphene/hBN strongly depends on the 
Fermi energy of graphene EF, and so does the NFRHT between these bi- 

Fig. 4. Mechanisms for NFRHT enhancement of various bi-planar heterostructures. a-c) Contour maps of PTP for bared substrates: a) silica; b) SiC; c) Au; d-g) PTP 
contour maps for graphene/hBN heterostructures integrated with substrate d) silica; e) SiC; f) Au with hhBN = 20 nm, and g) silica with hhBN = 200 nm, at EF = 0.3 eV, 
dgap = 10 nm. Note that all PTP contour maps display the ξpand share the same colorbar as Fig.4f, except for Fig.4e which denotes ξs. h-i) Spectral heat flux between 
corresponding heterostructures with e) hhBN = 20 nm and f) hhBN = 200 nm, the yellow solid line denoting spectral heat flux of graphene/hBN heterostructure with 
hhBN = 500 nm for better ξp comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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planar heterostructures. Thus, a series of simulations were also con-
ducted to investigate the substrate effects under various Fermi energies. 
It is quite interesting to find that each substrate effect on NFRHT, 
indeed, varies as the Fermi energy changes, but the underlying mecha-
nisms can also be attributed to the competing between the dielectric 
losses and polaritonic couplings. The maximal heat flux can be achieved 
for each bi-planar heterostructure at an optimal Fermi energy where 
these two mechanisms were well compromised. One can find more 
detailed discussions in the SI. 

4. Conclusion 

This study theoretically investigated the effects of various substrates 
on the NFRHT between bi-planar graphene/hBN heterostructures, thus 
facilitating this kind of 2D layered heterostructures to go further into 
practice. The main finding is that under EF = 0.3 eV, both the Au and SiC 
substrates suppress the NFRHT enhancement while the silica further 
improves it, compared to the suspended configurations. Besides, these 
substrate effects highly depend on the thickness of the middle hBN 
spacer layer with a critical length determined by the penetration depth 
of evanescent fields of related SPs. Within this critical length, the sub-
strate exerts increasingly weakened impacts on the NFRHT with thicker 
hBN layers, due to the competition between the polaritonic coupling and 
the dielectric losses; otherwise, the hBN itself is thick enough to screen 
all these effects. In turn, this also shows the tunability of NFRHT be-
tween heterostructures by passively tailoring the thickness of hBN or the 
dielectric environment of substrates. These findings will be instructive to 
the experimental implementation and device integration of related 
NFRHT-based applications. 
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