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Enhanced near-field radiative heat transfer between
borophene sheets on different substrates
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Near-field radiative heat transfer (NFRHT) has the potential to exceed the blackbody limit by several orders of mag-
nitude, offering significant opportunities for energy harvesting. In this study, we have examined the NFRHT between two
borophene sheets through the calculation of heat transfer coefficient (HTC). Due to the tunneling of evanescent waves,
borophene sheet allows for enhanced heat flux and adjustable NFRHT by varying its electron density and electron relax-
ation time. Additionally, the near field coupling is further examined when the borophene is deposited on dielectric or lossy
substrates. The maximum HTC is closely related to the real part of the dielectric substrate. As a case study, the HTCs on
the lossy substrate of MoQOj3, ZnSe, and SiC are calculated for comparisons. Our results indicate that MoOs3 is the optimal
substrate to get the enhanced energy transfer coefficient. It results in a remarkable value of 1737 times higher than the
blackbody limit owing to the enhanced photon tunneling probability. Thus, our study reveals the effect of substrate on the
HTC between borophene sheets and provides a theoretical guidance for the design of near-field thermal radiation devices.

Keywords: near-field radiative heat transfer, borophene, lossy substrate, heat transfer coefficient

PACS: 78.20.—, 71.36.4-c, 78.20.Bh

1. Introduction

When the separation between two objects is smaller than
the characteristic wavelength of thermal radiation (~ 10 pm at
300 K), the coupling effect of evanescent modes becomes sig-
nificant, causing radiative heat transfer to greatly exceed the
conventional blackbody limit.['# Since the pioneering work
of Bold and van Hove,!"! NFRHT has been remarkably inves-

6-101 and experimentally!' =151 over

tigated both theoretically!
the past two decades. Initially, Hargreaves et al.''®! found an
enhanced heat transport between the Gr—Gr inter planar with
a distance of 1-pm pitch. Hu et al.'”! demonstrated the near-
field heat flux between two quartz flat plates could surpass the
blackbody limit at room temperature in 2008. Subsequent ex-
periments were carried out at even smaller separations, and the
obtained heat flux exceeds the blackbody limit by up to four
orders of magnitude. Early studies on near-field thermal radi-
ation mainly involved two-plate configuration, and then it ex-
tended to multi-plates, '8! tip—plate,!'*! and tip—tip structures.
Owing to its high heat flux, NFRHT holds tremendous poten-
tial for applications in energy harvesting systems,!%2% ther-
mal switchers, 222! and transistors. [23-24]

Recently, two-dimensional (2D) materials have attracted
much attention due to their unique electronic and optical

properties.!?>~27 Graphene,?83% as

the most representative
2D material, can excite surface plasmon polaritons®! in
the near-field regime thereby enhancing and tunable near-
field thermal radiation can be achieved. Black phosphorus
(BP)132331 also supports surface plasmons and it exhibits in-

plane anisotropic optical and electrical properties, which has

fCorresponding author. E-mail: chunzhen@zzu.edu.cn
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sparked numerous intriguing studies in near-field thermal radi-

ation. Hexagonal boron nitride (hBN) is a natural hyperbolic

3351 which supports hyperbolic modes with high

136

material,
wave vectors in these two Reststrahlen bands.*®! Its unique
properties enable it to achieve near-field thermal radiation over
a wide wavelength range like a blackbody. To date, numerous
studies have been conducted to investigate how different sub-
strates affect NFRHT between graphene sheets. Habibzadeh
et al.B7) compared modulation ratios and near-field heat flow
between graphene sheets on 41 different substrates and inde-
pendent graphene sheets. Svetovoy ez al.’8! analyzed the vari-
ation of near-field radiative heat transfer in graphene-covered
dielectrics. Wang et al.[*! investigated near-field radiative
heat transfer in metals with and without graphene layers,
doped silicon and polar dielectrics. These studies have re-
vealed the importance of substrates in the study of NFRHT.
In 2015, Mannix et al. successfully synthesized borophene
monolayers on Ag (111) substrates to include the metallic
state.[*0] In addition, borophene possesses an ultra-high elec-
tron density (> 10'3 cm~?) and exhibits strong anisotropy and
surface plasmon-polarized excitons. Prior investigations into
the NFRHT between suspended borophene sheets with a sepa-
ration of 10 nm have revealed that the heat flux can reach up to
1289 times the radiative heat flux of the blackbody limit (gpp)
of 3.08 W-m~? at a temperature difference of 200 K.[*! While
the previous studies on NFRHT with borophene have focused
on suspended sheets, it is imperative to consider the influence
of substrate on their NFRHT.

In this work, we have explored the NFRHT between two
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borophene sheets on dielectric or lossy substrates. The reg-
ulation of NFRHT can be effectively achieved with different
electron density and relaxation time of borophene. A compre-
hensive analysis was conducted to elucidate the relationship
between the real and imaginary components of the substrate
and the consequent enhancement of HTC. As a case study, the
HTCs of MoOs, ZnSe, and SiC were calculated for compar-
isons with the inclusion of intrinsic loss, and the calculated
energy transmission coefficient (ETC) as a function of angu-
lar frequency and wave vector is consistent with the numer-
ical study. Owing to the anisotropic borophene, there was a
marked disparity in the ETC along the x and y directions of
the borophene. Finally, the influence of gap distance and tem-
perature difference on NFRHT were finely discussed, the HTC
tended to decrease linearly with a larger distance and increases
gradually with a higher temperature difference.

2. Design and theory

The design of NFRHT between two borophene sheets
with supporting substrates is illustrated in Fig. 1(a). The tem-
perature of the emitter and receiver are denoted as 77 and 73,
respectively. 75 is the room temperature of 300 K. The gap
distance is d, and the dielectric constant of the substrate is
denoted as &. An enlarged view of the crystal structure of
borophene with hexagonal holes and triangular cavities is in-
dicated in Fig. 1(b). The anisotropic optical conductivity of the
monolayer borophene can be described by the semi-classical
Drude model as follows:[4?]

ie’n

on(w) = m,

e))

where [/ is the direction of optical axes along x or y, @
is the angular frequency, 7 is the electron relaxation time,
e is the electron charge, and n is the electron density of
borophene. The effective electron mass m; along the x di-
rection and y direction are m, = 1.4mg, my = 3.4mg,*3
and mg represents the rest mass of an electron. Fig-
ure 2 depicts the anisotropic conductivity of borophene
in the x and y directions. The real part of the conduc-
tivity gets smaller as the angular frequency increases in
Fig. 2(a). Meanwhile, figure 2(b) shows that the imaginary

part of the conductivity initially increases and then decreases

(a)

Fig. 1. (a) Schematic diagram of design of near-field heat transfer be-
tween borophene emitter and receiver, (b) illustration of the crystalline
structure of borophene.

with a larger angular frequency. The anisotropic conductiv-
ity of borophene significantly influences its light—matter inter-
actions, thereby altering the material’s reflection, absorption,
and transmission characteristics. This directional dependence
directly impacts the propagation speed and mean free path of
phonons, which in turn affects the heat transfer coefficients.

0.008 0.008
(a) — Re(0.2) (b) — Im(0,,)
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g @
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) S
2 5
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Fig. 2. (a) Real part and (b) imaginary part of the conductivity of borophene
sheet with 7 = 10 fs and n = 3.3 x 10!° cm™2.

To assess the near-field radiative heat transfer, we re-
sort to the fluctuational electrodynamics with the dyadic
Green’s functions. It enables the calculation of HTC between

borophene sheets as follows: 1]

¢~ | a0
1 20(w,T)

= — do——~ j d 2
), 05 L[ e ppas @
where g(®) denotes the spectral heat flux, it is a function of
frequency. O (w,T) = hiw/(e"®/*T — 1) is the mean energy
of a Planck oscillator, 7 is the Planck constant, f3 is the wave
vector component. &(w, ) is the energy transmission coeffi-
cient (ETC)
1= ) (1=1F2
( |1|)( : ‘ZI)’ (ﬁ<k0)7
1 — rir] e2ikeod 2
gj(o,B) = ©)

j J
Mm () Im () e (g > g,
|1 — r{r} e?ikod|2

where k;o = 4/ k(% — 2 is the wave vector along the z direc-
tion, B is the surface-parallel wave vector, and ko denotes the
vacuum wave vector. The cases of B < ko and B > ko rep-
resent propagating and evanescent wave contributions, here
rlj (i=1, 2, j=s, p)is the Fresnel reflection coefficients
for p- or s-polarized waves. Borophene can be treated as a
surface current, so the reflection coefficients (ry) for the p-
and s-polarized electromagnetic waves can be derived accord-

ing to the boundary condition with the solution of Maxwell’s

equations. [*4!
— Pm — HoCO
r; — w’ )
Po+ pm + HocOy;
- P0&s — Pm + HoCO1 PO Pm (5)
L po& + pm+ HocOupopm’

where pg=+/1— (B /ko)? and py = \/& — (B/k0)2, Ly is the

permeability, and c is the speed of light in the vacuum. In the
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process of near-field heat transfer, the propagation of tunnel-
ing evanescent wave dominates. The contribution to evanes-
cent wave tunneling from s-polarized waves is very weak as
compared with p-polarized wave. Therefore, we mainly fo-
cus on the tunneling in the s-polarized wave in the subsequent
calculations.

3. Results and discussion

We first investigated the near-field HTC between two sus-
pended borophene, graphene, and BP sheets as a function of
the gap distance for comparison in Fig. 3. The value of HTC is
normalized to the far-field limit of radiatively coupled black-
bodies (gyp) of 6.03 W-m~2-K~2. The electron density of
borophene is taken as 3.3 x 1015 ¢m —2,1431 and the electron
relaxation time is 10 fs. We take the maximum electron densi-
ties of 7.35x10'3 cm™2 for graphene!*! and 1.0x10'* cm™2
for black phosphorus.[4! It can be clearly found that the HTC
of borophene is the highest when the separation is smaller
than 100 nm. But the HTC between graphene or BP sheets
is merely 13% and 33.48% of the borophene at 10 nm. In
detail, the HTC of borophene reaches up to 1386.86 gy, at a
distance of 10 nm, which is mainly caused by its high electron
density to support the strong near-field heat transfer.

T
. | —— Borophene
I —— Graphene
I
2 102 1
S I
B
I
10tk !
I
I
I
100 ' f
10! 102 103
d (nm)

Fig. 3. HTC as a function of gap distance between suspending
borophene, BP and graphene sheets.

The influence of different deposited substrates (&) on the
near-field thermal radiation is presented in Fig. 4. We initially
delve into the impact of a lossless substrate on the HTC in
Fig. 4(a) with different electron densities of borophene. The
HTC is closely related to the dielectric constant of the sub-
strate. It firstly increases to a maximum value and then de-
creases. At an electron density of n =1 x 101 cm™2, a max-
imum HTC value of 10.83 kW-m~2-K~2 is obtained with a
lossless substrate of 4.3. And the peak position of HTC shifts
Figure 4(b) depicts the HTC
with different electron relaxation time of borophene. As 7
decreases, the peak of the HTC also shifts to the left. Thus,
tunable HTC can be obtained with different electron densities.

to the left with a smaller n.

Here we define a switching factor 11 = 1 — gmin/¢max to rep-
resent its tunability. For a substrate with dielectric constant of
4.3, it yields a switching factor of 67.64% when n increases

from 1.0x10 cm™2 to 3.0x10"° em™2. For a fixed n of
1.0x 10" cm™2, the switching factor is 68% when the aver-
age electron free time of borophene is increased from 10 fs to
60 fs. Thus, the electron density of borophene shows a sig-
nificant effect on the HTC, offering a promising way to get
tunable HTC.

12 - B
(a) —n=1.0X10% cm~2
—n=1.5X10" cm~2
—~ 9 — n=2.0X10% cm~2
q —n=2.5X10" cm~2
X n =23.0X10% cm—2
q
g 6
E
&
=3
O 1 1 1 1
10 15 20 25
Re(es)
12
(b)
~ 9
q
X
q
g 6
S 7=10 fs
\E_/ T7=20 fs
> 3 7=230 fs

7=40 fs
7=>50 fs
7=60 fs

10 5 20 25

(e}

1
Re(es)

Fig. 4. HTC as a function of lossless substrate (a) with different electron den-
sities of borophene, (b) with different electron relaxation time of borophene.
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Fig. 5. HTC as a function of lossy substrate (a) with different electron densi-
ties of borophene, (b) with different electron relaxation time of borophene.
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Now we are in the position to investigate the HTC be-
tween two borophene sheets on lossy substrates in Fig. 5. The
real part of the dielectric constant is taken as 4.3. Figure 5(a)
depicts the HTC on lossy substrates with different electron
densities. For a fixed 7, the maximum HTC is closely related
to the deposited substrate. As the borophene electron density
decreases, the peak of the HTC shifts to the left. Figure 5(b)
depicts the HTC with different electron relaxation time. As
the electron relaxation time of borophene decreases, the trend
of the peak of the HTC curve is the same as that of Fig. 5(a).

Figure 6 elaborately explores the influence of the sub-
strate on the HTC. It is found that the peak of HTC shifts
to the left as the real part of the dielectric constant increases.
Specifically, the imaginary part of the dielectric constant of
the substrate undergoes a transition from positive to negative.
Then we performed a meticulous calculation of the HTC for
the actual value of the substrate around 3.0. It can be found
that when Re (&) is larger than 3.14, the lossy substrate will
suppress the HTC, when Re (&) is smaller than 3.14, the max-
imum magnitude of HTC closely depends on the imaginary
part of the substrate. The influence of the substrate on the
HTC between borophene sheets is further investigated by an-
alyzing the photon tunneling coefficients. We select MoO3
(€ = 4.23+0.000241),1”! ZnSe (¢ = 5.66 4 0.000011)1*%! as
the substrate, the conventional substrate SiC (¢ = 10.43 +
0.32381)[41 and the suspended borophene sheet are also in-
cluded for comparison. Figure 7 displays the contours of ETC
along the x and y directions, where the bright areas repre-
sent the intensity of the photon tunneling probability. The
ETC along the x or y direction varies significantly due to the
anisotropic Drude weights,’%! which are used to model the be-
havior of electrons in materials where the electrons have dif-
ferent mobilities along different directions. The bright branch
of BP on the MoOs3 substrate occupies a broader wave vec-
tor range in Figs. 7(b) and 7(f) compared to the other three
cases. The ETC along the x and y axes splits into two reso-
nance branches between suspended borophene sheets, namely
the antisymmetry mode of the wavelet vector and the sym-
metry mode of the large wave vector in Figs. 7(a) and 7(e).
It is due to both the lower and upper vacuum-borophene in-
terfaces supporting evanescent fields that decay exponentially
along the direction perpendicular to the interface, allowing the
evanescent field of surface plasmon polaritons at one surface to
interact with those at the opposite surface.!*!! Figures 7(g) and
7(h) show the ETC of borophene sheets on SiC substrate, the
bright areas denote the resonance modes of different evanes-
cent waves. The one that appeared at the lower frequency is
from the surface plasmon polaritons supported by borophene,
while the other at the higher frequency is from the coupling of
the surface plasmon polaritons with surface phonon polaritons
excited by SiC. It is evident from Fig. 7 that the choice of sub-

strate greatly influences the ETC of borophene sheets. Select-
ing an appropriate substrate will enhance the photon tunnel-
ing probability, thereby increasing the NFRHT between two
borophene sheets.

! Re(es) =4.0
11} . Re(es) = 3.5
—— Re(es) = 3.0
. Re(es) =2.5
To10f Re(es) =2.0
X ——Re(e,) =15
I ) =1.
S ol Re(es) =1.0
= I
> 8F ! \
1
1
7 | 1 1 1 N
—1 0 1 2 3 4 5

Fig. 6. HTC between borophene sheets on different dielectric sub-
strates.

x direction

y direction

w (10 rad/s) w (10 rad/s) w (10 rad/s)

w (10" rad/s)

50 100 150 200
ka/ko kz/ko

50 100 150

Fig. 7. ETC of borophene sheets on different substrates along x and y di-
rections with a distance of 10 nm: [(a) and (e)] suspended borophene sheets,
[(b) and (f)] MoOs3 substrate, [(c) and (g)] ZnSe substrate, [(d) and (h)] SiC
substrate.

Finally, the influence of gap distance and temperature of
the emitter on the HTC on different substrates are presented
in Fig. 8. Due to the tunneling effect of evanescent waves,
NFRHT is inversely proportional to the separation distance in
Fig. 8(a), the correlation between the HTC and d follows the
relation of ¢ o 1/d>.5!1 In the very near-field (d < 25 nm),
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the HTC between borophene/MoOs3 surpasses that of the sus-
pended borophene sheets and it exceeds the blackbody limit
by four orders of magnitudes at the gap of 10 nm. For
comparisons, we also selected ZnSe, hexagonal boron ni-
tride (hBN) (& = 4.49 4+ 0.00461),°?! and TiO, (¢ = 4.75+
0.00005i)3) as the substrates for comparisons at 10 nm.
The corresponding spectral heat flux is 10436.1 W-m~2.K—2,
10720.4 W-m~2-K~2, and 10749.9 W-m~2-K~2, respectively.
Obviously, a larger HTC of 10757.3 W-m~2-K~?2 is achieved
when MoOs is taken as the substrate. When we select
the conventional substrate material SiC, the NFRHT be-
tween borophenes is suppressed, which leads to a lower
HTC. We have also calculated the HTC for a distance of
10 nm with Si and SiO,P* as substrates, yielding results of
9613.69 W-m~2-K~2 and 6578.38 W-m~2-K 2, respectively.
These results indicate that SiO, demonstrates considerable po-
tential as a substrate among the commonly used materials. It
is worth to mention that when the distance between two sheets
is expanded to 10 pm or more, the spectral heat flux is al-
most invariant and it is independent of the distance between
the objects. Figure 8(b) illustrates the variation of HTC be-
tween borophene sheets on various substrates when the tem-
perature (77) is different at a distance of 10 nm. Under high
temperatures, the HTC for different substrates consistently in-
creases as the temperature rises. Compared to the other three
cases, the HTC of borophene on the MoQO3 substrate remains
the highest with different temperatures, indicating the selec-
tion of the substrate is vital to obtain the enhanced NFRHT.

(a) — Borophene/MoO3
104 — Borophene/ZnSe
\ Borophene/vacuum
— Borophene/SiC
—~ e b
103
x
7
g 10%
z
SEETA
109 L .
10! 102 103
d (nm)
(b) —— Borophene/MoO3
18} —— Borophene/ZnSe
Borophene/vacuum
o —— Borophene/SiC
|
< 15
B
g 12
=
&
= 9}
6

320 340 360 380 400
T (K)

Fig. 8. HTC between borophene sheets on four substrates (a) with dif-
ferent separation d, (b) with different temperatures of 7;.

To carry out the experiment with our proposed design,
the possible steps for measuring the HTC between borophene
sheets on a substrate are presented. Firstly, a single layer of
borophene is synthesized on the metallic substrate by chemical
vapor deposition!>! or molecular beam epitaxy, the borophene
sheets are then transferred to the target substrate with mechani-
cal stripping.[®® The sample is then placed in a vacuum cham-
ber where the borophene sample is heated to obtain the desired
temperature difference. A piezoelectric actuator is taken to
adjust the position of the borophene sheets. An interferomet-
ric spatial phase imaging system>’! is preferred to precisely
measure the gap. Meanwhile, a miniature resistance temper-
ature sensor embedded in the substrate monitors the temper-
ature. Finally, the temperature difference is recorded and a
time-dependent heat transfer model is taken to calculate the
heat transfer coefficient.[’®! In addition, with the rapid devel-
opment of the nanofabrication technique, further study on the
near-field thermal radiation can be initiated between different
carbon-based materials.

4. Conclusion

In summary, we have investigated the substrate’s influ-
ence between two borophene sheets on the NFRHT. Our find-
ings illustrate that the HTC can be effectively modulated by
adjusting the electron concentration and relaxation time of
borophene. Enhanced HTC between borophene sheets on the
dielectric or lossy substrate can be achieved with the finely
chosen substrate. In a practical application, borophene sheets
deposited on MoO3, ZnSe, and SiC substrates are considered
for comparative analysis. The analysis of ETC indicates that
MoO3 can significantly increase the photon tunneling proba-
bility between borophene sheets and thus enhance the NFRHT.
This work not only reveals the effect of substrates in thermal
management involving borophene but also paves the way for
the innovative design of carbon-based thermal devices.
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