PHYSICAL REVIEW APPLIED 19, 034037 (2023)

Temporal Coupled-Mode Theory for Thermal Emission from Multiple
Arbitrarily Coupled Resonators

Xin Huang,'! Christopher Yeung,! and Aaswath P. Raman

1,2,*

IDepartmenr of Materials Science and Engineering, University of California, Los Angeles, Los Angeles,
California 90095, USA

: California NanoSystems Institute, University of California, Los Angeles, Los Angeles, California 90095, USA

™ (Received 2 June 2022; revised 23 August 2022; accepted 22 December 2022; published 10 March 2023)

Controlling the spectral response of thermal emitters has become increasingly relevant for a range of
energy and sensing applications. Conventional approaches to achieving arbitrary spectrum selectivity in
photonic systems have entailed combining multiple resonantly emissive elements together to achieve a
range of spectral profiles through numerical optimization, with a universal theoretical framework lacking.
Here, we develop a temporal coupled-mode theory for thermal emission from multiple, arbtirarily coupled
resonators. We validate our theory against numerical simulations of complex two- and three-dimensional
nanophotonic thermal emitters, highlighting the anomalous thermal emission spectra that can emerge when
multiple resonators with arbitrary properties couple to each other with varying strengths.
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I. INTRODUCTION

Thermal emission is a fundamental physical process
whose control is essential for a broad range of imaging,
sensing, and energy technologies. Conventional thermal
emitters are typically incoherent, broadband, unpolarized,
and lack directionality. Over the last two decades, a range
of photonic strategies have by contrast shown that it is
indeed possible to create narrowband, polarized, and/or
directional thermal emitters [1—8]. The spectral character-
istics of thermal emission, in particular, have been sculpted
through a range of nanophotonic approaches including
metallic nanoantennas [9,10], photonic crystals [11-16],
and semiconductor nanorods [17]. Tailoring the frequency
and bandwidth response of emitted thermal radiation using
nanophotonic strategies has in turn proved critical for
improved performance in many emerging applications,
including thermophotovoltaics [13,18-23], radiative cool-
ing [24-30], and thermal management [31-34].

Conventional strategies to achieve an arbitrary degree
of control over spectral selectivity for a thermal emitter
rely on either numerical optimization or exploiting known
electromagnetic mode behavior in conventional photonic
systems. In this context, a resonance-based approach to
understanding thermal emission offers the potential of both
understanding and designing desired thermal-emission
spectra in a more systematic way. Temporal coupled-mode
theory [35,36], in particular, is a widely used semiana-
lytical method that has been shown to provide excellent
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approximations and physical insight into the behavior
of a range of resonance- and mode-driven nanophotonic
structures and devices [37—42].

Recently, temporal coupled-mode theory for single-
mode thermal emitters was developed to analytically
model the thermal emission from such an emitter with high
accuracy [43]. Further work has extended this coupled-
mode theory to include coupling between multiple iden-
tical resonant thermal emitters, and shown that thermal
emission decreases with increasing number of identical
thermal emitters in analogy to quantum super-radiance
effects [44]. In photonic structures that support one or few
modes, the thermal emission’s coherence is enhanced as
it is dominated by those modes, and allows for the use
of methods like coupled-mode theory. As a semianalyt-
ical model, coupled-mode theory is able to offer deeper
insight on the effect of material and structural param-
eters and the resulting spectral nature of their thermal
emission, an insight that simulations alone cannot offer.
However, prior work has been limited to describing a
constrained set of thermal emitters due to the resonators
being identical in character. For many practical scenar-
i0s, highly complex and selective thermal emission spectra
with multiple frequency peaks and varying bandwidths
are desirable, but difficult to achieve with single-mode
resonators, and more generally are challenging to eluci-
date. One particularly promising mechanism to achieving
complex thermal-emission spectra is to consider systems
supporting multiple arbitrary resonators [9,10], which may
additionally couple or hybridize with each other, thereby
enhancing or suppressing thermal emission with several
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degrees of potential freedom to control the resulting spec-
tral response. Such a scenario, while intriguing, is however
challenging to model analytically and can require many
complex and slow simulations. A universal theoretical
framework for understanding the full range of complex
coupling, and resulting thermal emission that may be
possible in multiresonant photonic structures is currently
lacking, but could enable deeper insights into the behav-
ior of such structures and enable more rapid design of their
arrangements.

In this paper we introduce an extended temporal
coupled-mode theory framework to derive an analytical
formalism to model thermal emission from an arbitrary
number of resonators, which can arbitrarily couple to each
other. We validate the theory against simulation-based cal-
culations of thermal emission from a range of physically
realizable systems. We first demonstrate the coupled-mode
theory’s accuracy for multiple two-dimensional slit res-
onators, where the dielectric permittivity of each slit can
vary, along with the distance between each slit, thereby
altering both the real and imaginary part of the coupling
coefficient. We also demonstrate the coupled-mode the-
ory’s capabilities with a three slit system, highlighting how
both subradiant enhancement and super-radiant suppres-
sion of thermal emission can be selectively engineered at
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k21 + ifa 0
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To capture arbitrary coupling between resonating ele-
ments, we define k as the real part of the coupling coef-
ficient, which in our context can capture scenarios such
as variable distance between resonators, and 8, which is
the imaginary part of the coupling strength, and captures
the phase difference between resonators. In the framework
of the fluctuation-dissipation theorem, the absorption pro-
cess is balanced by a random thermal excitation source n.
With all these considerations, the dynamic equations for
resonance amplitudes can be written in the following form:

da
— =R —Ty—To)a+

2Tgn — Ka, 2
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where £y = diag(w;,@; - - - wy) describes the resonant
frequency of each resonator. We can explicitly calculate

different frequencies. Finally, we demonstrate the accu-
racy of the coupled-mode theory in predicting the thermal
emission spectra of supercell three-dimensional metal-
dielectric-metal resonators for a range of inter-resonator
distances. Collectively, our results offer a general theoreti-
cal framework capable of taking the response of individual
resonators and using them to determine their complex
spectral response when integrated and hybridized with
each other.

II. EXTENDED COUPLED-MODE THEORY

We first develop an extended temporal coupled-mode
theory capable of describing the collective thermal emis-
sion from N different emitters that are coupled to each
other with varying degrees of strength. Each resonant emit-
ter is assumed to have an amplitude a = (a1, a>,... ,aN)T.
The energy stored inside an emitter may decay through
three pathways. The first pathway is through intrinsic
absorption, which is represented by the intrinsic decay rate
I’y = diag(yo1, 02 - - - yowv). The second is to decay to the
external free-space channels, which is described by the
external decay rate I', = diag(ye1, ¥e2 * - - ¥en). The third is
through coupling with other resonators, which is expressed
by a complex coupling coefficient matrix K defined as

Kiv—1) + iBiv—1) Kiy +iBin
KaN—1y + iBav—1) kN + iBon
: (1)
0 KN—1)N + IBv—1)N
KN(N—=1) + iBv—1) 0

a(w) in the frequency domain,

a(@) = (j(@—R) +To+ T+ K)'\V2Ton.  (3)

We normalize the amplitude so that the mode energy is
given by |a|?. Here we introduce a noise source vector
n in Eq. (1), to compensate for the infrinsic resonator
loss and maintain thermal equilibrium [43]. Following the
fluctuation-dissipation theorem this noise source is defined
by a correlation function (see Supplemental Material [45]):

1
(n* (@)n(e)) = vy @ Dilw— o), (4)

where O(w,T) = hw/e'hw/kT) — 1. The total power
emitted as thermal radiation, (P), can then be
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calculated as
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Solving for the power spectral density of thermal emission
we find that

O(w,T)

P@)=—5-

4T, (( (0 — ) + Ty + T, +K)~)Ty.
(6)

Here, as in conventional expositions of temporal coupled-
mode theory for multiport systems, we assume that each
resonances can decay into every other port in the sys-
tem, described by a total value d;; and encompassed by

a coupling matrix D:

dyy dip dyw-1) din
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By energy conservation the total coupling matrix D
bounds the values of the coupling coefficients to each
relevant channel (see the detailed derivation in Ref. [45]):

2(To + T, + K) = D*D. (8)

Equation (6) is a key result of this paper and provides a
general expression for thermal emission from N resonators
that are coupled to each other arbitrarily. To elucidate the
power of this result, we first write analytical forms for
small N scenarios of typical interest, beginning with the
N =1 scenario where coupling is not relevant:

4}’0] Vel (9}

21 (@ —o1)? + (Yor + Ve1)?

This expression is simply a standard Lorentzian form of power emitted due to a single resonance previously derived in
Ref. [43]. For two resonators (N = 2), however, we must include complex coupling terms k;; 4 iB; for generality. This

results in the following expression for the radiated power:

P(w) =

4
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Here for convenience we introduce variables «; defined as
a =i — w;) + v + Ve -

k12 and k7 are the real parts of the coupling term deter-
mined by the spatial distance between the resonances,
while the complex terms Bj2 and B2; describe the phase
mismatch between resonances. Due to energy conserva-
tion, a two resonator system is constrained by Eq. (8),
resulting in the following expression:

cos(f12 — O11) +isin(f12 — O11) + cos(6 — 621)
2Kk12 + 2j P12
v Vo1 + Ye1) (Vo2 + Ve2)

+isin(fyn — 611) = (11)

Here, 6; is the phase angle of dj. As in conventional
coupled-mode theory, this energy conservation relation
extends to arbitrary numbers of resonators and fundamen-
tally links the various coupling terms external to each
resonator: coupling to neighboring resonators or to free
space. In the two resonator case, we can first consider the
scenario when the two resonators are spatially close to each
other. In this case, as the two resonators move closer and
closer, 612 will be getting closer to 61 and 6»; will be get-
ting closer to ;. Therefore, cos(f12 — 611) is near 1 and
sin(fy; — 6y1) is near 0, and the total thermal emission peak
power is strongly driven by the real part of the coupling
coefficients. When the two resonators are physically far
away from each other, as 81, and 63 is small, the coupling
strength is determined by the phase angle of 811 and 65;.
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If 811 and 62 closes to /2, the total thermal emission peak
is mainly determined by the imaginary portion of the cou-
pling strength, which encodes phase mismatch. If 8;; and
01 closes to 0, the total thermal-emission peak power is
strongly driven by the real part of the coupling coefficients.
More generally, the behavior of each resonant peak in an
arbitrary multiple-resonance system is determined by both
real and imaginary parts of the coupling coefficients.

III. NUMERICAL RESULTS

To validate the extended coupled-mode theory devel-
oped above, we consider an exemplary system consisting
of multiple narrow dielectric slits of arbitrary permittiv-
ity, which are introduced into a perfect electric conductor
(PEC) layer, as shown in Fig. 1(a). In the system, the opti-
cal fields are confined in the slit and can couple with each
other. This system is an extension of the slit resonator
system considered in Ref. [44], which consider multiple
identical resonators that were sufficiently close to each
other to enable near-field coupling.

We first consider the two resonator (two dielectric slit)
scenario and demonstrate how the coupled-mode theory
accurately predicts the effect of varying distance between
dissimilar resonators, as well as differing permittivities at
a fixed separation distance. In this scenario, the slits are
1.4 pm long, and 5 nm wide, and contain dielectric media
with permittivities &y = 12.5 4+ 0.001i and &, = 12.53 +
0.001i, respectively. Since the permittivity of each slit is
different the system supports resonances at slightly differ-
ent frequencies, w; and w; as can be seen in Fig. 1(b).
We then calculate the emission cross section of this sys-
tem using the finite-difference frequency-domain method
for different values of the slit separation distance d as
shown in Fig. 1(b). Simulations reveal a notable behav-
ior as we decrease the distance between two resonators:
the resonator with lower dielectric permittivity sees a
large enhancement in its total associated emission while
a large decrease for the resonator with higher permittivity
is observed.

We next model the same system using the extended
coupled-mode theory and compare its predictions to
the FDFD simulations. By defining a purely real
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The effect of varying distance between dissimilar resonators. (a) The structure of resonant emitters consisting of two slits

in two PEC slabs. The length and width of the slit are 1.4 pm and 5 nm, respectively. They are filled with two different emissive
materials with a dielectric constant of &) = 12.5 4 0.0017 and g, = 12.53 4 0.001i. (b) FDFD-simulated spectra of emission cross
section for two resonant emitters with a distance of 400, 800, and 1690 nm, separately. (c) Coupled-mode theory thermal-emission
power prediction for two different emitters with a coupling strength of ¥ = 0.000145, ¥ = 0.00015, « = 0.000185.

034037-4



TEMPORAL COUPLED-MODE THEORY FOR THERMAL. ..

PHYS. REV. APPLIED 19, 034037 (2023)

inter-resonator coupling constant, k¥ and examining a range
of its values we are able to systematically replicate the
trend observed in Fig. 1(b) in Fig. 1(c) remarkably well.
We note here that the y axis of Fig. 1(b) is the emis-
sion cross section, as calculated from the absorption cross
section, while the y axis in Fig. l(c) is the total emit-
ted power as calculated by the CMT, and is formally
related to the emission cross section [44]. As the two res-
onators are moved closer, the real part of the coupling
strength further increases. This in turn influences the inter-
nal coupling coefficients yp; and yp; and external coupling
coefficients y,; and y,; due to energy conservation. As
detailed in the Supplemental Material [45], further increas-
ing the real part of coupling constant will need to increase
o1 + Ve1) (Vo2 + Veo) thereby resulting in a decrease of
the lower-frequency peak, and an increase of the higher-
frequency peak. The exact same behavior is observed in
the FDFD simulations, with a small variation in resonance
frequency the only notable difference. This result suggests
that once coupling coefficients have been established for a

particular multiresonator system of interest, the temporal
coupled-mode theory can be used as a rapid simulator of
thermal emission from the class of nanophotonic structures
being examined.

Next, we examine the effect of changing the permit-
tivity in one of the two dielectric slits at a fixed, large
distance d = 800 nm [Fig. 2(a)]. As the permittivity of
one of the slits is changed, the imaginary part of inter-
resonator coupling coefficient, B changes due to phase
difference between each resonator. Since the resonators
are far apart, we expect minimal contribution from the
real part of the coupling coefficient . In our system,
we maintain the permittivity of g1 as 12.5 4+ 0.0017 and
change the permittivity of &2 to 12.5008 4 0.001i, 12.53 +
0.001i, and 12.55 + 0.001i, respectively. FDFD simula-
tions shown in Fig. 2(b) highlight that as &; changes the
emission peak associated with resonator 2 increases first,
reaching a peak at Ae = 0.03 but then decreasing as &
is further increased. We explore the same system using
coupled-mode theory in Fig. 2(c) and find a range of 8

(a)
Air el

7 .

2 d

Ye2

-

PEC }'@

PEC y% PEC

T
S

Ae =10.0008 7
Ae=0.03
Ae=0.05

—
N

ey
\+]

-
L]

4+

Emission Cross Section (mm)

2.

0.6315 0.6320 0.6325 0.6330 0.6335 0.6340 0.6345
w (2mcla)

(c) . :
0.20f /3 =0.00001 -
4 =0.0002
A =0.00015
015
=
L
3 0107
5
0.05

0.6315 0.632 0.6325 0.633 0.6335 0.634 0.6345
w (2rcla)

FIG. 2. The effect of changing permittivity in one of the two dielectric slits at a fixed, large distance. (a) The structure of resonant
emitters consisting of two slits in two PEC slabs. The length and width of the slit are 1.4 pm and 5 nm, respectively. They are
filled with two different dielectric materials with nonzero emissivity that are separated by a constant distance d = 800 nm. (b) FDFD-
simulated spectra of emission cross section for two resonant emitters. The dielectric constant difference of Ae; = 0.0008, Ae; = 0.03
and Aez = 0.05 separately. (c) Coupled-mode theory thermal-emission power prediction for two different emitters with a different
imaginary coupling strength of g = 0.00001, g = 0.0002, g8 = 0.00015.
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values, which result in exactly the same behavior observed
in the FDFD simulations, further demonstrating the util-
ity of this coupled-mode theory model. We emphasize that
while in the first scenario, a purely real coupling coef-
ficient captures the physical response, in this scenario,
a purely real coupling coefficient is insufficient. Refer-
ring back to Eq. (11) we observe that as the sin(f) term
purely influences B it thereby encodes the phase differ-
ence between the resonators, which peaks at 8 = /2.
This corresponds to a particular B value depending on
the strengths of the internal coupling coefficients yp and
external coupling coefficients of the resonances y,. Thus,
this second scenario is captured with a purely imaginary
coupling coefficient.

To highlight the generality and flexibility of the devel-
oped coupled-mode theory we now examine a more com-
plex system involving three dielectric slits separated by
some arbitrary distance in a finite thickness PEC slab, and
filled with dielectric materials of arbitrary permittivity, as
is shown in Fig. 3(a). We consider the scenario where

the first and third resonators have the same permittivity
g1 = &3 = 12.5 4 0.001; while the middle resonator has
a slightly different permittivity of & = 12.53 4 0.001i. In
Fig. 3(b), we compare the emission cross section as simu-
lated by FDFD for this three-slit-resonator system against
a two-resonator only system with &y = 12.5 4 0.001/ and
g2 = 1253 4 0.001i and without e3. Remarkably, we
observe that the addition of the third resonator suppresses
the lower-frequency peak (associated with £; and &3) while
greatly enhancing the emission peak associated with the
middle resonator (with permittivity £2). Coupling between
the resonators 1 and 3 results in a super-radiant suppres-
sion of emission analogous to that observed in Ref. [44]
for the lower-frequency peak. However, coupling between
resonator 2 and its neighbors results in a dramatic subra-
diant enhancement in its thermal-emission peak. We can
model both the baseline two-resonator system, and the
more complex three-resonator system using the coupled-
mode theory and find that it replicates the result observed
in the full-wave electromagnetic simulation, as is shown in
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Comparison between a two-resonant-emitter system and a three-resonant-emitter system. (a) The structure of resonant

emitters consisting of three slits in three PEC slabs. The length and width of the slit are 1.4 pm and 5 nm, respectively. They
are filled with three emissive materials. (b) FDFD-simulated spectra of emission cross section for two resonators with a permit-
tivity &1 = 12.5 4+ 0.0017 and &; = 12.53 + 0.0014, and for a three-resonant-emitter scenario where the dielectric permittivities are
g1 =125 4+ 0.0017, g; = 12.53 + 0.0017 and &3 = 12.5 + 0.001i. (c) Coupled-mode theory thermal emission power prediction for
both the two-resonator and three-resonator scenarios, showing strong alignment with the numerical simulations of (b).
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Fig. 3(c). Our results, in addition to highlighting the capa-
bilities of the coupled-mode theory, show a mechanism to
develop high-power, narrow bandwidth thermal emitters
through inter-resonator coupling.

Finally, we demonstrate the ability of the coupled-mode
theory to accurately model thermal emission from com-
plex, three-dimensional nanophotonic structures. In partic-
ular, we consider complex supercells of metal-insulator-
metal (M-I-M) metasurfaces [9,46] featuring cross-shaped
resonators made of two different noble metals, schemat-
ically shown in Fig. 4(a). The structures have m /2 rota-
tional symmetry and consist of three layers. The top
layer consists of a pair of gold metasurface elements, and
a pair of silver metasurface elements with arm lengths
of [ =25 pm, , =2.1 pm, and arm widths w; =
0.6 pm, wy = 0.4 pm respectively, with a thickness of
0.1 pm. The permittivities of both silver and gold are
modeled with a Drude fit that is accurate to the long-
wave infrared target wavelength range [47]. The metasur-
faces lie atop a 0.2-pm Al»O3 layer whose permittivity is
defined in our wavelength region of interest with a Drude-
Lorentz model &€ = eo — 0/(0?* — iwy — wﬁ), with g5 =
2.228, 0 = 0.008385(2mc/a), y = 0.04(2mc/a), and wy
= 0.08(2mwc/a), where a =1 pm. The bottom layer is

assumed to be gold as well at a thickness of 0.2 pm.
We perform full-field electromagnetic simulations of a
range of M-I-M supercell metasurfaces where the dis-
tance between the resonators in each supercell is modified,
in analogy to the scenario explored in Fig. 1 in a two-
dimensional systems. We simulate each geometry across
both polarizations and all angles of incidence to calculate
the total spectral hemispherical emittance. Given the four-
fold symmetry of the supercells, to find the total emitted
power we integrate the incident angle 8 from 0 to 7 /2 at
/12 step and the azimuth angle ¢ from 0 to /4 with
/12 steps:

Ir /2
E(l) == 027{
0

As shown in Figs. 4(b)}—4(d), the simulations show that
the supercell structure supports two nondegenerate modes
at w; = 0.131 (2nc/a) and @y = 0.143 (2mc/a). We then
use the coupled-mode theory to fit each resonator’s intrin-
sic decay rate and external decay rate by simulating its
hemispherical emittance with a single resonator model,
finding yp; = 0.0019 (2mwc/a), yp; = 0.0017 (2mc/a),
Vel = 0.0038 (2mc/a), and ye2 = 0.0030 (2mc/a).
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(12)
2 cos 0 sin dOd¢

0.6

0.6 T T T — T 0.6 - T - T T T ¥
Simulation d = 1.2 pm Simulation & = 0.4 um Simulation d=0.2 pm
(b) ——CMT x=0 (c) —OMT 253110 @rom) (d) ——CMT & = 0.0016 (2rela)
i 1 05} 5 J
L 0.4¢
:_0.4 '-T::
Zoap ~osf
3 3
= [
1% 0zl 0.2t
01F 01F
oo I ]
012 013 014 015 0.6 012 013 014 015 016 012 013 014 015 046
w (2mela) w (2refa) w (2reia)

FIG. 4. Coupled-mode theory predictions versus full-field simulations of a complex supercell metasurface. (a) Geometry of the
supercell metasurface architecture evaluated. The metasurface elements have dimensions of /; = 2.5 pm, [, = 2.1 pm, and w| =
0.6 pm , w2 = 0.4 pwm respectively, with a layer thickness of 0.1 pum. The central layer is Al2O3 with thickness 0.2 pm while the
bottom layer is gold with thickness of 0.2 pm. (b) Simulation thermal emission power when d = 1.2 pum versus analytical coupled-
mode theory prediction when ¥ = 0. (¢) Simulation thermal-emission power when d = 0.4 pm versus analytical coupled-mode theory
prediction when x = 5.31 x 10~*(2w¢/a). (d) Simulation thermal-emission power when d = 0.2 um versus analytical coupled-mode

theory prediction when k¥ = 0.0016(2m c/a).
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As the distance d is varied, the numerically simulated
total hemispherical emittance is then compared against
the coupled-mode theory predictions and shows remark-
ably strong agreement, as can be seen in Figs. 4(b)}4(d)
for a range of resonator distances. Our results highlight
a powerful capability enabled by the coupled-mode the-
ory framework in the context of thermal emission from
such complex supercell systems: simulating the response
of each metasurface resonator in a periodic configuration
provides sufficient information to rapidly model the behav-
ior of complex arrangements of metasurface resonators
through the use of the complex coupling coefficients K.

IV. CONCLUDING REMARKS

In conclusion, we develop a coupled-mode theory that
accurately models thermal emission from complex pho-
tonic structures composed of multiple resonators that can
be arbitrarily coupled to each other. We demonstrate that
the coupled-mode theory accurately models anomalous,
complex behavior, such as combined sub- and super-
radiant thermal emission in a single nanophotonic struc-
ture, as well as the response of supercell three-dimensional
M-I-M metasurface thermal emitters. Furthermore, the
coupled-mode theory provides accurate predictions while
taking far less time than full-field simulations, which takes
hours to simulate [46], and in the process provides physical
insight into the original of the complex spectral behav-
ior that can result. Although we fit only our theoretical
framework using regular nanophotonic systems, this the-
ory also implies that, once intrinsic decay rate, external
decay rate and coupling coefficients for a particular mul-
tiresonator system of interest have been determined, the
temporal coupled-mode theory can be utilized as a quick
simulator of thermal emission from the class of complex
nanophotonic structures under consideration. As a semian-
alytical model, it can provide deeper insight into the effect
of material and structural characteristics on the spectral
nature of their thermal emission, which simulations alone
cannot provide. One can thus imagine building libraries
of individual resonator responses, which can then rapidly
be assessed for their integration into coupled arrangements
based on the developed coupled-mode theory. As demands
on the complexity of the spectral response of thermal pho-
tonic emitters grow, such a framework may prove critical
to further enhance and rapidly model their capabilities.

ACKNOWLEDGMENTS

This material is based upon work supported by the
National Science Foundation (NSF CAREER) under Grant
No. 2146577, and the Sloan Research Fellowship (Alfred
P. Sloan Foundation).

[1] A. V. Shchegrov, K. Joulain, R. Carminati, and J.-J. Greffet,
Near-Field Spectral Effects Due to Electromagnetic Surface
Excitations, Phys. Rev. Lett. 85, 1548 (2000).

[2] M. U. Pralle, N. Moelders, M. P. McNeal, 1. Puscasu, A.
C. Greenwald, J. T. Daly, E. A. Johnson, T. George, D.
Choti, L. El-Kady, and R. Biswas, Photonic crystal enhanced
narrow-band infrared emitters, Appl. Phys. Lett. 81, 4685
(2002).

[3] J.-J. Greffet, R. Carminati, K. Joulain, J.-P. Mulet, S. Main-
guy, and Y. Chen, Coherent emission of light by thermal
sources, Nature 416, 61 (2002).

[4] 1. Celanovic, D. Perreault, and J. Kassakian, Resonant-
cavity enhanced thermal emission, Phys. Rev. B 72, 075127
(2005).

[5] M. Laroche, C. Amold, F. Marquier, R. Carminati,
J.-J. Greffet, S. Collin, N. Bardou, and J.-L. Pelouard,
Highly directional radiation generated by a tungsten ther-
mal source, Opt. Lett. 30, 2623 (2005).

[6] B. J. Lee, C. J. Fu, and Z. M. Zhang, Coherent thermal
emission from one-dimensional photonic crystals, Appl.
Phys. Lett. 87, 071904 (2005).

[7] I. Puscasu and W. L. Schaich, Narrow-band, tunable
infrared emission from arrays of microstrip patches, Appl.
Phys. Lett. 92, 233102 (2008).

[8] S. Shen, A. Narayanaswamy, and G. Chen, Surface phonon
polaritons mediated energy transfer between nanoscale
gaps, Nano Lett. 9, 2909 (2009).

[9] X. Liu, T. Tyler, T. Starr, A. F. Starr, N. M. Jokerst, and W.
J. Padilla, Taming the Blackbody with Infrared Metamate-
rials as Selective Thermal Emitters, Phys. Rev. Lett. 107,
045901 (2011).

[10] B. Liu, W. Gong, B. Yu, P. Li, and S. Shen, Perfect thermal
emission by nanoscale transmission line resonators, Nano
Lett. 17, 666 (2017).

[11] S.-Y. Lin, J. G. Fleming, E. Chow, J. Bur, K. K. Choi,
and A. Goldberg, Enhancement and suppression of thermal
emission by a three-dimensional photonic crystal, Phys.
Rev. B 62, R2243 (2000).

[12] C. Luo, A. Narayanaswamy, G. Chen, and J. D. Joannopou-
los, Thermal Radiation from Photonic Crystals: A Direct
Calculation, Phys. Rev. Lett. 93, 213905 (2004).

[13] S. Y. Lin, J. Moreno, and J. G. Fleming, Three-dimensional
photonic-crystal emitter for thermal photovoltaic power
generation, Appl. Phys. Lett. 83, 380 (2003).

[14] T. Inoue, M. D. Zoysa, T. Asano, and S. Noda, Realization
of dynamic thermal emission control, Nat. Mater. 13, 928
(2014).

[15] C. M. Cornelius and J. P. Dowling, Modification of Planck
blackbody radiation by photonic band-gap structures, Phys.
Rev. A 59,4736 (1999).

[16] M. D. Zoysa, T. Asano, K. Mochizuki, A. Oskooi, T. Inoue,
and S. Noda, Conversion of broadband to narrowband ther-
mal emission through energy recycling, Nat. Photonics 6,
535 (2012).

[17] J. A. Mason, S. Smith, and D. Wasserman, Strong Absorp-
tion and Selective Thermal Emission from a Midinfrared
Metamaterial, Appl. Phys. Lett. 98, 241105 (2011).

[18] Y. Guo and S. Fan, Narrowband thermal emission from
a uniform tungsten surface critically coupled with a pho-
tonic crystal guided resonance, Opt. Express 24, 29896
(2016).

034037-8


https://doi.org/10.1103/PhysRevLett.85.1548
https://doi.org/10.1063/1.1526919
https://doi.org/10.1038/416061a
https://doi.org/10.1103/PhysRevB.72.075127
https://doi.org/10.1364/OL.30.002623
https://doi.org/10.1063/1.2010613
https://doi.org/10.1063/1.2938716
https://doi.org/10.1021/nl901208v
https://doi.org/10.1103/PhysRevLett.107.045901
https://doi.org/10.1021/acs.nanolett.6b03616
https://doi.org/10.1103/PhysRevB.62.R2243
https://doi.org/10.1103/PhysRevLett.93.213905
https://doi.org/10.1063/1.1592614
https://doi.org/10.1038/nmat4043
https://doi.org/10.1103/PhysRevA.59.4736
https://doi.org/10.1038/nphoton.2012.146
https://doi.org/10.1063/1.3600779
https://doi.org/10.1364/OE.24.029896

TEMPORAL COUPLED-MODE THEORY FOR THERMAL. ..

PHYS. REV. APPLIED 19, 034037 (2023)

[19] S. Narayanaswamy and G. Chen, Surface modes for near
field thermophotovoltaics, Appl. Phys. Lett. 82, 3544
(2003).

[20] P. Nagpal, S. E. Han, A. Stein, and D. J. Norri, Efficient
low-temperature thermophotovoltaic emitters from metallic
photonic crystals, Nano Lett. 8, 3238 (2008).

[21] E. Rephaeli and S. Fan, Absorber and emitter for solar
thermo-photovoltaic systems to achieve efficiency exceed-
ing the Shockley-Gueisser limit, Opt. Express 17, 15145
(2009).

[22] R. Messina and P. Ben-Abdallah, Graphene-based photo-
voltaic cells for near-field thermal energy conversion, Sci.
Rep. 3, 1383 (2013).

[23] A. Lenert, D. M. Bierman, Y. Nam, W. R. Chan, L
Celanovié, M. Solja&i¢, and E. N. Wang, A nanophotonic
solar thermophotovoltaic device, Nat. Nanotechnol. 9, 126
(2014).

[24] A. P. Raman, M. A. Anoma, L. Zhu, E. Rephaeli, and S.
Fan, Passive radiative cooling below ambient air tempera-
ture under direct sunlight, Nature 515, 540 (2014).

[25] Z. Chen, L. Zhu, A. P. Raman, and S. Fan, Radiative
cooling to deep sub-freezing temperatures through a 24-h
day-night cycle, Nat. Commun. 7, 13729 (2016).

[26] J. Kou, Z. Jurado, Z. Chen, and S. Fan, Daytime radiative
cooling using near-black infrared emitters, ACS Photonics
4,626 (2017).

[27] M. M. Hossain, B. Jia, and M. Gu, A metamaterial emitter
for highly efficient radiative cooling, Adv. Opt. Mater. 3,
1047 (2015).

[28] N. N. Shi, C. C. Tsai, F. Camino, G. D. Bernard, N. Yu, and
R. Wehner, Keeping cool: Enhanced optical reflection and
radiative heat dissipation in Saharan silver ants, Science
349, 298 (2015).

[29] A. R. Gentle and G. B. Smith, A subambient open roof
surface under the mid-summer sun, Adv. Sci. 2, 1500119
(2015).

[30] E. A. Goldstein, A. P. Raman, and S. Fan, Sub-ambient
non-evaporative fluid cooling with the sky, Nat. Energy 2,
17143 (2017).

[31] P. C. Hsu, A. Y. Song, P. B. Catrysse, C. Liu, Y. Peng, J.
Xie, S. Fan, and Y. Cui, Radiative human body cooling by
nanoporous polyethylene textile, Science 353, 1019 (2016).

[32] J. K. Tong, X. Huang, S. V. Boriskina, J. Loomis, Y. Xu,
and G. Chen, Infrared-transparent visible-opaque fabrics
for wearable personal thermal management, ACS Photonics
2,769 (2015).

[33] P. B. Catrysse, A. Y. Song, and S. Fan, Photonic structure
textile design for localized thermal cooling based on a fiber
blending scheme, ACS Photonics 3, 2420 (2016).

[34] S. Jafar-Zanjani, M. M. Salary, and H. Mosallaei, Metafab-
rics for thermoregulation and energy-harvesting applica-
tions, ACS Photonics 4, 915 (2017).

[35] H. Haus, Waves and Filed in Optoelectronics (Englewood
Cliffs, Prentice Hall, NJ, 1984).

[36] W. Suh, Z. Wang, and S. Fan, Temporal coupled-mode the-
ory and the presence of non-orthogonal modes in lossless
multimode cavities, IEEE J. Quantum Electron. 40, 1511
(2004).

[37] M. J. Khan, C. Manolatou, S. Fan, P. R. Villeneuve, H.
A. Haus, and J. D. Joannopoulos, Mode-coupling analysis
of multipole symmetric resonant add/drop filters, IEEE J.
Quantum Electron. 35, 1451 (1999).

[38] H.-C. Liu and A. Yariv, Synthesis of high-order band-
pass filters based on coupled-resonator optical waveguides
(crows), Opt. Express 19, 17653 (2011).

[39] S.Fan, W. Suh, and J. D. Joannopoulos, Temporal coupled-
mode theory for the Fano resonance in optical resonators, J.
Opt. Soc. Am. A 20, 569 (2003).

[40] M. F. Yanik and S. Fan, Stopping Light All Optically, Phys.
Rev. Lett. 92, 083901 (2004).

[41] D. M. Ramirez, A. W. Rodriguez, H. Hashemi, J. D.
Joannopoulos, M. Soljagié, and S. G. Johnson, Degener-
ate four-wave mixing in triply resonant Kerr cavities, Phys.
Rev. A 83, 033834 (2011).

[42] M. Ghebrebrhan, P. Bermel, Y. X. Yeng, 1. Celanovic, M.
Soljagi¢, and J. D. Joannopoulos, Tailoring thermal emis-
sion via QQ matching of photonic crystal resonances, Phys.
Rev. A 83, 033810 (2011).

[43] L. Zhu, S. Sandhu, C. Otey, S. Fan, M. B. Sinclair, and T.
S. Luk, Temporal coupled mode theory for thermal emis-
sion from a single thermal emitter supporting either a single
mode or an orthogonal set of modes, Appl. Phys. Lett 102,
103104 (2013).

[44] M. Zhou, S. Yi, T. S. Luk, Q. Gan, S. Fan, and Z. Yu, Ana-
log of superradiant emission in thermal emitters, Phys. Rev.
B 92, 024302 (2015).

[45] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.19.034037 for a deta-
iled derivation of the energy-conservation equation for
thermal emission from »n resonators.

[46] C. Yeung, J. M. Tsai, B. King, B. Pham, D. Ho, J. Liang,
M. W. Knight, and A. P. Raman, Multiplexed supercell
metasurface design and optimization with tandem residual
networks, Nanophotonics 10, 3 (2021).

[47] M. A. Ordal, L. L. Long, R. J. Bell, S. E. Bell, R. R. Bell,
R. W. Alexander, and C. A. Ward, Optical properties of the
metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd, Pt, Ag, Ti, and W in
the infrared and far infrared, Appl. Opt. 22, 1099 (1983).

034037-9


https://doi.org/10.1063/1.1575936
https://doi.org/10.1021/nl801571z
https://doi.org/10.1364/OE.17.015145
https://doi.org/10.1038/srep01383
https://doi.org/10.1038/nnano.2013.286
https://doi.org/10.1038/nature13883
https://doi.org/10.1038/ncomms13729
https://doi.org/10.1021/acsphotonics.6b00991
https://doi.org/10.1002/adom.201500119
https://doi.org/10.1126/science.aab3564
https://doi.org/10.1002/advs.201500119
https://doi.org/10.1038/nenergy.2017.143
https://doi.org/10.1126/science.aaf5471
https://doi.org/10.1021/acsphotonics.5b00140
https://doi.org/10.1021/acsphotonics.6b00644
https://doi.org/10.1021/acsphotonics.6b01005
https://doi.org/10.1109/JQE.2004.834773
https://doi.org/10.1109/3.792565
https://doi.org/10.1364/OE.19.017653
https://doi.org/10.1364/JOSAA.20.000569
https://doi.org/10.1103/PhysRevLett.92.083901
https://doi.org/10.1103/PhysRevA.83.033834
https://doi.org/10.1103/PhysRevA.83.033810
https://doi.org/10.1063/1.4794981
https://doi.org/10.1103/PhysRevB.92.024302
http://link.aps.org/supplemental/10.1103/PhysRevApplied.19.034037
https://doi.org/10.1515/nanoph-2020-0549
https://doi.org/10.1364/AO.22.001099

	I. INTRODUCTION
	II. EXTENDED COUPLED-MODE THEORY
	III. NUMERICAL RESULTS
	IV. CONCLUDING REMARKS
	ACKNOWLEDGMENTS


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


