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ABSTRACT: We theoretically demonstrate a near-ﬁeld
radiative thermal switch based on thermally excited surface
plasmons in graphene resonators. The high tunability of
graphene enables substantial modulation of near-ﬁeld
radiative heat transfer, which, when combined with the
use of resonant structures, overcomes the intrinsically
broadband nature of thermal radiation. In canonical
geometries, we use nonlinear optimization to show that
stacked graphene sheets oﬀer improved heat conductance
contrast between “ON” and “OFF” switching states and that
a >10× higher modulation is achieved between isolated graphene resonators than for parallel graphene sheets. In all cases,
we ﬁnd that carrier mobility is a crucial parameter for the performance of a radiative thermal switch. Furthermore, we
derive shape-agnostic analytical approximations for the resonant heat transfer that provide general scaling laws and allow
for direct comparison between diﬀerent resonator geometries dominated by a single mode. The presented scheme is
relevant for active thermal management and energy harvesting as well as probing excited-state dynamics at the nanoscale.
KEYWORDS: graphene, thermal radiation, near-ﬁeld radiative heat transfer, surface plasmon
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between objects without necessitating a temperature change.
The challenge of realizing such a thermal switch is two-fold: (1)
the broadband spectrum of thermal radiation makes it diﬃcult
to modulate the radiative heat transfer to a signiﬁcant degree,
and (2) such a switch must comprise materials with tunable
emissivity at a ﬁxed temperature. Here, we propose use of
coupled graphene resonators as a means to overcome both
challenges; their highly tunable optical properties allow for
constant-temperature operation and provide a means to
dramatically modulate NF-RHT despite the broadband nature
of thermal radiation. In contrast to their bulk counterparts, lowdimensional plasmonic materials such as graphene exhibit
highly tunable optical properties when electrically biased.
Moreover, graphene supports strongly conﬁned surface
plasmons in the technologically important thermal IR spectral
range. Finally, graphene combines a strong optical response
with low losses, endowing it with the largest optical response of
known 2D materials, in the thermal IR spectrum.30 Jointly,

adiative heat transfer on the nanoscale holds promise
for next-generation energy conversion technologies,
including heat-to-electricity conversion platforms such
as near-ﬁeld thermophotovoltaics and near-ﬁeld solid-state
refrigeration. A key enabler is the idea that closely separated
objects at diﬀerent temperatures, that is, objects at separation
distances much smaller than the characteristic thermal
wavelength, can exhibit order-of-magnitude increases in the
radiatively exchanged power relative to the power that can be
transferred in the far ﬁeld. While the early work on near-ﬁeld
radiative heat transfer (NF-RHT) focused on the thermal
energy exchange between conducting plates,1,2 the advancements in nanofabrication have led to experimental demonstrations of NF-RHT in a number of conﬁgurations.3−17
Among recent studies, radiative nanoscale energy transfer has
been investigated in metasurfaces,18 nonreciprocal systems and
systems with gain,19,20 van der Waals stacks,21 and for concepts
such as luminescent refrigeration,22 thermal extraction,23
thermal rectiﬁcation and ampliﬁcation,24−27 and radiative heat
transfer limits.28−30
A key functionality central to the application of NF-RHT is a
means of active heat transfer controla scheme whereby
external parameters can dynamically modulate the radiative ﬂux
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RESULTS AND DISCUSSION
The radiative energy ﬂux exchanged between two structures of
temperatures T1 and T2 is given by41

these attributes have sparked a signiﬁcant interest in the study
of plasmon-mediated NF-RHT in graphene.31−40
In this work, we ﬁnd that optimal combinations of resonator
size and material properties, speciﬁcally carrier concentration
and relaxation rate, can enable large thermal switching ratios
and high levels of modulation sensitivity. The working principle
behind thermal switching with plasmonic graphene resonators
is the ability to dynamically tune the modes of the resonances
of the emitting and the absorbing objects into and out of
resonance. We illustrate the idea of a thermal switch in several
relevant conﬁgurations, including thermal switching between
(a) graphene sheets, (b) multilayer graphene stacks, (c) dipolar
graphene resonators, and (d) hybrid resonator-multilayer
structures (Figure 1). In this radiative heat transfer analysis

H1 → 2 =

∫0

∞

dω[Θ(ω , T1) − Θ(ω , T2)]Φ(ω; T1 , T2)
(1)

where Θ(ω, T) = ℏω/[exp(ℏω/kBT) − 1] is the mean energy
of a photon, and Φ is the spectral transfer function which
accounts for the geometry, shape, and (temperature-dependent) material properties of the two objects. In this work, we
focus on the radiative thermal conductance (RTC) h between
two structures, deﬁned for a given temperature T as
∞
∂Θ
h(T ) = limT1, T2 → T H(T1, T2)/(T1 − T2) = ∫ dω ∂T (ω , T )Φ(ω , T ). As
0
a ﬁrst step in our analysis, we examine the radiative heat
transfer between two graphene sheets, as shown in Figure 1a.
For two parallel graphene sheets radiatively exchanging heat in
the near ﬁeld, and separated by a distance d, the spectral
transfer function per unit area is33,34
Φsheets(ω) =

1
π2

∞

∫ω/c dqq

Im[r1]Im[r2]
1 − r1r2e

2iκd 2

e 2iκd
(2)

where q and κ are the in-plane and the perpendicular wavevector, respectively (κ = ω 2 /c 2 − q2 ), and ri is the reﬂection
coeﬃcient of the i-th sheet (related to the, generally nonlocal,
graphene surface conductivity, see SI). In this conﬁguration, the
radiative thermal conductance h depends on several physical
parameters: h = h (Ei, μi, T, d), where Ei = (E1, E2) and μi = (μ1,
μ2) denote the Fermi levels and carrier mobilities of the two
sheets, respectively, T is the temperature, and d is the
separation. Because both E1, E2 are actively tunable through
electrostatic gating, our goal is to determine the optimal pairs
on
off
off
(Eon
1 , E2 ) and (E1 , E2 ) that correspond to the ON and OFF
on
off off
states, namely where hon ≡ h(Eon
1 , E2 ) and hoff ≡ h(E1 , E2 ). A
thermal switch with excellent modulation ability will then have
a high switching ratio η = hon/hoff.
Figure 2a shows the maximum conductance hon and the
switching ratio η as a function of the carrier mobility. We
assume equal mobilities μ1,2 = μ and ﬁx the temperature (T =
300 K) and the sheet separation (d = 100 nm). Carrier mobility
quantiﬁes the magnitude of optical losses in graphene and is
related to the carrier relaxation time τ via the impurity-limited
approximation τ = μEF/ev2F.42 For each value of mobility, we
off
ﬁnd the optimal Eon
1,2 and E1,2 pairs in the allowable range Ei ∈
[Emin,Emax]. For the allowable range, we assume Emin ∼ kBT and
Emax = 0.6 eV, consistent with typical experimental gate voltages
(we note that presented results are not sensitive to the choice
off
of Emin, whether it is zero or kBT). The Eon
1,2 and E1,2 pairs are
computed numerically using a (multistart) local, derivative-free,
optimization algorithm.43−45 For the case of two graphene
sheets radiatively exchanging heat in Figure 2a, we observe a
peak in the maximum conductance hon (solid black), implying
the existence of an optimal optical loss rate which maximizes
the heat transfer. The existence of optimal loss arises from the
geometry of the problem. A parallel plate conﬁguration, due to
multiple reﬂections between the plates, does not achieve the
optimal-absorber condition, exhibiting a heat transfer rate that
is substantially weaker than the extended-structure limit.29
Because of this, we do not expect the optical response and the
heat transfer rate to monotonically increase with mobility (or,
equivalently, decrease with mounting optical loss). For the

Figure 1. Operating principle for a radiative thermal switch using
graphene plasmon nanoresonators in structures comprising (a, b)
parallel (multi)layers, (c) di/multipolar resonators, and (d) hybrid
conﬁgurations. External control of the relevant Fermi levels Ei =
(E1, ...) modulates the near-ﬁeld heat transfer between the “OFF”
state at minimal radiative thermal conductance hoff = h(Eoff
1 , ...) and
the “ON” state at maximal conductance hon = h(Eon
1 , ...).

with multiple conﬁgurations and inputs (e.g., temperature,
distance, etc.), we identify carrier mobility as a critical parameter
in achieving a large contrast between the “ON” (maximal heat
transfer) and “OFF” (minimal heat transfer) states: higher
mobility gives rise to sharper plasmonic resonances that are
more easily detuned. For each value of mobility, identifying the
ON and OFF thermal conductance states constitutes a
nonlinear optimization problem over a parameter space of all
allowable gate voltages. We ﬁnd that in all structures, ON states
comprise similarly doped graphene structures, where the
individual plasmonic resonances of the two sides eﬃciently
overlap and where optimal Fermi levels depend on carrier
mobility and resonator size. For analyzed OFF states, we
identify relevant regimes that depend on carrier mobility.
Finally, we derive analytical approximations that highlight the
relevant scaling laws and key parameters and show that heat
ﬂux modulation is possible even with graphene on infrared
active substrates.
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range of allowable Fermi levels, namely Eoff
1(2) = Emin(max); in
>
E
and
the switching ratio
contrast, for higher mobility, Eoff
1
min
increases faster with increasing mobility. Despite the multiple
reﬂections in the parallel-plate geometry and the failure to
achieve the optimal-absorber condition, the switching ratio can
be appreciable, reaching a value of η ≈ 8.5 for μ = 103 cm2/(V
s) (and η ≈ 45 for μ = 104 cm2/(V s)).
The concept of thermal switching using two graphene sheets
can be further extended to parallel graphene stacks (Figure 1b).
As an example, we focus on the near-ﬁeld radiative heat transfer
between a single graphene sheet (object 1) and a stack
comprising two graphene sheets in close proximity (object 2).
We ﬁx the separation between the sheets in the second stack at
δ = 10 nm and object separation, as before, at d = 100 nm. In
this case, active modulation is achieved with parameters Ei =
(E1, E21, E22), as sketched in Figure 2a. Similar to the 2-sheet
case, we also observe the existence of an optimal mobility that
maximizes the radiative thermal conductance (blue, dashed, in
Figure 2a). In addition, we note a slight decrease (∼20%) of hon
relative to the 2-sheet case, which can be attributed to the
inability to achieve perfectly resonant coupling in this
asymmetric conﬁguration. The condition for maximal RTC is
reached for a nearly symmetric conﬁguration E1 ∼ E21 and E22
∼ Emin. Despite the optimal low carrier concentration of the
bottom sheet, its optical response is appreciable enough to
detune the plasmonic resonance, resulting in a decrease of hon.
While the presence of the bottom sheet in the stack reduces
the maximum heat transfer rate, it in turn enables a noticeably
larger switching ratio. The improved switching ratio arises from
the hoff suppression due to resonance blue-shift in the graphene
stack. This eﬀect is elucidated by examining the local density of
states (LDOS) above a layered stack. The LDOS at a point r is
proportional to the decay rate of an (orientation-averaged)
dipole at that point, given by46 ρ(r, ω) = (2ω/πc2)Im{Tr[G⃡ (r,
r, ω)]}, where G⃡ is the dyadic Green function (SI). Figure 3a
shows the spectral LDOS above a graphene stack of N
identically doped sheets (of mutual, constant sheet-separation
δ). For N > 1, the one-sheet plasmon dispersion fractures into a
set of N hybridized resonances, split into mutually bonding and
antibonding modes, corresponding to low- and high-frequency
branches. The principal LDOS contribution originates from the
highest frequency branch. Normalizing the stack’s LDOS to
that of an individual sheet, we observe a substantially enhanced
optical response at higher frequencies (Figure 3b). Finally,
Figure 3c shows the (k, ω) dependence of the LDOS and the
relevant higher order modes of the graphene stack. Together,
these considerations further elucidate the previously noted blue
shift of the two-sheet case with Eoff
21,22 = Emax relative to the
single sheet case with Eoff
=
E
2
max. In summary, while the
maximum thermal conductance hon suﬀers from the introduction of the bottom sheet, the reduction is more than made up
by the lower hoff, thus leading to an enhanced switching ratio η.
Moving beyond extended structures, we analyze radiative
heat transfer between isolated graphene resonators, as shown in
Figure 1c. In the dipolar limit, the spectral transfer function for
resonators 1 and 2 (normalized to resonator area A) can be
1 1
expressed as Φ(ω , d) = 8π 3 6 ∑j ∈ r ̂ λj Im[α1j]Im[α2j]/A , where

Figure 2. Thermal switching in parallel graphene stacks. (a) RHT
enhancement hon/hbb (left) and the switching ratio η = hon/hoff
(right) for a 2-sheet (solid) and a 3-sheet (dashed) conﬁguration,
as a function of mobility μ1,2 = μ. (b) Spectral heat ﬂux indicating
the “ON” and the “OFF” states for mobility μ = μopt from (a).
Shaded region shows Planck’s prefactor from (1). (c) Correspondoff
ing Fermi levels for the “ON” (Eon
1,2) and the “OFF” (E1,2) states in
the 2-sheet case. Here, T = 300 K, d = 100 nm, δ = 10 nm.

parameters under analysis here, we ﬁnd the optimal mobility for
the case of two graphene sheets to be μopt ≈ 1800 cm2/(V s)
and the corresponding radiative thermal conductance hon/hbb ≈
340 for Eon
= Eon
0.173 eV. Here, the conductance is
1
2
n o r m a l i z e d t o t h e f a r -ﬁ e l d li m i t o f r a d i a t i v e l y
coupled blackbodies (with unity view factor) hbb(T) =
d
(σ T 4) = 4σSBT 3, where σSB is the Stefan−Boltzmann
dT SB
constant. We note that in all cases, the emitter−receiver
symmetry ensures that the ON state comprises equally doped
on
graphene sheets (Eon
1 = E2 ), such that the resonances are
aligned (Figure 2c). For analyzed OFF states, the carrier
mobility is relevant. For low carrier mobility, maximal detuning
of broad plasmonic resonances is achieved at the extremes of
the allowable range of Fermi levels. In contrast, for higher
carrier mobilities, once the plasmonic resonances are
suﬃciently detuned, the heat ﬂux suppression in the OFF
state is reduced with further separation of the emitter/absorber
Fermi levels due to the onset of the interband transition in the
lower-doped graphene structure (and the corresponding
additional contribution to the radiative heat transfer).
In contrast to the heat transfer rate, the switching ratio η
monotonically increases with carrier mobility (solid, red in
Figure 2a), which reduces the plasmonic line widths and thus
enables improved detuning of resonances. We also observe
(Figure 2c) a crossover value of mobility (∼1300 cm2/(V s))
that separates the two regimes of η: for low mobility (i.e., broad
resonances), the OFF state is achieved for the end values of the

d

d is the resonator separation distance, α1(2) is the polarizability
of resonator 1(2), and λj is a numerical prefactor that depends
on the relative orientation of the two resonators (SI). The
polarizability connects the induced dipole moment p(ω) =
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Figure 3. (a) Orientation-averaged LDOS ρ at a height d above a graphene stack of N identical sheets (Ei = 0.6 eV), separated by δ (see inset
in (b)). (b) LDOS for N > 1 normalized to that of N = 1. (c) Decomposed (k, ω) LDOS for N = 1 and N = 6. Here, d = 100 nm, δ = 10 nm.

ϵ0α(ω)E0 with an external ﬁeld E0 and can be expressed as the
eigenmode sum:47
α(ω) = 2L3 ∑
ν

Δν
ζν − ζ(ω)

(3)

where the geometrical shape of a graphene resonator is
captured by the normalized eigenfrequencies ζν and the
oscillator strengths Δν. The size and the material-response
dependence of the graphene resonator are embedded in the
dispersive parameter ζ(ω) = 2iϵ0ϵωL/σ(ω), where L is the
characteristic length scale and σ(ω) is graphene’s surface
conductivity. For identical resonators (α1 = α2), assuming
intraband (Drude) conductivity, we can approximate the ON
state radiative thermal conductance (and the corresponding
optimal Fermi levels) to emphasize the parameter dependencies as (SI)
⎛ ε k 5T 4 ⎞ 1 λ L7 Δ2
S
μ 6 31
hon ≈ 116.23⎜ 0 2B 3 2 ⎟
A
2
d ζ1
⎝ 2π ℏ e vF ⎠
⎛ ε πk 2T 2 ⎞ L
Eon ≈ 71.27⎜ 0 2B ⎟
⎝ e
⎠ ζ1

(4)

Figure 4. Radiative thermal switching between parallel graphene
disks (a). Optimal carrier concentration levels Eon
1,2 = E for the “ON”
state (b), RHT enhancement (c), and the switching ratio (d), as a
function of mobility (μ) and disk radius (R). Here, T = 300 K, d =
200 nm.

which are valid assuming the optical response is dominated by a
single (or a set of degenerate) mode(s) associated with ζ1, Δ1
from eq 3. Note, λS ≡ ∑j ∈ r ̂ λj is the sum of all corresponding
numerical prefactors. For disk resonators of radius R, we

hence λS = 2). We observe that the optimal doping (E = Eon
1,2)
that maximizes the RTC is not particularly sensitive to mobility
(Figure 4b); instead, it is dependent on the resonator size,
exhibiting a linear relationship with the disk radius R (in

associate L ≡ A = R2π and give the relevant oscillator
parameters in the SI. Figure 4 shows the normalized maximum
thermal conductance hon/hbb and the switching ratio η, for
graphene disks of varying size (we assume disks are coaxial,
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on/2
ξ = kBT/mini|Eon
|, a quantity that is proportional to the
i − Ei
minimum change in any single Fermi level Ei that is needed to
halve the maximum radiative conductance hon. Figure 5 shows

agreement with eq 4). The higher optimal doping would seem
to imply weaker radiative conductance per unit area between
larger disks at temperature T (due to a blue-shifted resonance
frequency); nevertheless, the cubic dependence of polarizability
on disk size leads to the overall increase of hon with the disk
size, as shown in Figure 4c. We make two remarks: First, while
the RTC between identical disks of radius R is proportional to
R6 for f ixed Fermi levels, the optimal conductance (i.e., the ON
state) has a stronger (∝R7) size dependence (Figure S4b).
Second, eqs 3 and 4 are shape-agnostic: they apply to graphene
resonators other than disks, allowing for direct comparison
between diﬀerent resonator geometries. For example, using the
values from Table S1, we can readily infer that square,
triangular, or elliptical resonators would exhibit stronger onresonance heat transfer than disks, for the same resonator area.
For elliptical resonators, the enhancement arises from the fact
that increasing the aspect ratio simultaneously increases the
long-axis oscillator strength Δ1 while reducing its eigenfrequency ζ1. For squares and triangles, the argument is more
nuanced: both the polarizability and the eigenfrequency are
lower relative to disks, but the latter has the stronger eﬀect.
Finally, sharp, geometry-dictated resonances lead to order-ofmagnitude higher switching ratios relative to those in planar
structures (Figure 4d).
In addition to thermal switching in extended (sheets and
multilayer stacks) and dipolar (e.g., disks) structures, we also
analyze a hybrid scenario that combines the two, for example, a
graphene disk above a single sheet (or a stack) as shown in
Figure 1d. The spectral transfer function of the conﬁguration
consisting of a dipolar nanostructure above a planar sheet can
be expressed as
Φ(ω) =

2ω 2
πc 2

∑
i=x ,y,z

Figure 5. Sensitivity of thermal switching deﬁned as ξ = kBT/mini|
on/2
| (i.e., inversely proportional to the smallest change in Ei
Eon
i − Ei
needed to halve the “ON” state thermal conductance), for
resonator conﬁgurations from Figure 1. For parallel disks (Figure
4), a range from R = 10 nm (most sensitive) to R = 70 nm (least
sensitive) is shown.

the sensitivity ξ for diﬀerent values of mobility for the discussed
conﬁgurations. In the disk−disk and the 2-sheet case, the ON
state of the system is (due to symmetry) equally sensitive to
changes in E1 and E2. In the 3-sheet case (Figure 2., dashed),
the most “sensitive” parameter is the doping of the top sheet
(E1); likewise, in the disk-sheet case (Figure S3, dashed), the
doping of the disk (E1) is the most sensitive. Similar to the
switching ratio, the sensitivity of switching increases with
increasing graphene mobility, especially for the disk−disk heat
transfer characterized by sharp resonances.
Finally, we brieﬂy characterize thermal switching with
graphene sheets on substrates. The simplest example comprises
a sheet of graphene on a semi-inﬁnite substrate of constant
permittivity (e.g., CVD diamond, ϵ ∼ 5.8). In that case, much of
the analysis from Figure 2 holds, with switching ratios
exhibiting similar mobility dependence, with generally lower
magnitude due to stronger mode conﬁnement for ϵ > 1. A
more interesting extension includes the analysis of thermal
switching in the presence of IR active substrates (i.e., substrates
that themselves support surface electromagnetic modes in the
mid-IR). For this case, we focus on SiO2, SiC, and SiNx,
materials that exhibit surface phonon-polaritons. As indicated in
Figure S6, these three materials can be characterized by both
sharp and broad resonances as well as by both low and high
background permittivities. Figure 6 shows the switching ratio η
between two graphene sheets on substrates as a function of
mobility. The substrates are identical, and, as before, we ﬁnd
optimal Fermi levels Ei that maximize/minimize the RTC. To
emphasize the substrate versus graphene contribution to RTC,
we plot the switching ratio for diﬀerent separation distances d.
From Figure 6 we can draw several qualitative conclusions. As
expected, for a given substrate, modulation is generally stronger
at smaller separations due to enhanced contribution of tightly
conﬁned surface modes in graphene. As a result, at smaller
separations (where graphene response is more dominant),
higher mobility is still favored. In terms of the most suitable
substrate material, silicon carbide appears to provide the largest

Im[αi(ω)]Im[G⃡ (ω , r0)]ii
(5)

where G⃡ is the dyadic Green tensor of the planar interface (see
SI). In the nonretarded limit (q ≫ k) relevant to NF RHT, the
expression for the spectral transfer function Φ(ω) features
terms proportional to Im(α)Im(rp), where α is the resonator
polarizability and rp is the p-polarization (TM) reﬂection
coeﬃcient for the underlying sheet (SI). Figure S3 shows the
RTC enhancement and the switching ratio, assuming the
polarizability of the disk is αxx = αyy = α; αzz = 0, where eq 3
applies for the scalar α. We observe that it is still possible to
bring the disk and the sheet into resonance, as indicated by the
very large possible switching ratios relative to the sheet/stack
conﬁguration of Figure 2. In contrast to the latter, the inclusion
of an additional layer in the stack does not appear to improve
either the RHT enhancement or the switching ratio (Figure S3,
dashed). Attainable switching ratios would, in general, depend
on the separation between graphene resonators. For the sheet−
sheet conﬁguration, Figure S5 shows the switching ratio as a
function of mobility, for diﬀerent separations. We observe
similar trends as before: namely, the switching ratio increases
with mobility and that shorter separations are generally
favorable due to the enhancement of the ON state conductance
as sheets become closer. We note that for resonators in the
dipolar limit, both the ON and the OFF state energy ﬂuxes
scale in the same way with the separation d, making the
switching ratio insensitive to separation.
Besides the heat transfer enhancement and the switching
ratio, another relevant quantity for active modulation is the
switching sensitivity. Here, we deﬁne the switching sensitivity as
2478
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lation and cooling of electronic nanodevices. These results
demonstrate the potential of graphene-based plasmonic
resonators for active thermal management on the nanoscale.

COMPUTATIONAL METHODS
Calculations in the present paper were performed by numerical
evaluation of eqs 1−5). Unless otherwise speciﬁed, optical
conductivity of graphene is numerically obtained (for desired values
of frequency, Fermi energy, mobility, temperature) by summing the
intraband and the interband contributions (see, for example, ref 47).
off
For optimizations, the Fermi energy pairs (Eon
1,2 and E1,2) are computed
numerically using a (multistart) local, derivative-free, optimization
algorithms,44,45 accessed via the NLopt package.43
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Figure 6. Thermal switching between parallel graphene sheets
(Figure 1a), now on identical substrates that support surface
phonon-polaritons (SiC, SiN, or SiO2). Diﬀerent line styles indicate
the switching ratio η for separation distance d of 25 nm (dashed),
100 nm (solid), and 400 nm (dotted) (T = 300 K). As before, for
each value of mobility, the respective Fermi levels for the ON (Eon
1,2)
and the OFF (Eoff
1,2) state are determined.
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conductivity; expressions for the radiative heat transfer
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switching ratio of the analyzed substrates. We attribute this to
its narrowest resonant response (as indicated by its permittivity
function, Figure S6) that allows for stronger detuning of the
heat transfer in the presence of graphene.
At larger separations, where graphene response is less
dominant, the eﬀect of carrier mobility is more nuanced. At a
separation of d = 400 nm, we ﬁnd graphene-on-SiO2 to have
the strongest switching ratio. This is attributed to the
(comparatively) low ϵre of SiO2, giving rise to less strongly
conﬁned surface modes that can more eﬀectively modulate the
RTC at such distances. This is the same reason why SiO2
outperforms SiNx, and even optically inactive CVD diamond, as
the substrate material. This implies that, among polaritonic
materials, SiO2 may be a suitable substrate for RTC modulation
at larger, more experimentally accessible separations.
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CONCLUSIONS
In this work, we proposed and demonstrated a radiative
thermal switching scheme with graphene plasmon nanoresonators in several relevant conﬁgurations. We showed that
optimal combinations of resonator size and carrier concentration give rise to strongly contrasting ON and OFF thermal
conductance states and identiﬁed carrier mobility as a critical
material parameter. In addition to numerical optimizations, we
derived analytical, shape-agnostic approximations that highlight
parameter dependence for resonant heat transfer and allow for
direct comparison between diﬀerent resonator geometries.
Finally, we characterized thermal switching and heat ﬂux
modulation of graphene on infrared active substrates. Though
the focus of this work is radiative ﬂux modulation via the
control of plasmonic resonances in graphene, other reduced
dimensionality materials and other types of polaritons
(phonon-polariton, exciton-polariton, magnon, etc.) would
exhibit similar radiative thermal emission enhancements. In
addition to electrostatic gating, other mechanisms, such as an
imposed elastic strain, oﬀer another means for polariton
resonance modulation. Because of its vanishing density of states
at its neutrality point, graphene exhibits exceptional tunability
and is particularly suitable for radiative ﬂux modulation. The
described active thermal switching may be relevant for
applications that include near-ﬁeld thermophotovoltaic modu-

REFERENCES
(1) Hargreaves, C. M. Anomalous Radiative Transfer between
Closely-Spaced Bodies. Phys. Lett. A 1969, 30, 491−492.
(2) Polder, D.; Van Hove, M. Theory of Radiative Heat Transfer
between Closely Spaced Bodies. Phys. Rev. B 1971, 4, 3303−3314.
2479

DOI: 10.1021/acsnano.7b08231
ACS Nano 2018, 12, 2474−2481

Article

ACS Nano
(3) Narayanaswamy, A.; Shen, S.; Chen, G. Near-Field Radiative
Heat Transfer between a Sphere and a Substrate. Phys. Rev. B: Condens.
Matter Mater. Phys. 2008, 78, 115303.
(4) Shen, S.; Narayanaswamy, A.; Chen, G. Surface Phonon
Polaritons Mediated Energy Transfer between Nanoscale Gaps.
Nano Lett. 2009, 9, 2909−2913.
(5) Rousseau, E.; Siria, A.; Jourdan, G.; Volz, S.; Comin, F.; Chevrier,
J.; Greffet, J.-J. Radiative Heat Transfer at the Nanoscale. Nat.
Photonics 2009, 3, 514−517.
(6) Ottens, R. S.; Quetschke, V.; Wise, S.; Alemi, A. A.; Lundock, R.;
Mueller, G.; Reitze, D. H.; Tanner, D. B.; Whiting, B. F. Near-Field
Radiative Heat Transfer between Macroscopic Planar Surfaces. Phys.
Rev. Lett. 2011, 107, 14301.
(7) Guha, B.; Otey, C.; Poitras, C. B.; Fan, S.; Lipson, M. Near-Field
Radiative Cooling of Nanostructures. Nano Lett. 2012, 12, 4546−
4550.
(8) van Zwol, P. J.; Thiele, S.; Berger, C.; de Heer, W. A.; Chevrier, J.
Nanoscale Radiative Heat Flow due to Surface Plasmons in Graphene
and Doped Silicon. Phys. Rev. Lett. 2012, 109, 264301.
(9) St-Gelais, R.; Guha, B.; Zhu, L.; Fan, S.; Lipson, M.
Demonstration of Strong Near-Field Radiative Heat Transfer between
Integrated Nanostructures. Nano Lett. 2014, 14, 6971−6975.
(10) Song, B.; Ganjeh, Y.; Sadat, S.; Thompson, D.; Fiorino, A.;
Fernández-Hurtado, V.; Feist, J.; Garcia-Vidal, F. J.; Cuevas, J. C.;
Reddy, P.; Meyhofer, E. Enhancement of Near-Field Radiative Heat
Transfer Using Polar Dielectric Thin Films. Nat. Nanotechnol. 2015,
10, 253−258.
(11) Kim, K.; Song, B.; Fernández-Hurtado, V.; Lee, W.; Jeong, W.;
Cui, L.; Thompson, D.; Feist, J.; Reid, M. T. H.; Garcia-Vidal, F. J.;
Cuevas, J. C.; Meyhofer, E.; Reddy, P. Radiative Heat Transfer in the
Extreme Near Field. Nature 2015, 528, 387−391.
(12) Ito, K.; Miura, A.; Iizuka, H.; Toshiyoshi, H. Parallel-Plate
Submicron Gap Formed by Micromachined Low-Density Pillars for
near-Field Radiative Heat Transfer. Appl. Phys. Lett. 2015, 106,
083504.
(13) St-Gelais, R.; Zhu, L.; Fan, S.; Lipson, M. Near-Field Radiative
Heat Transfer between Parallel Structures in the Deep Subwavelength
Regime. Nat. Nanotechnol. 2016, 11, 515−519.
(14) Bernardi, M. P.; Milovich, D.; Francoeur, M. Radiative Heat
Transfer Exceeding the Blackbody Limit between Macroscale Planar
Surfaces Separated by a Nanosize Vacuum Gap. Nat. Commun. 2016,
7, 12900.
(15) Watjen, J. I.; Zhao, B.; Zhang, Z. M. Near-Field Radiative Heat
Transfer between Doped-Si Parallel Plates Separated by a Spacing
down to 200 nm. Appl. Phys. Lett. 2016, 109, 203112.
(16) Kloppstech, K.; Könne, N.; Biehs, S.-A.; Rodriguez, A. W.;
Worbes, L.; Hellmann, D.; Kittel, A. Giant Heat Transfer in the
Crossover Regime between Conduction and Radiation. Nat. Commun.
2017, 8, 14475.
(17) Cui, L.; Jeong, W.; Fernández-Hurtado, V.; Feist, J.; GarciaVidal, F. J.; Cuevas, J. C.; Meyhofer, E.; Reddy, P. Study of Radiative
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M. Overcoming the Black Body Limit in Plasmonic and Graphene
near-Field Thermophotovoltaic Systems. Opt. Express 2012, 20, A366.
(33) Ilic, O.; Jablan, M.; Joannopoulos, J. D.; Celanovic, I.; Buljan,
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