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Near-field thermal radiation of germanium selenide single layer
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Recently, the two-dimensional (2D) material germanium selenide (GeSe) was shown to possess extraordinary
physicochemical properties as well as great potential for electrical and optical applications, whereas its thermal
radiative properties remain elusive. Here, we present a comprehensive study of the near-field thermal radiation
(NFTR) of monolayer GeSe by means of fluctuational electrodynamics theory. It is shown that, at a small vacuum
gap, such a 2D semiconductor not only supports a giant heat flux that surpasses the black-body limit by four
orders of magnitude but is also far ahead of graphene with the same electron density. This extraordinary thermal
radiation is attributed to the strong quasi-elliptic surface plasmon polaritons supported by the monolayer GeSe
at near- and midinfrared frequency regions. In addition, we show how electron density affects the NFTR of
monolayer GeSe, where the effect can be switched from suppression to enhancement by elevating the vacuum
gap. Furthermore, we investigate the possibility of using mechanical rotation to modulate the NFTR. We find
that, at a lower electron density, the NFTR of the monolayer GeSe could be more effectively modulated through
mechanical rotation. Finally, we investigate the interference effect of the dielectric substrate on the NFTR,
pointing out the nonmonotonic dependency between its thermal radiation and the dielectric constant of substrate.
All in all, in this paper, we provide a fundamental understanding of the NFTR in GeSe single layer and offer
guidance for further research and modulation in emerging energy conversion and thermal management.
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I. INTRODUCTION

In recent years, the exfoliation of graphene from graphite
crystals [1] has spurred the drastic development of layered
materials, such as borophene [2], hexagonal boron nitride
(hBN) [3], and germanium selenide (GeSe) [4]. Particularly,
as a representative two-dimensional (2D) semiconductor,
GeSe has drawn widespread attention due to its unique phys-
ical and chemical properties, such as fascinating in-plane
anisotropic physical properties, strong light-matter interac-
tion, and enormous piezoelectric effects [5–7]. Unlike black
phosphorous, which has the same hinge structure, this 2D
semiconductor is less toxic (outstanding environmental com-
patibility) and has excellent chemical stability in air [8], which
makes GeSe more feasible for practical applications in energy
storage, sensors, field effect transistors, energy conversion,
and so on [9–14]. Specifically, its bandgap of ∼1.14 eV (opti-
mal photovoltaic bandgap) can greatly improve the efficiency
of single-junction solar cells, providing a potential opportu-
nity for photovoltaic applications [15,16]. This 2D anisotropic
semiconductor, which has drawn enormous attention recently,
shows great potential for a growing range of applications,
calling for fundamental study of its thermal properties
[17,18]. However, the thermal photon tunneling properties
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[i.e., near-field thermal radiation (NFTR)] of this 2D semi-
conductor are still less known.

Despite the monolayer thickness, contemporary research
has unearthed theoretically and experimentally that, by bring-
ing the vacuum gap between two 2D materials into the near
field, the thermal photon tunneling phenomenon makes its
radiative heat flux (RHF) significantly enhanced and possi-
bly far ahead of the blackbody limit by several orders of
magnitude due to its super-strong surface polaritons [19–21].
Ilic et al. [22] predicted the super-Planckian thermal radia-
tion properties of graphene sheets in the near field, which
spurred the drastic development of the NFTR for many
graphene-based configurations, such as graphene grating
[23,24], graphene disk [25,26], and graphene/metamaterial
heterostructures [27–29]. Other than graphene, with the devel-
opment of chemosynthesis technology, plenty of 2D materials
have been demonstrated to possess extraordinary thermal ra-
diation properties, such as MoS2 [30], h BN [31], and black
phosphorus [32,33], bringing tremendous opportunities for
thermal management [34–38]. For instance, Shen et al. [33]
reported that the RHF of monolayer black phosphorus is three
orders of magnitude higher than a blackbody at a gap distance
of 50 nm. In addition, such huge energy fluxes enabled by
2D materials can also be stimulating for development of nu-
merous futuristic energy conversion technologies [39–42] and
radiative information processing [43–45]. For instance, Lim
et al. [39] reported they covered a InSb thermophotovoltaic
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FIG. 1. (a) Near-field thermal radiation between two GeSe sheets
with nanoscale vacuum gap d . The bottom and top GeSe sheets have
temperature T2 and T1. Schematic of the crystalline structure of GeSe
from (b) lateral view and (c) top view. The yellow and blue balls
stand for the selenium (Se) atom and germanium (Ge) atom.

cell with a graphene sheet and found that a monolayer of
graphene can significantly enhance the power throughput by
a factor of 30. Zheng et al. [43] proposed that the perfor-
mance of a thermal diode can be significantly enhanced by
the presence of graphene, depending on the hybridization of
graphene surface resonance modes with the terminal of the
thermal diode. Thus, the systematic prediction and analyzing
of the underlying NFTR properties are key to addressing
the noncontact thermal management of GeSe-based applica-
tions in nanoelectronics, optoelectronics, and thermophoto-
voltaics and open potential possibility for GeSe-based thermal
devices.

To address this knowledge gap, in this paper, we first
investigate the extraordinary NFTR of GeSe. By analyzing
the photon tunneling coefficient and polariton dispersion, the
attribution of the quasi-elliptic surface plasmon polaritons
(SPPs), supported by GeSe, to the enhancement of thermal
radiation in the near field is examined. After that, we study
the effects of the electron density of GeSe and the mechanical
rotation as well as the substrate on the NFTR, hoping to
provide the guidance to apply GeSe-based materials for active
thermal management at the nanoscale. We finally summarize
our results at the end.

II. MODEL AND METHODOLOGY

Figure 1(a) exhibits the model of the NFTR between two
suspended GeSe sheets with a vacuum gap of d , in which
the temperatures of the bottom and top GeSe sheets are fixed
as T2 (310 K) and T1 (300 K), respectively. The vacuum
gap can be flexibly manipulated by the nanopositioner in the
experiment [46]. It should be emphasized that investigating
suspended 2D materials is a conventional method in the NFTR
and can clearly reveal the essential mechanism of thermal
photon tunneling properties of 2D materials [47]. As sketched
in Figs. 1(b) and 1(c), its crystalline structure is hingelike, in-
troducing strong anisotropic properties. Compared with black
phosphorous, the stronger chemical bonding renders it more
stable in air and thus promising for industrial fabrication [48].
Here, we define the armchair and zigzag crystalline directions

FIG. 2. Normalized radiative heat fluxes (RHFs) between the two
monolayer GeSe sheets as a function of vacuum gap d at different
electron densities. The temperature difference between receiver and
emitter is 10 K.

of GeSe sheets as x and y axes, respectively. By solving
the fluctuational electrodynamics (FE), the RHF exchanged
between the two GeSe sheets can be given by the following
Landauer-like expression [49,50]:

Q =
∫ ∞

0
Q(ω)dω = 1

8π3

∫ ∞

0
[�(ω, T2) − �(ω, T1)]dω

×
∫ ∞

0

∫ ∞

0
ξ (ω, kx, ky)dkxdky. (1)

Here, �(ω, T ) = h̄ω/[exp(h̄ω/kBT ) − 1] stands for the mean
energy of the Planck oscillator at the frequency ω and the
temperature T . The photonic tunneling coefficient (PTC)
ξ (ω, kx, ky) represents the tunneling probability of thermal
photons, in which kx,y is the surface wave vector along the x
and y axes (related to the calculated method and conductivity
tensor of monolayer GeSe, see Supplemental Material [51]).

When the surface parallel wave vector k=
√

k2
x + k2

y is greater

than the wave vector in vacuum, the electromagnetic wave
excited by thermal energy is an evanescent wave [52,53].
Otherwise, it is a propagating wave [54].

III. RESULTS AND DISCUSSIONS

We first consider the NFTR between two suspended mono-
layer GeSe sheets and restrict the vacuum gap in the range of
d � [10, 2000] nm. Regarding the behavior of extreme NFTR
< 10 nm, some estimations have been made via experiments
and theoretical calculations [55–57]. When the vacuum gap
is pushed to ∼5 nm, the heat transfer of the system would
become a complex coupling process among photons, phonons,
and electrons [57]. In this paper, to avoid this complicated
coupling heat transfer behavior, we chose 10 nm as a min-
imum vacuum gap. As sketched in Fig. 2, we plotted the
normalized RHF Q/Qbb with different electron densities as
a function of the vacuum gap d . Here, Qbb is the black-
body limit and can be given by Qbb(T1, T2) = σSB(T 4

2 −T 4
1 ) ≈

64.36W · m−2, in which σSB is the Stefan-Boltzmann con-
stant. Figure 2 shows that the GeSe sheet can yield distinct
near-field enhancement on RHF at a small vacuum gap.
Specifically, for a vacuum gap of 10 nm and an electron
density of 4 × 1012 cm–2, the RHF can exceed the blackbody
limit by four orders of magnitude, even surpassing that of a
graphene sheet with the same electron density (1300 Qbb) by
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11.21 times. However, as the vacuum gap increases, the RHF
between the monolayer GeSe sheets exhibits drastic attenua-
tion, and the attenuation tendency gradually transitions from
d−1 to d−3. When the vacuum gap is restricted to the range
of 1000–2000 nm, there is no longer a near-field enhancement
effect; that is, this GeSe system yields only an extremely weak
RHF (smaller than Qbb), as shown in Fig. 2. The origin of
the drastic attenuation can be explained by the two effects: (i)
the evanescent wave is easily filtered by a large vacuum gap,
resulting in a very weak contribution to the thermal radiation;
(ii) due to the optically transparent property, monolayer GeSe
cannot effectively absorb propagating waves. As a result, for
the vacuum gap of 2000 nm, the RHF between GeSe sheets
is significantly smaller than the blackbody limit. Note that
the one important aspect of the optical properties of the GeSe
sheet is the dependence of the electron density, which can be
modulated electrically by introducing external voltage biases
[58,59]. In our analysis, the electron density is set in the
range of ni ∈ [4, 14] × 1012 cm–2, which is reasonable in the
practical synthesis [6].

As shown in Fig. 2, we first notice that, at the deep near
field (i.e., the vacuum gap is < 100 nm), the RHF of GeSe is
strongly suppressed by the electron density. For example, for
d = 10 nm, as the electron density increases from 4 × 1012 to
1.4 × 1013 cm–2, the RHF decreases rapidly from 14 577 Qbb

to 2763 Qbb, and the reduction rate can be as low as 0.19.
Moreover, as shown in Fig. 2, the RHF at different vacuum
gaps has different responses to the electron density. As the
vacuum gap increases to 110 nm, the modulation effect of
electron density on RHF is very weak. The maximum percent-
age of the RHF variation is only 11% (from 265Qbb at 4 ×
1012 cm–2 to 294Qbb at 8 × 1012 cm–2). Figure 2 shows that
there exists a critical vacuum gap around d = 110 nm, where
the suppression effect of electron density on thermal radiation
would turn into an enhancement effect as the vacuum gap goes
beyond the transition point. That is, at the larger gap size,
the thermal radiation at higher electron density begins to out-
perform the ones with low electron density. For d = 200 nm,
the RHF can increase from 61Qbb at ni = 4 × 1012 cm–2 to
89Qbb at ni = 1.4 × 1013 cm–2, ∼1.45 times. As the vacuum
gap further increases, the amplification effect of electron den-
sity on thermal radiation would be improved rapidly [e.g.,
Q(4 × 1012 cm–2)/Q(1.4 × 1013 cm–2) ≈ 2.89 at ∼2 μm].

For more visual observation of the effect of electron den-
sity on the NFTR, we exhibit the spectral RHF for a gap
d = 10 and 200 nm with various electron densities, respec-
tively, in Figs. 3(a) and 3(b). In Fig. 3(a), for d = 10 nm,
the spectral RHF for ni = 4 × 1012 cm–2 can yield a peak as
high as 5.24 nW m–2 rad–1 s, whereas the maximum of the
spectral RHF reduces drastically with increases in ni. The
maxima of spectral RHF decrease to values of 2.63, 1.66,
1.17, and 0.91 nW m–2 rad–1 s for ni = 6 × 1012, 8 × 1012,
1013, and 1.2 × 1013 cm–2, respectively, thereby decreasing
conspicuously the RHF. Conversely, Fig. 3(a) shows that the
influence of the electron density on the spectral bandwidth is
negligible for d = 10 nm, where the horizontal arrow denotes
the bandwidth defined by the full width at half maximum. For
the scenario with a larger vacuum gap as sketched in Fig. 3(b),
it can be first found that the spectral RHF redshifts to the lower
frequencies compared with lower gap under the same electron

FIG. 3. Spectral radiative heat fluxes (RHFs) for a vacuum
gap of (a) d = 10 nm and (b) d = 200 nm. Different line col-
ors indicate different electron densities of GeSe sheet: ni = 4 ×
1012 cm–2 (red), ni = 6 × 1012 cm–2 (orange), ni = 8 × 1012 cm–2

(green), ni = 1013 cm–2 (azure), ni = 1.2 × 1013 cm–2 (blue), and
ni = 1.4 × 1013 cm–2 (purple). The temperature difference between
receiver and emitter is 10 K.

density. Moreover, when the vacuum gap increases from 10
to 200 nm, the spectral RHF is reduced significantly. This is
the main reason why the thermal radiation with larger vacuum
gap is inferior to that of smaller vacuum gap. Physically, it can
be explained by the fact that, due to the exponential decay of
evanescent waves in vacuum, a larger vacuum gap effectively
isolates the coupling between evanescent waves of the emitter
and receiver, and therefore, its corresponding contribution to
the spectral RHF decreases, as shown in Fig. 3. On the other
hand, as shown in Fig. 3, unlike the case at the lower vacuum
gap, there is a strong positive correlation between the spectral
bandwidth and electron density for d = 200 nm. Although the
spectral peak decreases with the increasing of ni, the broader
spectral bandwidth can effectively improve the RHF of this
system.

To get insight into the physical mechanism of the NFTR of
monolayer GeSe, we turn to the PTC and plasmon polariton
dispersions. In Figs. 4(a) and 4(b), we calculate the PTC
distributions for monolayer GeSe with d = 10 nm along the x
axis [ξ (ω, kx, 0)] and y axis [ξ (ω, ky, 0)], at electron densities
of 4 × 1012, 6 × 1012, 1013, and 1.4 × 1013 cm–2. The wave
vectors along the x and y axes are normalized by the wave
vector in vacuum k0 = ω/c, at which c is the velocity of light
in vacuum. As sketched in Figs. 4(a) and 4(b), it can first
be found that the bright branches along the x and y direc-
tions exhibit great difference. For example, for the electron
density of 4 × 1012 cm–2, in Fig. 4(a), the bright branches
along the x axis possess a low wave vector region and a
broad frequency bandwidth that can extend to 0.35 eV/h̄. By
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FIG. 4. Photonic tunneling coefficients (PTCs) with different electron densities along (a) the x axis and (b) the y axis. The isofrequency
PTC at frequency of 0.1 eV/h̄ with an electron density of (c) 4 × 1012, (d) 6 × 1012, (e) 1 × 1013, and (f) 1.4 × 1013 cm–2. The vacuum gap is
d = 10 nm. The blue dotted curves represent the polaritons dispersion of antisymmetric and symmetric mode. The dotted curves represent the
polaritons dispersion of the monolayer GeSe.

contrast, as shown in Fig. 4(b), although those along the y
axis are located in the narrow frequency bandwidth, a higher
wave vector region of up to 500 k0 can effectively improve the
NFTR, especially in the low frequency region. The physical
mechanism of this anisotropy along the x and y directions
can be revealed by an analysis of the optical conductivity of
a monolayer GeSe sheet. We show the imaginary part of the
optical conductivity with different electron densities along the
x and y axes, respectively, in Figs. 5(a) and 5(b). In all cases,
the optical conductivity of the x axis is much larger than that
of the y axis, which can be attributed to the difference of the
effective mass of electrons between x and y axes. Note that
larger effective mass of electrons can excite stronger collective
charge oscillations, hence featuring a robust response branch
and higher wave vector region, as shown in Fig. 5(b).

Meanwhile, as sketched in Figs. 4(c)–4(f), the isofrequency
PTCs ξ (ω, kx, ky) exhibit a quasi-elliptical topological struc-
ture, which is consistent with the results predicted by the
optical conductivity (Im[σxx] > 0 and Im[σyy] > 0)) in Fig. 5.
Moreover, as sketched in Figs. 4(a) and 4(b), because of
the hybridization mechanism between the SPPs of top and
bottom vacuum/GeSe interfaces, two bright branches, i.e., the
antisymmetric and symmetric modes, appear. To confirm that

FIG. 5. Imaginary part of the optical conductivity of monolayer
GeSe at different electron densities along (a) the x axis and (b) the y
axis. The values are normalized by σ0 = e2/(4h̄).

quasi-elliptical SPPs dominate indeed the NFTR between two
monolayer GeSe sheets, we exhibit the plasmon polariton
dispersion of monolayer GeSe along the x and y directions in
Figs. 4(a) and 4(b), respectively. It is shown that all these dot-
ted curves are unambiguously located between the symmetric
and antisymmetric modes, which clearly proves that quasi-
elliptical SPPs are responsible for the NFTR in this structure.
Moreover, with an increase in the electron density, the bright
branches along the x and y directions indeed move toward the
region of the lower wave vector and become feebler, whereas
their bandwidths gradually extend to a broader frequency re-
gion, as sketched in Figs. 4(a) and 4(b). To further understand
this result, we also show the plasmon polariton dispersions of
the GeSe monolayer along the x and y directions at different
electron densities. These dispersion curves move toward the
region of the lower wave vector monotonically with increas-
ing electron density in Figs. 4(a) and 4(b). Note that this
suppression on the wave vector region can be predicted by
the optical conductivity. We notice in Fig. 5 that, with the
increasing of electron density, the imaginary part of the optical
conductivity possesses a higher value, hence increasing the
electromagnetic loss and inhibiting the excitation of SPPs at a
high wave vector. This also explains unambiguously why the
spectral RHF shows a monotonically decreasing trend with
an increase in electron density at a vacuum gap of 10 nm, in
Fig. 3(a). Meanwhile, for a larger vacuum gap, the large wave
vector region of monolayer GeSe with low electron density
is easily filtered by vacuum, narrowing the bandwidth of the
spectral RHF, as shown in Fig. 3(b).

Note that, as a convenient method of thermal modulation,
controlling the relative azimuth between the receiver and
emitter (i.e., rotating mechanically the bottom medium) not
only effectively controls the NFTR between two anisotropic
media but also avoids the introduction of external elements
that interfere with the NFTR, such as electrodes and so
on [60]. For instance, Liu et al. [31] demonstrated a non-
contact thermal modulator based on the mechanical rotation
between natural van der Waals materials and found that
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FIG. 6. (a) Top view of the bottom monolayer GeSe sheet at a
rotation angle of � with respect to the y axis. (b) Tunable factor η

corresponding to the twisted monolayer GeSe system with various
electron densities. The vacuum gap is fixed as 10 nm.

this thermal modulator can support a high tunable factor
[η = 1−Q(�)/Q(0◦)], reaching > 0.52 at a gap distance of
10 nm. As shown in Fig. 6(a), through rotating the bottom
monolayer GeSe sheet by an angle of � with respect to the
y axis, the symmetry between two monolayer GeSe sheets
would be destroyed, thus effectively regulating the NFTR of
this system. In what follows, we analyze in detail the perfor-
mance of using the mechanical rotation to control the NFTR
between two monolayer GeSe sheets. Here, we normalize the
modulation effect of mechanical rotation on the NFTR as a
tunable factor for a fixed electron density.

As shown in Fig. 6(b), the tunable factor increases along
with the rotation angle for all electron densities, implying the
RHF exhibits monotonic attenuation vs the rotation angle. For
larger electron density of 1.4 × 1013 cm–2, while the bottom
monolayer GeSe sheet is twisted through the external me-
chanical torque, the tunable factor can elevate up to 0.39 for
� = 90◦, which implies that the NFTR between two mono-
layer GeSe sheets can be modulated effectively by the rotation
angle. As the electron density enters the lower doping region,
Fig. 6(b) shows that compared with the configurations at high
electron density, the mechanical rotation can yield more effi-
cient modulation on the thermal radiation of the monolayer
GeSe. For instance, when the electron density is doped to
4 × 1012 cm–2, we find that the maximal tunable factor can
be raised to 0.56, as sketched in Fig. 6(b). To understand
clearly the modulation effect of mechanical rotation on the
NFTR, the spectral RHFs for an electron density ni = 4 ×
1012 and 1.4 × 1013 cm–2 with different mechanical rotation
angles are shown in Fig. 7. It can be found that the spectral
RHF decreases rapidly with the increasing rotation angle, and
its maximum possesses an obvious decrease from 5.27 to
2.32 nW m–2 rad–1 s; that is nearly 0.44 times. This can also
contribute to the understanding of the high-efficiency modu-
lation effect of mechanical rotation on RHF at lower electron
density. While we further dope GeSe to 1.4 × 1013 cm–2,
the decreasing trend of spectral RHF induced by mechanical
rotation is significantly weaker, in which the maximum of

FIG. 7. Spectral radiative heat fluxes (RHFs) with electron den-
sity of (a) 4 × 1012 cm−2 and (b) 1.4 × 1013 cm−2 for a rotation angle
of 0 °, 30 °, 60 °, and 90 °. The vacuum gap is fixed as 10 nm.

spectral RHF only reduces from 0.74 to 0.54 nW m–2 rad–1 s,
as sketched in Fig. 7(b).

To get additional insight into the origin of the modula-
tion effect of mechanical rotation on the NFTR, the PTCs
between two monolayer GeSe sheets with rotation angles of
30º, 60º, and 90º are plotted in Fig. 8. The electron densities of
Figs. 8(a) and 8(b) are fixed to 4 × 1012 and 1.4 × 1013 cm–2,
respectively. The frequency and the vacuum gap are chosen
to be 0.1 eV/h̄ and 10 nm, respectively. Meanwhile, we also
show the plasmon polariton dispersion in Fig. 8, in which the
black and red dotted lines represent the polariton dispersion of
the top and bottom monolayer GeSe sheets for a mechanical
rotation angle of �, respectively. It is clearly demonstrated
that the PTC between two monolayer GeSe sheets can be
significantly influenced while the bottom monolayer GeSe
sheet is rotated by an angle of �. Figure 8(a) shows that,
for ni = 4 × 1012 cm–2, with the increase in the angle, the
high values of PTC can be induced only in the region where
the polariton dispersions between two monolayer GeSe sheets
overlap. It can be explained that, for the lower electron den-
sity, when the polariton dispersion extends to a higher value
of wave vector, the monolayer GeSe sheet could yield a more
pronounced decoupling effect by manipulating the rotation
angle, therefore leading to a noteworthy decrease in RHF, as
indicated in Figs. 6 and 7. In addition, for the higher electron
density, we notice that, as the bottom sheet is rotated, the
PTC between two monolayer GeSe sheets would exhibit a
weaker decoupling phenomenon [see Fig. 8(b)]. This weaker
decoupling remodels the bright branches of the PTC from
elliptical to quasirhombic, in which the optical axis of the po-
lariton dispersions on the top and bottom GeSe sheets always
corresponds to the convex corner of the quasirhombic bright
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FIG. 8. Photonic tunneling coefficients (PTCs) for � = 30◦, 60 °, and 90 ° with electron density of (a) 4 × 1012 cm–2 and (b) 1.4 ×
1013 cm–2. The black and red dotted lines correspond to the plasmon polariton dispersions of the top and bottom monolayer GeSe sheets
with a rotation angle of �, respectively. The vacuum gap is 10 nm. The frequency is 0.1 eV/h̄.

branches. Notably, at ni = 1.4 × 1013cm−2, Fig. 8(b) shows
that, as the rotation angle increases, the region with high
values of PTC in the resonance branch gradually decreases,
which is the main reason responsible for the decreasing NFTR
in Figs. 6 and 7; however, the weaker decoupling cannot
substantively curtail the coupling range between the surface
states of the two monolayer GeSe sheets in k space, thereby
resulting in a smaller modulation effect on the NFTR.

Although suspended 2D material sheets can be realized
technically in experiments, it is difficult to use this suspension
technology in applications in thermal control [61]. Here, 2D
material sheets are generally deposited on a substrate [62–64].
Therefore, as shown in Fig. 9, exploring the NFTR of a
monolayer GeSe sheet on different substrates has a strong
guiding significance for experiments and various application
development. The interference effect of a substrate on the
NFTR of a monolayer GeSe sheet is demonstrated in Fig. 9(a).
To avoid the uncertainty caused by complex polariton hybrid
effect, in this section, the dielectric substrate is chosen as a
nonpolar and nondispersive material. In Fig. 9(a), the RHFs
with various electron densities possess a similar trend with
respect to the dielectric constant εs of the substrate. For exam-
ple, at ni = 4 × 1012 cm−2, it can be observed that the RHF
first exhibits an increasing tendency (from 7726Qbb at εs =
0.1 to 17 332Qbb at εs = 2) and then decreases to 4126Qbb

at εs = 10, as shown in Fig. 9(a). In other words, to ensure
outstanding RHF, the thermal device based on a monolayer
GeSe sheet should avoid a substrate with too large a dielectric
constant. To provide some visual insight into the interference
effect of the substrate on the NFTR, we present in Fig. 9(c)
the spectral RHF of a monolayer GeSe sheet with various
dielectric substrates. Here, the electron density is chosen as
4 × 1012 cm−2. As the dielectric constant of the substrate in-
creases from 0.1 to 10, we can observe that the spectral peak

shows a nonmonotonic dependency vs the dielectric constant.
When the dielectric constant of the substrate is replaced from
0.1 to 2, as shown in Fig. 9(c), the spectral peak increases

FIG. 9. (a) Radiative heat fluxes (RHFs) for the coating system as
a function of the dielectric constant εs of substrate for different elec-
tron densities. (b) Schematic of near-field thermal radiation (NFTR)
of the coating system. (c) Spectral RHF as a function of frequency for
different dielectric substrates with electron density of 4 × 1012 cm–2.
The vacuum gap is d = 10 nm.
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FIG. 10. Photonic tunneling coefficients (PTCs) along the x axis (top column) and the y axis (bottom column) for different dielectric
substrates: (a) εs = 0.1, (b) εs = 2, (c) εs = 3, and (d) εs = 5. The black dash line corresponds to the polariton dispersion of the coating
system. The vacuum gap is d = 10 nm. The electron density is 4 × 1012 cm–2.

from 1.98 to 7.86 nW m–2 rad–1 s, which corresponds to the
sharp increasing in the NFTR in Fig. 9(a); however, as the
dielectric constant increases to 3, although the RHF peaks
at 8.46 nW m−2 rad−1 s, the narrow spectral response dete-
riorates the NFTR between two monolayer GeSe sheets, in
which the spectral bandwidth defined by the full width at half
maximum decreases from 0.086 eV/h̄ at εs = 2 to 0.076 eV/h̄
at εs = 3. With further increase in the dielectric constant of the
substrate, Fig. 9(c) shows the spectral RHF reduces gradually
and is compressed to a narrower frequency region. As a result,
for a dielectric constant of 10, this coating system yields only
the RHF of 4126Qbb.

To provide some physical insight into the interference
effect of a substrate on the NFTR, we present in Fig. 10
the PTCs along the x axis [top column] and y axis [bottom
column] for different dielectric substrates chosen from a set
of εs = 0.1, 2, 3, and 5. The vacuum gap is d = 10 nm.
The electron density is 4 × 1012 cm–2. Under all scenarios,
the plots along the x and y axes exhibit great differences,
in which the bright branches along the x axis occupy in the
region with broad spectral bandwidth and low wave vector.
Moreover, it should be noted that, as the dielectric constant of
the substrate increases from 0.1 to 3, the bright branches along
the x and y axes move toward a larger wave vector, resulting in
increasing spectral peaks. However, continuing to increase the
dielectric constant would lead to a thinner resonance branch
of PTC, thereby considerably reducing the spectral response
of a monolayer GeSe sheet in Fig. 9(b). Meanwhile, as the
dielectric constant of the substrate increases, the bright band
branches corresponding to the symmetric and antisymmetric
modes gradually come close to each other. When the dielectric
constant of the substrate is 5, the symmetrical and antisym-
metric branches of SPPs form a continuous region with a
near-unity value in the ω − kx,y phase space, as shown in
Fig. 10. This is because a substrate with a larger dielectric

constant would effectively interfere with the hybridization
between the SPPs of top and bottom vacuum/GeSe interfaces.
Meanwhile, with the increasing of the substrate dielectric
constant, the resonance branch of PTC and the dispersion
relations along the x and y axes gradually move toward the
low frequency region, as shown in Fig. 10.

IV. CONCLUSIONS

In conclusion, we study the NFTR between two monolayer
GeSe sheets and discover that monolayer GeSe can yield a
giant NFTR that is four orders of magnitude greater than
for a blackbody, even exceeding graphene sheets with the
same electron density by 11.21 times. Through observation
on the photon tunneling coefficient and dispersion relations,
we demonstrate the dominant role of quasi-elliptic SPPs on
thermal photon tunneling at near- and midinfrared frequency
regions. We further propose that the NFTR of monolayer
GeSe could be controlled effectively through the electron
density and mechanical rotation. It is found that high electron
density in monolayer GeSe greatly restrains the exciting of the
quasi-elliptic SPPs modes with a high wave vector, allowing
the heat flux to be decreased effectively. Moreover, with the
decreasing of electron density, the decoupling effect induced
by mechanical rotation can be enhanced, achieving more ef-
fective active control of the NFTR. Finally, the interference
effect of the substrate on the NFTR of monolayer GeSe is
explored. It is shown that the coating structure exhibits a
nonmonotonic dependency of its thermal radiation on the
dielectric constant of the substrate. The underlying mecha-
nism is mainly attributed to the higher wave vector of the
SPPs with a bigger dielectric constant of the substrate. Our
results not only firstly give insight into the NFTR between the
GeSe sheets, i.e., a natural 2D semiconductor with intrinsic in-
plane anisotropy, but also pave the way to apply GeSe-based
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materials for active thermal management in nanoelectronics,
optoelectronics, and thermoelectricity.
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