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Temperature control of thermal radiation from composite bodies
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We demonstrate that recent advances in nanoscale thermal transport and temperature manipulation can be
brought to bear on the problem of tailoring thermal radiation from wavelength-scale composite bodies. We show
that such objects—complicated arrangements of phase-change chalcogenide (Ge,Sb,Tes) glasses and metals
or semiconductors—can be designed to exhibit strong resonances and large temperature gradients, which in
turn lead to large and highly directional emission at midinfrared wavelengths. We find that partial directivity
depends sensitively on a complicated interplay between shape, material dispersion, and temperature localization
within the objects, requiring simultaneous design of the electromagnetic scattering and thermal properties
of these structures. Our calculations exploit a recently developed fluctuating-volume current formulation of
electromagnetic fluctuations that rigorously captures radiation phenomena in structures with strong temperature
and dielectric inhomogeneities, such as those studied here.
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Introduction. The ability to control thermal radiation over
selective frequencies and angles through complex materials
and nanostructured surfaces [1] has enabled unprecedented
advances in important technological areas, including remote
temperature sensing [2], incoherent sources [3,4], and energy
harvesting [5—7]. While unusual radiation patterns, e.g., spatial
coherence and directivity, have been recently demonstrated in
photonic crystals [1,7-9], metamaterials [10-13], and large-
etalon structures composed of partially transparent materi-
als [14], the design of temperature distributions in composite
structures with features on the scale of the thermal wavelength
(for enhanced emission) appears largely unexplored. Such an
approach combines both nanophotonic and conductive design
principles and is poised to take advantage of recent progress
in the areas of temperature management and heat transport at
submicron scales [15,16].

In this Rapid Communication, we exploit a recently
proposed fluctuating-volume current (FVC) formulation of
electromagnetic (EM) fluctuations in inhomogeneous media
to demonstrate that when selectively heated, wavelength-
scale composite bodies—complicated arrangements of phase-
change materials and metals or semiconductors—can exhibit
large temperature gradients that enable designable, directional
emission at infrared wavelengths. Specifically, we show that
micron-scale chalcogenide [Ge,Sb,Tes (GST)] hemispheroids
coated with titanium or silicon-nitride shells (Fig. 1) and
resting on low-index, transparent substrates, can exhibit large
emissivity and 2>80% partial directivity. This effect is a
consequence of a dual radiation/conduction design strategy
that achieves both resonance enhancement and temperature
localization within the GST, the interplay of which enables
these composite infrared thermal antennas to not only enhance
but also selectively emit/absorb light in specific directions.
Temperature localization is important for achieving directional
emission and is attained by the heating of a highly conductive
two-dimensional (2D) material at the GST-substrate interface,
whose radiation is redirected either away or toward the
metallic or semiconducting shells, respectively. We show that
anisotropic emission depends sensitively on geometry but
can arise in a wide range of composite objects, including
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mushroomlike particles and coated cylinders, while it is
absent in homogeneous or composite objects under uniform
temperature distributions. Our predictions are based on ac-
curate numerical solutions of the conductive heat equation
and Maxwell’s equations, which not only incorporate material
dispersion but also account for the existence of thermal and
dielectric gradients at the scale of the EM wavelength, where
ray optical descriptions are inapplicable.

Attempts to obtain unusual thermal radiation patterns have
primarily relied on Bragg scattering and related interference
effects in nanostructured surfaces [1], including photonic
gratings [7-9], metasurfaces [17-24], multilayer structures
[25-28], and subwavelength metamaterials [6,11-13]. Related
ideas can also be found in the context of fluorescence emission,
where directivity is often achieved by employing metallic
objects (e.g., plasmonic antennas) to redirect emission from
individual dipolar emitters via gratings [29,30] or by localizing
fluorescent molecule(s) to within some region in the viscinity
of an external scatterer [31-36]. Matters become complicated
when the emission is coming from random sources distributed
within a wavelength-scale object, as is the case for thermal
radiation, because the relative contribution of current sources
to radiation in a particular direction is determined by both
the shape and temperature distribution of the object. Optical
antennas have recently been proposed as platforms for control
and design of narrowband emitters [37,38], though predictions
of large directivity continue to be restricted to periodic
structures. While there is increased focus on the study of
light scattering from subwavelength particles and microwave
antennas (useful for radar detection [39], sensing [40], and
color routing [41,42]), similar ideas have yet to be translated
to the problem of thermal radiation from compact, wavelength-
scale objects, whose radiation is typically quasi-isotropic [1].
Here, we show that temperature manipulation in composite
particles could play an important role in the design of coherent
thermal emitters.

Temperature gradients can arise near the interface of
materials with highly disparate thermal conductivities [16].
Although often negligible at macroscopic scales [43], recent
experiments reveal that the presence of thermal boundary
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FIG. 1. Schematic of two composite bodies, involving GST (blue)
hemispheroids coated with Ti (green), AZO (red), or SizN, (orange)
shells, which rest on a low-index, transparent substrate in contact
with a heat reservoir at 300 K. The GST is heated from below by
a conductive 2D material (e.g., a carbon-nanotube wall or graphene
sheet), leading to temperature gradients within the structure. The
presence of boundary resistance at material interfaces is captured by
effective thermal resistances (see text). Figure 2 explores radiation
from GST-Ti and GST-SizNy4 bodies with parameters Ly = 1.7 um,
to =03 um, hy =0.5 um and Ly = 1.3 um, 1o = 1.3 um, hy =
2.6 um, respectively, and under various heating conditions (see text);
here we show the temperature profile corresponding to scenario (iii).

_}1_‘
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resistance [44,45] (including intrinsic and contact resis-
tance [46]) in nanostructures together with large dissipation
can enable temperature localization over small distances [43].
Such temperature control has been recently investigated in
the context of metallic nanospheres immersed in fluids [47],
graphene transistors [48], nanowire resistive heaters [49],
atomic force microscope tips [50], and magnetic contacts [51].
With the exception of a few high-symmetry structures, e.g.,
spheres [52] and planar films [28], however, calculations
of thermal radiation from wavelength-scale bodies have
been restricted to uniform-temperature operating conditions,
exploiting Kirchoff’s law [28,53] to obtain radiative emission
via simple scattering calculations.

Formulation. In what follows, we present a brief derivation
of our FVC formulation of thermal radiation for inhomoge-
neous media, with validations and details of its numerical
implementation described in a separate paper [54]. Our starting
point is the volume-integral equations (VIE) formulation of
EM scattering [55], describing scattering of an incident, six-
component electric (E) and magnetic (M) field ¢, = (E; H)
from a body described by a spatially varying 6 x 6 suscepti-
bility tensor x(x). (For convenience, we omit the frequency
w dependence of material properties, currents, fields, and
operators.) Given a six-component electric (J) and magnetic
(M) dipole source o = (J; M), the incident field is obtained
via a convolution (x) with the 6 x 6 homogeneous Green’s
function of the ambient medium I'(x,y), such that ¢, =
I'xo = f d’*y I'(x,y)o (y). Exploiting the volume equivalence
principle [55], the unknown scattered fields ¢, = I' % &, can
also be expressed via convolutions with I', except that here
& = —iwy¢ are the (unknown) bound currents in the body,
related to the total field inside the body ¢ = ¢inc + Psca through
x. Writing Maxwell’s equations in terms of the incident and
induced currents,

E4+iox(T*x&) = —iwx( *0o), (D

one obtains £ in terms of the incident source o.
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The standard approach to numerically solve Eq. (1) is to
consider expansion of the current sources o'(X) = Y, 5,b,(X)
and &(x) =), x,b,(x) in a convenient, orthonormal basis
{b,} of N six-component vectors, with vector coefficients s
and x, respectively. The resulting matrix expression has the
formx +s = Ws, where (W™1),, . = (by,b, +iwx (T % b,))
is known as the VIE matrix and (,) denotes the standard conju-
gated inner product. Direct application of Poynting’s theorem
then yields the far-field radiation flux ® = § Re [ d*x (E* x

H) = —% Re £%¢ due to o in terms of the VIE operators [56]:
® = —ITr[CW*sym GW], 2)

where we have defined the current-current correlation
matrix C, whose elements Con = (Susy) =
[[ d®xd’y b}, (x){o (x)0*(y))bu(y). The correlation functions
satisfy a well-known fluctuation-dissipation theorem [57],
(o} (X,w)aj’f‘(y,w)) = %a) Im y (x,0)O(X,w)8(x—Yy)d;;, relating
current fluctuations to the dissipative ~Imy and
thermodynamic properties of the underlying materials. Here,
Ox,w) = hw/(e"/®TX _ 1) is the Planck distribution at
the local temperature 7'(x) [58]. One can also obtain a similar
trace expression for the angular radiation flux in a given
direction, as shown in [54]. Equation (2) can be employed
to calculate emission from arbitrarily shaped bodies with
spatially varying dielectric and temperature properties: unlike
previous scattering-matrix and surface-integral equation
formulations of thermal radiation [58], the FVC scattering
unknowns are volumetric currents.

Tailoring emission. We explore radiation from composite
bodies comprised of chalcogenide Ge,Sb,Tes (GST) alloys
and metals or semiconductors. To begin with, we consider
micron-scale GST hemispheroids coated with either titanium
(Ti) or silicon-nitride (SizNy) shells, depicted in Fig. 1. The
structures rest on a low-index (¢ & 1) transparent substrate
which not only provides mechanical support but also a means
of dissipating heat away from the structure; the bottom of
the substrate is assumed to be in contact with a 300 K
heat reservoir, while surfaces exposed to vacuum satisfy
adiabatic boundary conditions (VT - fi = 0). When heated by
a highly conductive 2D material (e.g., by applying current
through a carbon nanotube wall [59] or graphene sheet) at the
GST-substrate interface, such a structure can exhibit large tem-
perature gradients within the core, a consequence of boundary
resistance [44—47] between the various interfaces and rapid
heat dissipation in the highly conductive shells [44,59,60]. To
model the corresponding steady-state temperature distribution
T (x), we solve the heat-conduction equation via COMSOL [61],
including the full temperature-dependent thermal conductivity
k(T) of the GST [62]. Note that even at large temperatures,
kgsT(800 K) « KTi,Si3N4(3OO K) Z 20 W/mK. The existence
of thermal boundary resistance [46,63] at this scale is taken
into account by the introduction of effective resistances Rgyc,
Rhpjsu, and Rgyjsu, at the interfaces between shell-GST, heater-
substrate, and shell-substrate, respectively [see Supplemental
Material (SM) [64]]. Figure 1 shows T(x) throughout the Ti
structure when the GST-substrate interface is heated to Tgst =
870 K (approaching the GST melting temperature [65] and
corresponding to a thermal wavelength Ay & hc/2.8kgT =~
5.8 um), and under various operating conditions. We consider
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FIG. 2. Spectral emissivity €(w) = ®(w)/ Ppp(w) (blue dots) from heterogeneous bodies comprising Ge,Sb,Tes (GST) hemispheroids
coated with either (a) Si;Ny or (b) Ti shells and resting on a low-index substrate (object dimensions are specificed in Fig. 1). The structures
are heated from the GST-substrate interface by a 2D thin-film conductor under heating scenario (iii), described in the text, with an interface
temperature Tgst = 870 K. The resulting temperature profiles 7'(x) are shown in Fig. 1 and in the insets. € is defined as the ratio of the thermal
flux ®(w) of each body normalized to the flux ®gg = ﬁ(w/c)z(%(w,T) from a corresponding blackbody of the same surface area A but
uniform 7' = 870 K (green lines, arb. units). Also shown are the partial directivities n+ = &,/ (red line), defined as the ratios of the outgoing
flux into the upper/lower hemisphere &, = 27 f;f/z/ 2 de ®(w,0) to the total flux, where 6 is defined in Fig. 1. (c) Angular radiation intensity
®(0) normalized by the total flux @, for the structures in (a) (solid red line) and (b) (solid blue line) under scenario (iii), compared to emission
under uniform-temperature conditions (dashed lines). (d) Total (frequency-integrated) partial directivity P~ = H_/H as a function of Tggr,
with H_ = [ dw ®_, for the Ti structure under different heating conditions, corresponding to multiple degrees of temperature localization in

the GST (see text).

Raysu = 1078 m?W/K [44] and Rgyc = Rujsu = Rip, with
(i), (i), and (iii) corresponding to typical values of R, =
{0.5,1,2} x 1077 m*W/K [44] while (iv) Ry = oo and
(V) Ry = 0 describe either perfect temperature localization
in the GST or uniform temperature throughout the structure,
respectively. (Note that the values of boundary resistance
associated with a given experimental realization of these
composites will depend on the specific choice of fabrication
technique and materials.) In what follows, we exploit 7' (x),
Eq. (2), and the dielectric properties of these materials (taking
into account material dispersion) [66—69], to obtain the flux
from these composites. Note that due to large temperature
gradients and phase transitions in the GST [62], its dielectric
response gst[7 (X),w] consists of continuously varying rather
than piecewise constant regions (SM); our FVC method,
however, can handle arbitrarily varying (x) and 7' (x). (Note
that the temperature inside the Ti and Si3Ny shells is roughly
300 K.)

Figure 2 shows the emissivity (blue dots) and partial
directivity (solid lines) of the (a) SizNy4 and (b) Ti structures,
along with the corresponding 7'(x) (insets) under heating
scenario (iii), assuming 7gst = 870 K. The emissivity
€(w) = ®(w)/ Ppp(w) is defined as the ratio of the thermal
flux ®(w) from each object to that of a blackbody
Ppp(w) = 125(0/c)*O(w,T) of the same overall surface
area A and T = 870 K (green lines); the partial directivity
Ny = /P is defined as the ratio of the flux into the

upper/lower hemisphere ®.(w) = 27 f;f/’;/ 2 d0 d(w,0), to
the total flux &, where 0 is defined with respect to the +Z
axis (Fig. 1). As expected, ¢ displays enhanced emission at
geometric resonances, with peak magnitudes ¢ < 0.2 limited
by material losses (Ime < Re ¢) in this frequency range [70].
(Larger € can likely be obtained with further design or other
material combinations.) Also notable is the sharp increase in 1
as the emission regime changes from quasistatic to wavelength
scale: despite the temperature localization, at low wL/c < 1
the emission is quasi-isotropic (as expected from a randomly
polarized dipolar emitter [17]). In contrast, one finds that with

increasing wL/c 2 1 and with the help of the curvature [14],
the Si3Ny and Ti shells increasingly redirect radiation upwards
or downwards as a result of coherent interference between the
radiated and scattered fields. Such strong directional scattering
is absent from dipole fluctuations originating in the shells,
which tend to radiate isotropically and dominate emission,
making the design of the temperature profile an essential
ingredient for achieving large 5. Figure 2(c) illustrates this
point by showing the angular radiation intensity ©(6) of the
SizNy (red) and Ti (blue) structures at selected frequencies,
under two of the heating conditions, corresponding to either
(ii) partial temperature localization in the GST (solid lines) or
(v) uniform temperature throughout the bodies (dashed lines).
The dependence of radiation on 7'(x) is further explored in
Fig. 2(d), which shows the total (frequency-integrated) partial
directivity P_ = H_/H of the Ti structure under different
Tost and heating conditions, where Hy = fooo dow d,. As
shown, P_ increases with increasing temperature localization
(attained at larger Tgst), and remains almost constant, P_ ~
0.5, under uniform-temperature conditions. Such an increase
in partial directivity, however, comes at the expense of smaller
€ (not shown), a consequence of the increasingly dominant
role of higher frequencies which suffer from larger material
losses.

Our choice of shapes and materials for these composites
ensure large € and 5 at selective wavelengths wL/c ~ 1,
dictated by our choice of operating temperature and satisfying
the following general design criteria: (i) cold (scatterer) and
hot (emitter) regions with large and small «, respectively, in
order to achieve and maintain a large temperature differential;
(i1) hot regions with large Re e and small losses supporting
strong resonances near Ar; (iii) large index contrasts and opti-
mal shapes/sizes leading to high thermal extraction/reflections
from hot regions and thus large directivity. GST/Ti/SizNy
material combinations partially satisfy these conditions, since
egsT ~ 30 4+ 5i [66,67], eT; ~ —100 + 80i [68], and ESisN, ~
5 4 0.17 [69] at midinfrared wavelengths Ay &~ 5.8 um. Opti-
mal shapes for achieving directional emission depend strongly

121403-3



JIN, POLIMERIDIS, AND RODRIGUEZ

0.4 2h/Dy 1 1 tto (L=Lo) »
0.3 T 1 oI ] T
L o ]
s !
% 4 , \
) - / \
@ H A
o ! 7 \
4 —70%0.2-\, \
s - i" i
- 60% 4x100% > 360%
1 0 ,_/ i
0.4 08 .
00

FIG. 3. (a), (b) Peak directivity n_ (dashed lines, right axes) and
emissivity € (solid lines, left axes) associated with the resonance
closest to the peak of the BB spectrum of Ti-shell hemispheroids
(Fig. 1) as a function of various shape/size parameters, including
aspect ratio 2k /D (magenta), overall size D (black), metal thickness
t with a fixed GST size L = L (red), and GST size L with a
fixed overall size D = Dy (blue). Here, the subscripts “0” and the
vertical dashed lines denote size parameters specified in Fig. 1.
(c) Angular radiation intensity ®(6) from various heterogeneous
bodies—composite GST (blue), AZO (red), and SizN, (orange)
mushrooms and cylinders—at selected frequencies w and normalized
by the total flux ®. All plots assume perfect 7 = 870 K localization
in the GST, while other materials are held at 300 K.

on the choice of hot/cold material and operating temperature:
we find that GST-Si3N4 composites favor large-curvature
prolate structures, while GST-Ti/AZO composites favor oblate
structures, ensuring increased extraction and reflections from
the shells, respectively.

Figures 3(a) and 3(b) illustrate the sensitive relationship
between shape and emission for the GST-Ti structure under
heating scenario (iv), with the GST and Ti regions held at
870 and 300 K, respectively. Shown are the peak n_ (dashed
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lines, right axes) and € (solid lines, left axes) associated with
the resonance closest to the peak of the blackbody (BB)
spectrum, as a function of various geometric parameters,
including (i) aspect ratio 2k /D (magenta line), demonstrating
that directivity is maximized at a specific aspect ratio ~0.4
and thus validating our previous observation that oblate objects
(2h/D < 1) tend to maximize directivity in this configuration;
(i) overall object size D with all other parameters fixed (black
line), showing that there exists an optimal Dy, due mainly
to material dispersion; (iii) Ti thickness ¢ with fixed GST
size Ly (red line), showing that there is an optimal shell
thickness (fy) which maximizes reflections (note that as ¢
increases, € decreases due to larger metal losses); and (iv)
GST size L with a fixed overall size Dy (blue line), showing
two optimal values of L = 0.4L and 1.1L, with the former
exhibiting slightly larger n_ but leading to lower emissivity:
€ — 0 as L — 0 due to increased radiative losses. These
results illustrate the dramatically different design criteria
associated with wavelength- versus large-scale bodies (where
emission is bounded by ray-optical limits [71]). For instance,
while larger n_ can be attained in the ray-optics limit by
increasing the shell thicknesses relative to the core dimensions
(thereby enhancing extraction/reflections from the GST), this
would also result in lower €. Wavelength-scale structures
not only provide a high degree of temperature and emission
control, but enable simultaneous enhancement in 7 and €
with the latter potentially exceeding the blackbody limit [70].
Figure 3(c) shows radiation patterns from other composite
shapes (details of which can be found in the SM), including
mushroomlike particles, and cylinders (blue/red/orange denote
GST/AZO/Si3Ny), at selective w and under heating scenario
(iv), demonstrating a high degree of emission tunability.

Concluding remarks. Our predictions above provide just a
glimpse of the interesting phenomena that can arise in struc-
tures that combine conductive and radiative design principles.
While our focus here is on compact objects (micron/nano
composite antennas), extensions to periodic structures are
also feasible within the same framework, requiring minor
modifications [72] and potentially enabling even further
radiation control.
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