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Unlike the electrical conductance that can be widely modulated within the same material even in
deep-subwavelength devices, tuning the thermal conductance within a single material system or nanos-
tructure is extremely challenging and requires a large-scale device. This prohibits the realization of robust
on/off states in switching the flow of thermal currents. Here, we present the theory of a thermal switch
based on resonant coupling of three photonic resonators, in analogy to the field-effect electronic transistor
composed of a source, a gate, and a drain. As a material platform, we capitalize on the extreme tun-
ability and low-loss resonances observed in the dielectric function of monolayer hexagonal boron nitride
(h-BN) under controlled strain. We derive the dielectric function of h-BN from first principles, including
the phonon-polariton line widths computed by considering phonon-isotope and anharmonic phonon-
phonon scattering. Subsequently, we propose a strain-controlled h-BN–based thermal switch that mod-
ulates the thermal conductance by more than an order of magnitude, corresponding to a contrast ratio in
the thermal conductance of 98%, in a deep-subwavelength nanostructure.
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I. INTRODUCTION

Control of the flow of a thermal current is of critical
importance in all applications that require thermal reg-
ulation and efficient dissipation of heat [1], as well as
in energy-harvesting systems [2–5] and thermal circuitry
[6,7]. To achieve this, one ought to gain active control
over the thermal conductance of devices. Previous efforts
to modulate the thermal conductance have focused largely
on tailoring the propagation characteristics of acoustic
phonons. The long wavelength of acoustic phonons, how-
ever, restricts the down-scaling of thermal modulators to
the order of micrometers [8–10]. Various physical effects
have been exploited, including temperature-dependent
material properties [11], defects and guest ions [12–14],
and mechanical deformation [13,15] in materials such as
polymers, thermoelectrics [16], and phase-change materi-
als [11,17], as well as in composite nanostructures [18].
Despite previous efforts, however, the reported contrast
ratios of thermal-conductance modulation remain well
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below an order of magnitude, prohibiting the clear distinc-
tion between on and off thermal states. In contrast, the
electrical conductance can be tuned by more than 10 orders
of magnitude within the same material system, even for
devices on a single-nanometer scale [19,20]. This allows
excellent control of electrical currents and has led to the
ubiquitous electronic transistor [21]. A field-effect transis-
tor (FET) serves as a switch of electric currents based on
electrostatic modulation of a nanoscale conductive channel
(gate), a functionality that lies at the cornerstone of modern
optoelectronics. It is highly desirable to gain better control
of the thermal conductance in order to achieve a similar
degree of control over the flow of heat in the nanoscale.

Here, we propose a nanoscale thermal switch that can
modulate the thermal conductance by more than an order
of magnitude, thereby achieving a tunability ratio of the
thermal conductance as high as 98%. Our switch con-
sists of three resonators that serve similar functionalities
as the source, gate, and drain of its electronic counterpart,
the FET. We show that thermal modulation can occur in
a deep-subwavelength configuration over a transfer dis-
tance of a few tens of nanometers. To achieve this, the
source and drain do not have material contact; thus the
transfer mechanism is radiative, using photons in vacuum.
Previous approaches with radiative heat have examined
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a number of material systems and tuning mechanisms,
including phase-change materials [7,22–26], electrostat-
ically tunable materials [27], magneto-optically induced
tunability [28–31], nonlinear processes [32,33], ferromag-
netic materials [34], and others. In contrast, in Sec. II of
this work, we carry out a general analysis on the basis of
coupled-mode theory and identify the fundamental physi-
cal properties required for efficient switching of radiative
heat. We conclude that low-loss and ultra-narrow-band
(i.e., high-quality factor) electromagnetic resonances are
key for efficient switching of radiative heat. These results
are to be contrasted with previous considerations based
on the temperature-dependent emissivity of phase-change
tunable materials, where the contrast ratio is far smaller,
since the emissivity of phase change materials typically
has a much broader bandwidth [7,22].

In our search for a suitable material system for employ-
ing our concept of thermal switching, we leverage the
low-loss and narrow-band response of monolayer hexag-
onal boron nitride (h-BN) near the longitudinal-optical
(LO) phonon frequency [35]. Significant progress has
recently been made regarding the mechanical properties
of h-BN [36–38]. Recent findings have shown a strong
sensitivity of the LO frequency of h-BN to the in-plane
strain [39]. In Sec. III, we derive the strain-dependent
dielectric response of h-BN entirely ab initio, including
the phonon-polariton frequency and linewidth. We find
that the LO frequency red shifts by approximately 1 meV
per 0.1% change in the lattice constant. Based on these
findings, in Sec. IV we propose a h-BN–based photonic
thermal switch that can achieve significant tuning of the
near-field radiative thermal conductance. This switch can
modulate the heat transfer by more than an order of mag-
nitude, with a thermal-conductance tunability exceeding
98%. We note that recently, strain-tunable near-field heat
transfer with monolayer black phosphorus has been con-
sidered [40]. However, as we discuss below, the broadband
characteristics of plasmons in black phosphorus are not
ideal for tuning radiative heat transfer. By contrast, here
we show modulation of the thermal conductance by more
than an order of magnitude, enabled by the narrow-band
characteristics of the LO phonon of h-BN.

II. THEORY OF A THREE-RESONATOR-BASED
THERMAL SWITCH

We illustrate the mechanism for high-contrast thermal
switching by considering a theoretical model of three pho-
tonic resonators, as displayed in Fig. 1. In parallel to the
electronic transistor that functions by controlling the cur-
rent that runs from the source to the drain via the gate,
resonator S represents the source, resonator G represents
the gate, and resonator D is the drain and we are interested
in the thermal current received by the drain, JD. The gate
is subject to a tuning mechanism of its physical property
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FIG. 1. The concept of a photonic thermal switch based on res-
onant coupling between thermally excited modes. Resonator S
represents the source, resonator G the gate, and resonator D the
drain.

XG that allows active modulation of JD. We note that pre-
vious work in Ref. [7] has considered a similar geometry
for modulating thermal currents; however, the principle of
operation in Ref. [7] is the phase-change of a gate com-
posed of VO2 and does not depend on resonant coupling.
Here, in contrast, we carry out an analytical theory of a
three-resonator-based thermal switch and lay out general
requirements for achieving large thermal tunability for any
physical property XG, as long as XG manifests itself as a
change in the electromagnetic modes supported in the gate.

In the system of Fig. 1, resonators S, G, and D are
electromagnetically coupled. Hence, assuming that at each
resonator alone there exists a localized electromagnetic
mode with amplitude αi, for i = S, G, D, this system can
be described by coupled-mode theory (CMT) [41]. Let
us assume that each mode has an intrinsic decay rate
described by γi and a resonant frequency ωi, i = S, G, D.
Via the fluctuation-dissipation theorem, assuming that
each resonator is at a nonzero temperature Ti, the intrinsic
loss of each mode suggests that it is coupled to a compen-
sating noise source, ni [22,42]. Since the gate is subject to a
tuning mechanism of its physical property XG, ωG depends
on XG and we write ωG = ωG(XG). The coupled-mode
equations of this system are

dαS/dt = iωSαS − γSαS + 2
√

γSnS + iκSGαG + iκSDαD,

dαG/dt = iωG(XG)αG − γGαG + 2
√

γGnG + iκ∗
SGαS

+ iκGDαD, (1)

dαD/dt = iωDαD − γDαD + 2
√

γDnD + iκ∗
SDαS + iκ∗

GDαG,

where we normalize the amplitude of each mode so that
|αi|2 expresses its energy. In Eq. (1), the parameters κij ,
for i �= j , express the coupling rate between modes i and j .
The correlation of the noise sources is given by

〈ni(ω)n∗
i (ω

′
)〉 = �(ω, Ti)2πδ(ω − ω

′
), (2)
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for i = S, G, D. Here, �(ω, Ti) is the mean thermal energy
in a photon mode at a single frequency ω, given by

�(ω, Ti) = �ω

e�ω/kT − 1
. (3)

Assuming harmonic fields (approximately eiωt), the system
of equations in Eq. (1) can be solved to compute αi(t), for
i = S, G, D (see the Appendix). This system of equations
accounts for the coupling between the modes supported at
each resonator. With this coupling, the eigenmodes of the
system become hybridized or delocalized and their energy
is distributed among the three resonators.

Due to the electromagnetic coupling between each pair
of resonators, JD has two components: one arising from its
thermal exchange with the source, JSD, and another from
its thermal exchange with the gate, JGD. Let us assume that
TS > TG > TD. In units of energy, we have

JD =
∫ ∞

−∞
JD(ω)dω =

∫ ∞

−∞
[JSD(ω) + JGD(ω)]dω, (4)

where the spectral heat (which is not the Fourier transform
of JD) flux JD(ω) consists of the components

JSD(ω) = 1
2π2 Im[κSD〈αS(ω)∗αD(ω)〉],

JGD(ω) = 1
2π2 Im[κGD〈αG(ω)∗αD(ω)〉].

(5)

In order to identify the conditions for high-contrast ther-
mal switching of JD via tuning of the property XG, let us
examine a symmetric switch. In this case, the resonant fre-
quencies of the modes in the source and drain are the same,
i.e., ωS = ωD, and, furthermore, κSG = κGD = κ . We also
assume that κSD = 0 such that there is no direct coupling
between the source and the drain and JSD = 0; we note,
however, that this assumption is lifted in the numerical
results of Sec. IV. Finally, we assume the same loss rate
for all modes, i.e., that γS = γG = γD = γ . By solving the
system of equations in Eqs. (1) and (2), we obtain JD(ω)

in the on and off states of the thermal switch (see the
Appendix). In the on state, the mode of the gate is spec-
trally aligned with those of the source and drain; therefore,
ωG = ωS. In contrast, in the off state, ωG ought to max-
imally deviate from ωS via the tuning mechanism XG. To
evaluate the integration in Eq. (4) analytically, we assume
that the loss rate (γ ) and the coupling constant (κ) are small
with respect to the thermal energy (kT). The integration of
Eq. (4) yields the total current JD, which, in the on state, is

JD,on = κ2γ

[
	�S,D

κ2 + 2γ 2 + 	�G,D

2(2κ2 + γ 2)
− 	�S,G

2(2κ2 + γ 2)

]
.

(6)
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FIG. 2. The concept of the mechanism that leads to a large
on/off ratio in the thermal-switch configuration described in
Fig. 1: (a),(b) pertaining to on and off states for a symmetric
switch with small loss rate γsmall; (c),(d) corresponding to the
same symmetric switch with the same 	ω, for a large loss rate
γlarge = 20γsmall.

In contrast, in the off state, JD is

JD,off = 2κ2γ

	ω2 + 4γ 2

[
κ2 + 2γ 2

2(κ4/	ω2 + γ 2)
	�S,D

+ 	�G,D − 	�S,G

]
. (7)

In Eq. (6), ωG = ωS, whereas in Eq. (7), 	ω = ωG − ωS.
Equations (6) and (7) describe how the on and off currents
depend on the loss rate, γ , and frequency detuning, 	ω.
We qualitatively discuss this dependence in Fig. 2. As can
be seen via Eq. (7), as the magnitude of 	ω increases, JD,off
decreases, as expected, due to the misalignment between
the resonances of the source and drain with respect to that
of the gate. This is shown in Fig. 2 in the case of a small
γ rate [panels (a) and (b)] and in the case of a large γ rate
[panels (c) and (d)]. For optimal tuning, the current should
be minimized in the off state. This requires narrow reso-
nances such that the overlap between the resonance of the
source and drain with that of the gate is minimal. This is
shown in the off state in Figs. 2(b) and 2(d) for a small
γ and a large γ , respectively. It becomes evident, there-
fore, that a small γ is necessary to suppress JD,off and to
maximize the on/off ratio.

In Eqs. (6) and (7), 	�i,j = �(ωi, Ti) − �(ωj , Tj ),
for i, j = S, G, D. Therefore, the current received by the
drain consists of three components: the thermal exchange
between the source and the drain, that between the gate
and the drain, and that between the source and the gate,
corresponding to the first, second, and third terms in these
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equations, respectively. From the analytical expressions
in Eqs. (6) and (7) and from the discussion in Fig. 2,
therefore, the conditions for optimal thermal switching and
maximum ratio JD,on/JD,off, are (i) large detuning, 	ω, sug-
gesting that ωG ought to differ significantly from ωS, and
(ii) a small loss rate γ .

In the low-loss limit, even a small deviation of ωG with
respect to ωS (i.e., a small 	ω) suffices for efficient thermal
switching. Therefore, an ultra-low-loss system composed
of three resonators can serve as an efficient thermal switch,
provided that an intrinsic property of the gate (XG) can
be tuned sufficiently by some physical mechanism. This
theory explains why various previous considerations of
photon-based thermal switches have reported rather mod-
est contrast ratios [7,22,26,27,34], owning to the high
optical loss associated with most plasmonic and polar
dielectric materials, which induces optical resonances with
large γ . In contrast, in a system with small loss rate γ , by
operating near a photonic resonance of the system, even
small changes in the property XG can yield significant tun-
ing of the thermal current JD. In what follows, we show
that such requirements are satisfied by monolayer h-BN,
via tuning its dielectric properties with in-plane strain.

III. FIRST-PRINCIPLES CALCULATION OF h-BN
OPTICAL CONDUCTIVITY

In the previous section, we show that a fundamental
requirement for an efficient thermal switch is a low-loss
electromagnetic resonance. In search of a material system
that supports such low-loss photonic resonances, we note
that the plasmonic, excitonic, and phononic resonances of
numerous materials become pronounced in their mono-
layer form [43,44]. In particular, monolayer h-BN supports
a low-loss LO phonon in the mid-infrared range, namely
near 170 meV [35,45], which corresponds to the peak of
moderate-temperature thermal emission. When coupled to
radiation, the resulting surface phonon polariton (SPhP)
is characterized by a very large quality factor [46,47].
Furthermore, along with other van der Waals material sys-
tems, h-BN exhibits excellent mechanical properties and
can sustain large in-plane deformations without breaking
[36–38]. It has recently been experimentally demonstrated
that small changes in the in-plane lattice constant of mono-
layer h-BN, on the order of 0.2%, can yield a significant
shift of its LO phonon frequency [39], on the order of few
tens of millielectronvolts. The low-loss and strain-tunable
nature of the SPhP mode in h-BN represent ideal char-
acteristics for the implementation of the photonic thermal
switch discussed above.

In this section, we carry out first-principles calculations
of the dielectric function of monolayer h-BN and estimate
the strain-induced shifting of both its phonon frequency,
ωLO, as well as its linewidth, 
LO. The atomic motion asso-
ciated with the LO phonon mode of h-BN introduces a

polarization density and a corresponding electric field [45].
This can be related to the two-dimensional (2D) optical
conductivity, which has the general form [45]

σ(q, ω) = − iω
�

∣∣q̂ · ∑
α Zαηα

∣∣2

ω2
q,LO − ω2 − iω
q,LO

. (8)

Here, q is the wave vector, � is the unit cell area of the
h-BN flake, Zα is the Born effective charge tensor for
atom α in the unit cell, and ηα is the correspond-
ing mass-weighted eigendisplacement of the LO phonon
mode. Overall, the optical conductivity is wave-vector-
dependent; however, here we only consider the response
from the zone center, i.e., the 
 point of the Brillouin zone,
where q → 0.

All quantities in Eq. (8) are computed using first-
principles calculations. The phonon linewidth is deter-
mined by considering scattering of the LO phonon mode
with other phonons and isotopic impurities up to third
order, while omitting higher-order four-phonon scatter-
ing. In principle, all of these phonon properties vary
with temperature; for instance, due to changes in the
lattice constant upon heating. In this work, we only con-
sider temperature effects in the phonon linewidths, where
scattering events are weighted by temperature-dependent
Bose-Einstein occupation factors. In Eq. (8), we set the
line width 
LO to twice the imaginary part of the phonon
self-energy, computed ab initio.

We use the formalism outlined above to model the opti-
cal conductivity [Eq. (8)] as a function of the biaxial
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FIG. 3. (a) The resonance frequency ωLO and (b) the linewidth,

LO, of the longitudinal-optical phonon of monolayer h-BN as a
function of strain, computed ab initio [ [45]; see the discussion
around Eq. (8)]. (c) The real part of the dielectric function of
monolayer h-BN, εh-BN(ω, X ), as a function of the frequency for
different strains, X .
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in-plane strain of monolayer h-BN. In our work, we con-
sider tensile strain relative to the relaxed lattice constant.
In Fig. 3(a), we show the evolution of the LO phonon
frequency as a function of the tensile strain of up to 1%.
Similar to previous work [39,48], we find that the phonon
frequency linearly red shifts with increasing tensile strain,
with a slope of −6.8 meV/%, in agreement with exper-
iments [39]. This red shift is anticipated based on the
increase of the phonon oscillation amplitude with strain. In
Fig. 3(b), we show the linewidth of the LO phonon, which
is the sum of two terms, arising from isotope scattering and
the phonon-phonon scattering (see the Appendix).

Based on the computed conductivity of Eq. (8), we
estimate the dielectric function of h-BN via εh-BN = 1 +
iσh-BN(ω)/(ε0ωt) [49], where ε0 is the dielectric constant
of vacuum and t is the thickness of the h-BN mono-
layer, taken as t = 0.317 nm [50]. As can be seen from
Fig. 3(c), the LO phonon results in a Lorentzian-shaped
dielectric function that is ultranarrow band and highly tun-
able with strain. In what follows, we leverage the low-loss
LO resonance and extreme tunability of h-BN monolayers
with strain to propose an efficient and deep-subwavelength
thermal switch.

IV. RESULTS

In the previous section, we demonstrate the significant
red shift of the LO phonon frequency and associated LO
linewidth increase with in-plane strain in monolayer h-BN
(Fig. 3). In this section, we consider a three-resonator-
based thermal switch composed of h-BN monolayers as
depicted in Fig. 4(a). We consider a separation distance
between h-BN monolayers of d = 20 nm, which is far
smaller than the relevant thermal wavelength. This sug-
gests that the surface-confined SPhP modes supported at
each h-BN monolayer are electromagnetically coupled;
hence their interaction can be described by the formalism
of Sec. II, while accounting for the change in the frequency
and linewidth of the LO phonon mode of the gate h-BN
as described in the previous section. Following the design
principles of Sec. II, here, the physical property that we
tune, termed XG in Sec. II, is the strain of the middle h-BN
layer acting as the gate. The strain in the source and drain,
XS and XD, respectively, remain fixed.

In the thermal switch of Fig. 4(a), the gate–h-BN layer
serves as an ultra-narrow-band filter of thermal radiation,
which controls the passage of a thermal current to the
drain. Following the discussion in Sec. II, the resonant
frequency of the SPhP mode of the gate (ωG) is tunable
with the strain. We note, however, that in the structure of
Fig. 4(a), there exist not only three modes, but in fact six,
because each monolayer supports two modes: a symmet-
ric and an antisymmetric SPhP mode. These six modes
are described by the properties (ωS,s, γS,s), (ωG,s, γG,s),
(ωD,s, γD,s) and (ωS,a, γS,a), (ωG,a, γG,a), and (ωD,a, γD,a),
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FIG. 4. (a) A schematic of the h-BN–based thermal switch
composed of three h-BN monolayers at different strains XS , XG,
and XD. (b) The spectral heat flux to the drain [JD(ω)] for
XS = 0%, XG = 0.5%, and XD = 1%, calculated from coupled-
mode theory (circles) and fluctuational electrodynamics (solid
curve). The triplet of resonances near 0.17 eV and near 0.1925 eV
correspond to the symmetric and antisymmetric SPhP modes,
respectively, which dominate the near-field heat transfer. The
temperatures are set to TS = 500 K, TD = 300 K, and TG =
430 K.

respectively. Due to the low-loss nature of the SPhP modes
in monolayer h-BN, as well as the fact that the asymmetric
SPhP mode occurs at frequencies significantly higher than
the symmetric SPhP mode, we do not consider here the
coupling between symmetric and antisymmetric modes.
Furthermore, we take the temperatures of the source and
drain to be TS = 500 K and TD = 300 K, respectively.

As discussed in Sec. II, the thermal current to the drain
consists of two components, its thermal exchange with
the source and its thermal exchange with the gate, JD =
JSD + JGD [see Eq. (4)]. Following Ref. [51], these ther-
mal power exchanges can be computed with fluctuational
electrodynamics by determining the ensemble average of
the Poynting flux to the drain, while accounting for all
thermally excited fluctuations, namely those of the source,
gate, and drain. The thermal exchange between the source
and the drain is described by

JSD = 1
4π2

∫ ∞

0
�SD(ω)[�(ω, TS) − �(ω, TD)]dω, (9)

where �SD(ω) is given by

�SD(ω) =
∫ ∞

0
ξSD(ω, β)βdβ. (10)
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In Eq. (10), ξSD(ω, β) is the probability that a photon is
transmitted between the source and the drain, in the pres-
ence of the gate, in the setup of Fig. 4(a), and β is the in-
plane wave number. Similarly, by exchanging the subscript
S → G, we can obtain the thermal exchange between the
gate and the drain, JGD, in which case ξGD(ω, β) is the
probability that a photon is transmitted between the gate
and the drain, in the presence of the source. We note that,
in Eq. (10), the spectral integration is taken from 0 to ∞,
as is standard for fluctuational electrodynamics.

In evaluating the CMT formalism developed in Sec. II
with respect to fluctuational electrodynamics, let us first
consider that heat exchange occurs at a single in-plane
wave-number (β) channel, namely for β = 2/d [52]. As
noted in Refs. [22,52], this channel provides the largest
contributions to the near-field heat transfer. We assume
XS = 0%, XG = 0.5%, and XD = 1%, so that the reso-
nant frequencies of the SPhP modes supported at each
h-BN monolayer are easy to distinguish from one another
in Fig. 4(b). To ensure this, we also reduce the phonon
linewidth of h-BN by a factor of 2 with respect to the
results of Fig. 3(b), for the sake of clearly demonstrating
the interaction of the SPhP modes in this system. [We note
that, for the numerical results in Figs. 5–8, obtained via
fluctuational electrodynamics, we use the 
LO shown in
Fig. 3(b).] These choices yield two distinct triplets of peaks
in the spectral heat exchange shown in Fig. 4(b), where
the CMT result is shown with the circles, while the result
with fluctuational electrodynamics is plotted with the solid
curve. The triplet of peaks centered around 0.165 eV arises
from the excitation of the symmetric SPhP mode at each h-
BN monolayer, whereas the triplet of peaks near 0.19 eV
corresponds to the antisymmetric SPhP modes. For each
triplet of peaks, the high-frequency one corresponds to
the source (XS = 0%), the intermediate peak corresponds
to the gate (XG = 0.5%), and the low-frequency one cor-
responds to the drain (XD = 1%), as expected, since the
dielectric function of h-BN red shifts as strain increases
[Fig. 3(a)].

The parameters ωS,s/a, ωG,s/a, and ωD,s/a, representing
the symmetric and/or antisymmetric resonant frequencies
of the SPhP modes in the source, gate, and drain, respec-
tively, as shown in Fig. 4(b), are initially estimated from
the single-slab SPhP dispersion relation via the reflection-
pole method [53]. Furthermore, the upper bound of the
loss rate of an electromagnetic mode supported in a single-
mode nanostructure is half of its material loss rate in the
Lorentz-Drude model [54]. Therefore, since these h-BN
monolayers constitute extremely low-loss systems, we take
the loss rates of the modes to be γS,s/a = 
LO,S/2, γG,s/a =

LO,G/2, and γD,s/a = 
LO,D/2, where 
LO,S/G/D is the LO
phonon linewidth of h-BN at the source, gate, and drain,
respectively, normalized here by a factor of 2 for the sake
of clearly demonstrating the physics as mentioned above.
The coupling rates (κSD, κGD, and κSG) as well as the final

values of the mode resonant frequencies and loss rates, are
determined via curve fitting of the CMT model to the result
with fluctuational electrodynamics. These are provided in
the Appendix. As can be seen in Fig. 4(b), the CMT model
is in good agreement with fluctuational electrodynamics.
This shows the validity of the CMT formalism in describ-
ing the physics of the triplet of resonators in Fig. 4(a).
The small discrepancy between the CMT model and the
result obtained with fluctuational electrodynamics origi-
nates from the weak, yet not negligible, coupling between
the symmetric and antisymmetric SPhP modes, which the
CMT model ignores.

Now that we have established the validity of the CMT
formalism that lays the fundamental requirements for an
optimal thermal switch, introduced in Sec. II, we proceed
in evaluating the performance of the h-BN thermal switch
in terms of tunability of the thermal current to the drain,
JD, computed via fluctuational electrodynamics (see the
computational package in Ref. [55]). We will consider two
cases: a “symmetric” case, for which XS = XD = 0%, and
an “asymmetric” case, for which XS = 0% while XD =
1%. The strain in the gate is tuned between 0% ≤ XG
≤ 1%.

An efficient thermal switch ought to operate with min-
imum current passing through its gate [6,7,56]. This cur-
rent is given by JG = JGS + JGD, where JGS and JGD can
be obtained by the appropriate interchange of indices in
Eqs. (9) and (10). As dictated by thermal equilibrium, the
condition JG = 0 determines the temperature of the gate,
TG, in the results that follow. Due to the very narrow band-
width of the dielectric resonance of h-BN near its LO
phonon [Figs. 3(b) and 3(c)], we evaluate the integrals of
Eq. (9) at ωG = ωLO,G [as shown in Fig. 3(a)]. Hence, the
condition JG = 0 is evaluated by

n(ωG, TG) = n(ωG, TS)�GS(ωG) + n(ωG, TD)�GD(ωG)

�GS(ωG) + �GD(ωG)
,

(11)

where n(ω, T) = (e�ω/kT − 1)−1 is the photon occupation
number.

Equation (11) determines the temperature of the gate
for minimizing JG. In the symmetric switch, �GS = �GD
due to symmetry with respect to the plane of the gate–h-
BN [see Fig. 4(a)]; therefore, the condition in Eq. (11)
reduces to n(ωG, TG) = [n(ωG, TS) + n(ωG, TD)]/2. In this
case, TG remains roughly constant at TG = 430 K for all
levels of strain in the gate. We show in Fig. 5(a) the ther-
mal currents JD and JG, where it can be seen that JD is
tuned by more than an order of magnitude as the gate–h-
BN is strained, while JG remains 2 orders of magnitude
smaller than JD.

As expected, the maximum heat transfer occurs when
the SPhP frequencies in the source, gate, and drain are
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FIG. 5. The thermal currents JD and JG as a function of the
strain in the gate, XG: (a) for the symmetric structure for TG =
430 K, which minimizes JG; (b) for the asymmetric structure for
a floating TG (inset) that minimizes JG; (c) for the asymmetric
structure for TG = 430 K. (d) The thermal conductance ρ as a
function of the strain in the gate for the cases in the following
panels: (a) black, near T = 430 K, (b) blue, near T = TG [see
inset in (b)], and (c) green near T = 430 K , respectively.

spectrally overlapping, i.e., when the three h-BN monolay-
ers are at the same level of strain. Since XS = XD = 0%,
this is achieved when XG is also 0%. The decrease in JD
with the strain that is shown in Fig. 5(a) can be explained
by considering Eq. (6), where it is shown that as ωG devi-
ates from ωS—in other words, as the gate h-BN monolayer
is strained—the heat transfer decreases. As shown from
Fig. 5(a), indeed, as XG increases, the thermal current to the
gate decreases as a result of the spectral mismatch between
the resonance frequency of the source and drain h-BN with
respect to that of the gate.

These findings can also be seen in the spectral heat flux
JD(ω) of Fig. 6(b). At XG = 0 (black curve), the two dis-
tinct peaks near 0.17 eV and near 0.195 eV correspond
to the symmetric and antisymmetric modes that are sup-
ported in the source, gate, and drain, simultaneously. The
spectral position of the symmetric mode is aligned with the
condition εh-BN(ωLO, 0%) = −1, as shown with the black
curve in Fig. 6(a). As XG increases to 0.5%, the dielec-
tric function of the gate–h-BN red shifts [cyan curve in
Fig. 6(a)] and the spectral heat flux exhibits an additional
set of symmetric and antisymmetric peaks as shown in
Fig. 6(b) (cyan curve). The amplitude of this spectrum is
smaller than in the case of XG = 0%, as expected due to the
spectral misalignment between the SPhP of the gate with
respect to those of the source and drain. For XG = 1%, the
dielectric function of the gate–h-BN red shifts even more,
as shown with the red curve in Fig. 6(a). Hence, the ampli-
tude of the spectral heat flux shown with the red curve
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FIG. 6. (a) The real part of the dielectric function of mono-
layer h-BN for different strains. (b),(c) The spectral heat flux
to the drain [JD(ω)] for the symmetric and asymmetric thermal
switches, respectively, for TS = 500 K, TD = 300 K, and TG =
430 K. The black curves pertain to XG = 0%, the cyan curves
pertain to XG = 0.5%, and the red curves pertain to XG = 1%.

in Fig. 6(b) reduces even more, as a result of the spectral
mismatch between the SPhP of the gate with those of the
source and drain.

In Fig. 5(d), we plot the thermal conductance, defined as

ρ(T) = 1
4π2

∫ ∞

0
�(ω)

∂�(ω, T)

∂T
dω, (12)

where �(ω) = �SD(ω) + �GD(ω). With the black curve,
we show the thermal conductance of the symmetric struc-
ture discussed in panel (a), for T near 340 K, the tempera-
ture of the gate. As can be seen, the thermal conductance
is tunable by more than an order of magnitude as the
gate–h-BN is strained from XG = 0% to XG = 1%. The
corresponding peak tunability of thermal conductance is
96%; therefore, this thermal switch can significantly sup-
press and enhance heat transfer preferentially via strain.
The absolute thermal currents in the on and off states are,
respectively, 40 μW/m2 and 1.6 μW/m2, yielding an on/off
ratio of currents of 25.

Panels (b) and (c) in Fig. 5 pertain to the asymmetric
structure for which XS = 0%, while XD = 1%. In panel (b),
the temperature of the gate is selected such that the cur-
rent through the gate is minimized, whereas in panel (c),
TG = 430 K. In the inset of Fig. 5(b), we show the depen-
dence of TG on the strain in the gate for minimizing JG [Eq.
(11)]. The decrease in TG with the strain can be understood
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FIG. 7. (a) The thermal currents JD and JG as a function of the
strain in the gate, for the photonic thermal switch with tungsten
substrates on the source and the drain. (b) The corresponding
thermal conductance ρ near T = 885 K. (c) The spectral heat
flux to the drain [JD(ω)], for TS = 1000 K and TD = 800 K.
The black curve pertains to XG = 0%, the cyan curve pertains
to XG = 0.5%, and the red curve pertains to XG = 1%. The
temperature of the gate, TG, floats such that JG = 0.

as follows. As mentioned previously, JG = JGS + JGD. As
the strain in the gate increases, ξGS decreases, since the
strain in the gate deviates from that of the source (XS =
0%). However, as XG increases, ξGD increases because the
strain in the gate approaches that of the drain (XD = 1%).
Therefore, the resonant frequencies of the gate and drain
align. To keep JGD small, therefore, as the strain in the gate
increases, its temperature must approach that of the drain
[see Eq. (9) for S → G].

As can be seen in Fig. 5(b), JD is tunable by more than 2
orders of magnitude, while JG remains significantly below
JD for all levels of strain in the gate. In panel (d), we show,
with the cyan color, the thermal conductance for T near
TG, as shown in the inset of panel (b). In this case, the
thermal conductance can be tuned from 57 mW/m2K to
1 mW/m2K. This corresponds to a maximum tunability of
the thermal conductance of 98%, while the absolute values
of thermal current in the on and off states are 25.3 μW/m2

and 0.3 μW/m2, respectively, yielding an on/off contrast
ratio of currents of 84.3.

In Fig. 5(c), we show how the asymmetric thermal
switch operates when TG is fixed at TG = 430 K. In this
case, we obtain a thermal current JD(XG) that is symmetric
with respect to XG = 0.5%. This is expected, since at XG =
0% the SPhP mode of the gate is spectrally aligned with
that of the source (corresponding to JD,on = 25.3 μW/m2),
as shown with the black curve in the spectral heat flux
of Fig. 6(c), whereas at XG = 1% it is aligned with the
SPhP mode of the drain, as shown with the red curve in
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FIG. 8. The summarized results of all the cases considered.
The relative change in the thermal conductance, as defined in
Eq. (12), with respect to its value at XG = 0%. The black curve
corresponds to the results of Fig. 5(a), the symmetric configu-
ration of the free-standing h-BN monolayers, whereas the blue
curve corresponds to the results of Fig. 5(b), the asymmetric con-
figuration of free-standing h-BN monolayers, both for a floating
temperature of the gate. The green curve pertains to the results
of Fig. 5(c), the same asymmetric configuration for a fixed TG.
Finally, the red curve corresponds to the results of Fig. 7, in
which case a tungsten substrate is considered adjacent to the
source and drain h-BN monolayers.

Fig. 6(c). At XG = 0.5%, heat flux is at its minimum (cor-
responding to JD,off = 1.1 μW/m2) because the SPhP mode
of the gate does not align with either the source or the
drain. This leads to three peaks in the spectral heat flux of
Fig. 6(c) (cyan curve) for the symmetric SPhP modes: one
for the drain, one for the gate, and one for the source, and,
similarly, three peaks for the antisymmetric SPhP modes.
The thermal conductance of the asymmetric structure near
T = 430 K is shown in Fig. 5(d) with the green curve,
whereas the absolute value of JD,on/JD,off is 23. Similar to
the thermal current JD, the thermal conductance is sym-
metric with respect to XG = 0.5%. We show in Fig. 5 that
by controlling the strain in the gate, as well as the tem-
perature of the gate, we can obtain qualitatively different
responses, namely an enhancement or suppression of the
heat conductance.

The results reported in Figs. 5 and 6 pertain to free-
standing h-BN monolayers. This configuration allows us
to demonstrate the physical mechanism that mediates near-
field heat transfer between the source, gate, and drain. Yet,
the aim of a practical realization of our three-resonator-
based thermal switch would be to accurately control the
passage of radiative heat between finite-thickness or bulk
materials that would correspond to the source and drain.
Therefore, in practice, the source and drain h-BN mono-
layers would likely be placed onto a thermally emitting
substrate material, while the gate–h-BN monolayer could
be suspended, as has been shown, for example, in Refs.
[37,57,58]. Depending on the substrate material, the ampli-
tude of the thermal conductance reported in Fig. 5(d) can
be increased by orders of magnitude. In Fig. 7, we consider
tungsten (W) as a substrate material, because its emission
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resembles that of a black body, i.e., it is broadband and
spectrally featureless. The optical properties of tungsten
are obtained from Ref. [59]. In order to explore how the
proposed thermal switch operates at higher temperatures,
we consider TS = 1000 K and TD = 800 K, both of which
remain below the melting point of W (nearly 3700 K)
and the melting and oxidation temperature of h-BN (1123
K) [60]. We consider the asymmetric case, for which the
strain values in the source and drain are XS = 0% and
XD = 1%, respectively. By letting TG float such that it min-
imizes JG [Eq. (11)], we obtain TG ≈ 885 K. We note that,
in the calculations of the results of Fig. 7, the dielectric
properties of h-BN remain the same as in the free-standing
cases examined previously. In practice, the h-BN phonon
linewidth will increase upon the monolayer being placed
atop a substrate; nevertheless, a precise estimation of this
modification is beyond the scope of this work. Here, the
h-BN–on–W example is employed to evaluate whether
the proposed concept remains valid in the presence of a
standard thermal emitter substrate.

In Fig. 7(a), we show the thermal currents JD and JG.
Similar to the asymmetric case of free-standing h-BN
monolayers [Fig. 5(c)], at XG = 0% the SPhP modes of
the gate are aligned with those of the source, whereas at
XG = 1% they are aligned with those of the drain, thereby
creating the same symmetric dependence of the thermal
current with respect to XG = 0.5%. We note, however, that
unlike the case of free-standing h-BN monolayers, where
both the symmetric and antisymmetric SPhP modes play
an important role in the transfer of radiative heat, when
an h-BN monolayer is placed atop of a metallic substrate
such as W, the symmetric SPhP mode vanishes due to the
negligible thickness of monolayer h-BN. This is shown in
the spectral heat flux of Fig. 7(c), where the low-frequency
(near 0.16 − 0.17 eV) resonances are reduced with respect
to Fig. 6(c). These resonances represent the symmetric
SPhP mode of the gate–h-BN alone, while those of the
drain and source vanish. By contrast, the antisymmetric
SPhP resonances are preserved; hence we observe three
resonances in the high-frequency end of the heat spectrum,
corresponding to the source, gate, and drain. The on and
off currents in this case, corresponding to XG = 0% and
XG = 0.5%, respectively, are 177 μW/m2 and 57 μW/m2,
yielding an on/off ratio of 3.1. Furthermore, the current
in the gate, JG (black curve), is significantly smaller than
the current to the drain, thus making this motif an efficient
photonic thermal switch.

The corresponding thermal conductance is shown in
Fig. 7(b), where we obtain the same qualitative response
as with the asymmetric free-standing h-BN thermal switch
described in Fig. 5(d) (green curve). Yet we note that,
due to the additional black-body-like thermal emission
from the W substrates, the magnitude of the thermal
conductance has increased with respect to the case of
a free-standing h-BN–based switch of Fig. 5(d) (green

curve), as expected. By considering alternative substrate
materials, especially oxides that typically have a polar
dielectric optical response and thereby support SPhPs at
relevant mid-IR frequencies, the thermal conductance can
be increased beyond the results shown in Fig. 7(b) with
a W substrate, due to the additional SPhP channels from
the substrate. As an example, we mention SiO2, which is
a standard substrate for h-BN exfoliation [39,57] and sup-
ports two SPhPs bands near 62 meV and 0.124 eV. Overall,
we see here that the basic principle of operation of the
thermal switch, described in Sec. II, is not significantly
perturbed by the presence of a substrate.

To summarize our results, in Fig. 8, we present a plot of
the percentage of tunability of the thermal conductance as
discussed previously [Eq. (12)] with respect to its value
at XG = 0%. From this plot, one can see that ultralarge
thermal-conductance tunability can be achieved, approach-
ing 100%. The tunability achieved with free-standing
h-BN monolayers in the symmetric configuration is
increasing as the strain in the gate (XG) increases, as
expected because, in this case, as XG increases, the mis-
alignment between the modes at the source and drain
with respect to those at the gate becomes more dramatic.
For the asymmetric configurations, this changes and the
maximum achieved tunability occurs for XG < 1%, as
expected, since, in this case, the source and drain are at
a different strain levels (namely XS = 0% and XD = 1%).
Although the case with tungsten substrate (red curve)
yields a lower thermal-conductance tunability with respect
to free-standing h-BN monolayers, its magnitude remains
significant.

V. CONCLUSIONS

To conclude, we propose and analyze a theory for
a three-resonator-based thermal switch that operates on
the basis of the alignment and misalignment of ultra-
narrow-band photonic resonances. We propose a possible
implementation of the presented concept with h-BN mono-
layers due to their very sharp and highly tunable LO
phonon resonances in the mid-IR. We show that a triplet of
h-BN monolayers can achieve nearly 100% tunability in
the thermal conductance in a deep-subwavelength device.
This concept can also be used to efficiently modulate a
thermal current between bulk materials, as we show in the
case of W, where the tunability of the thermal conductance
reaches 70%. Our results may pave the way for ultracom-
pact thermal switches based on radiative heat transfer in
the near field.
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APPENDIX

1. Details on coupled-mode theory

In this appendix, we present the details of the CMT
formalism discussed in Sec. II. For the sake of general-
ity, we replace the indices S, G, and D that pertained to
the source, gate, and drain in Sec. II with the indices 1, 2,
and 3, respectively. By writing the system of equations in
Eq. (1) in a matrix form, with α = {α1, α2, α3}ᵀ, we have

dα/dt = i�α + 
α +
√

2
n, (A1)

where n = [n1, n2, n3]ᵀ, 
 = diag{−γ1, −γ2, −γ3} and �

is given by

� =
⎛
⎝ ω1 κ12 κ13

κ∗
12 ω2 κ23

κ∗
13 κ∗

23 ω3

⎞
⎠ . (A2)

The system of equations in Eq. (A1) can be solved to give

α = 1
|F|

⎛
⎝ D11 D12 D13

D21 D22 D23
D31 D32 D33

⎞
⎠√

2
n. (A3)

Hence, the mode amplitudes are given by

α1 =
√

2
|F| (

√
γ1D11n1 + √

γ2D12n2 + √
γ3D13n3),

α2 =
√

2
|F| (

√
γ1D21n1 + √

γ2D22n2 + √
γ3D23n3),

α3 =
√

2
|F| (

√
γ1D31n1 + √

γ2D32n2 + √
γ3D33n3),

(A4)

where

|F| = [i(ω − ω1) + γ1][i(ω − ω2) + γ2][i(ω − ω3) + γ3]

+ |κ13|2 [i(ω − ω2) + γ2] + |κ23|2 [i(ω − ω1) + γ1]

+ |κ12|2 [i(ω − ω3)+ γ3] + i(κ12κ23κ
∗
13 + κ∗

12κ
∗
23κ13).

(A5)

The elements of the tensor D are given by

D11 = (iω + γ2 − iω2)(iω + γ3 − iω3) + |κ23|2,

D21 = iκ∗
12(iω + γ3 − iω3) − κ23κ

∗
13,

D31 = iκ∗
13(iω + γ2 − iω2) − κ∗

12κ
∗
23,

D12 = iκ12(iω + γ3 − iω3) − κ13κ
∗
23,

D22 = (iω + γ1 − iω1)(iω + γ3 − iω3) + |κ13|2,

D32 = iκ∗
23(iω + γ1 − iω1) − κ12κ

∗
13,

D13 = iκ(

13iω + γ2 − iω2) − κ12κ23,

D23 = iκ23(iω + γ1 − iω1) − κ13κ
∗
12,

D33 = (iω + γ1 − iω1)(iω + γ2 − iω2) + |κ12|2, (A6)

and the spectral flux to resonator 3 (i.e., the drain) is given
by [41]

J3(ω) = 1
2π2 Im[κ13〈α∗

1α3〉 + κ23〈α∗
2α3〉]. (A7)

Therefore, by making use of the mode orthogonality
[Eq. (2)], from Eq. (A4) we obtain

〈α∗
1α3〉 = 4π

‖F‖2 [γ1D∗
11D31�(T1)

+ γ2D∗
12D32�(T2) + γ3D∗

13D33�(T3)],

〈α∗
2α3〉 = 4π

‖F‖2 [γ1D∗
21D31�(T1) + γ2D∗

22D32�(T2)

+ γ3D∗
23D33�(T3)]. (A8)

From Eq. (A8), one can see that the thermal exchange
between resonators 1 and 3 is mediated by the temper-
ature of resonator 2 and, similarly, the thermal exchange
between resonators 2 and 3 is mediated by the temperature
of resonator 1.

Next, to obtain the results of Eqs. (6) and (7), we set
κ13 = 0, κ12 = κ23 = κ , ω1 = ω3 = ωo, ω2 = �, and γi =
γ , for i = 1, 2, 3. In the on state, ωo = �, whereas in the
off state, we assume that |� − ωo| is large with respect to
γ and κ . With these assumptions, Eqs. (A5)–(A8) yield the
following spectral current J3(ω):

J3(ω) = 2κ2γ (ω − ω−)

π |F(ω)|2 Im[κ2�(ω, T1)

+ (ω − ω+)(ω − ω−)�(ω, T2) + f3(ω)�(ω, T3)],
(A9)

where ω+ = ωo + iγ , ω− = ωo − iγ are the poles of the
uncoupled system. The function f3(ω) is given by

f3,on(ω) = (ω − ω+ + κ)(ω − ω+ − κ) (A10)
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in the on state, whereas in the off state it is given by

f3,off(ω) = (ω − ω+)(ω − ω+ − �) − κ2. (A11)

The results of Eqs. (6) and (7) are carried out via integra-
tion of Eq. (A9) in the complex plane.

In Fig. 4(b), we show the agreement between the CMT
formalism and the fluctuational-electrodynamics formal-
ism. The coupling rates as well as the resonant frequen-
cies and loss rates are determined via curve fitting of
the CMT model to the result with fluctuational electro-
dynamics. These are as follows: ωS,s = 0.17 eV, γS,s =
0.151 meV, ωG,s = 0.166 eV, γG,s = 0.005 meV, ωD,s =
0.163 eV, γD,s = 0.107 meV, κSG,s = √

γS,sγG,s/16.7,
κGD,s = √

γG,sγD,s/7.4, κSD,s = √
γD,sγS,s/1.12, ωS,a =

0.192 eV, γS,a = 0.076 meV, ωG,a = 0.189 eV, γG,a =
0.003 meV, ωD,a = 0.186 eV, γD,a = 0.164 meV, κSG,a =
18.35√

γS,aγG,a, κGD,a = 4.84√
γG,sγD,a, and κSD,a = 11.5√

γS,aγD,a, where the subscripts “s” and “a” correspond to
the symmetric and antisymmetric modes, respectively.

2. Ab initio calculations

First-principles calculations are performed to compute
the dielectric function of monolayer h-BN as a function
of the strain. Specifically, these calculations are based on
density functional theory (DFT) and use a combination of
QUANTUM ESPRESSO [61,62] and JDFTx [63]. All calcula-
tions use the PBEsol [64] exchange-correlation functional
and the corresponding ultrasoft pseudopotentials [65].
The unstrained in-plane lattice constant is 2.505 Å. The
phonon frequencies and eigenmodes are computed within
QUANTUM ESPRESSO using density functional perturbation
theory (DFPT) [66], particularly with appropriate handling
of the 2D Coulomb interaction present in these mono-
layer systems [67]. The DFT calculations are performed
using a plane-wave basis set with a kinetic energy cut-
off of 40 hartrees on a 24 × 24 × 1 k-point grid. The
phonons are modeled using a 6 × 6 × 1 q-point mesh.
Meanwhile, the phonon line widths are computed using
JDFTx along with phono3py [68,69], which uses finite dif-
ferences to compute the anharmonic force constants due
to three-phonon interactions and also computes the effects
of isotope scattering [70]. The DFT calculations are per-
formed here using JDFTx with a plane-wave basis set with
a 40-hartree kinetic energy cutoff. The electronic proper-
ties are computed using a 24 × 24 × 1 k-point mesh and,
throughout, Coulomb truncation is included [71] to ensure
no artificial LO-TO splitting at the zone center. To cap-
ture the phonon properties, a 6 × 6 × 1 supercell is used.
To converge the phonon line widths, a 150 × 150 × 1 grid
of q points is used in phono3py in conjunction with the
tetrahedron integration method.
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