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Control of Thermal Emission by Selective Heating of Periodic Structures
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We predict that thermal emission can be controlled by selective heating of periodic structures. Previous
studies on thermal emission modification via photonic crystals have been limited to uniform temperature.
We consider frequency-dependent nonuniform absorption in a periodic structure and show that thermal

emission peaks can be associated with specific locations in the structure. Consequently, local periodic

heating allows control over which peaks appear in the thermal emission spectrum, as we demonstrate with
calculations on two-component metallodielectric structures.
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When a material is structured on a micrometer length
scale, its thermal emission spectrum can be modified. This
can occur due to excitation of optical modes on patterned
surfaces [1-3] or due to optical diffraction in three-
dimensionally periodic solids known as photonic crystals
[4-6]. By utilizing these effects, heated structures can
exhibit thermal emission over a relatively narrow spectral
range, instead of a broad blackbody-like peak. This may
lead to efficient light sources, new thermophotovoltaic
devices [7,8], and unexpected physical phenomena.
However, so far, investigations have been limited to struc-
tures that are homogeneously heated. In this case, all
electromagnetic modes that conserve energy and can
couple to propagating modes in the far field will emit. If
instead, heat is applied inhomogeneously, additional con-
trol over the emission might be possible. Consider mono-
chromatic light coupled from the far field into a photonic
crystal with a lattice parameter comparable to the optical
wavelength. Diffraction will concentrate this electromag-
netic wave at specific locations within the unit cell, analo-
gous to spatial variations in the electronic wave functions
of atomic crystals [9]. If this photonic crystal were heated
periodically with the same pattern, a specific frequency
might be selected for thermal emission. Thus, depending
on where the heat is applied within the unit cell, spectral
control over the thermal emission might be obtained.

In this Letter, we examine this simple and surprisingly
unexplored possibility. Because Kirchhoff’s law, which is
the typical starting point for modeling thermal emission, is
not applicable when local temperature variations exist, we
use instead the reciprocity theorem of electrodynamics. It
roughly states that a fluctuating current and the electric
field that it creates at a distant location can be interchanged
without affecting their relationship [10,11]. Thus, if an
external field of a specific frequency is concentrated within
the structure, oscillating dipoles placed at the same loca-
tions will lead to strong emission at this frequency. Below,
we combine the reciprocity theorem with the fluctuation-
dissipation theorem and examine structures in which the
absorptivity periodically varies in space. We show that
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thermal emission can be controlled depending on how
the heat is applied within the unit cell. For example,
numerical calculations for a two-component structure
show that one can choose between two emission frequen-
cies depending on which component is heated. Thus, we
confirm that nonuniform heating can provide new control
over thermal emission.

To begin, we derive an expression for the emission
intensity P emanating from a thin photonic film consist-
ing of periodically placed components. The film lies in
the xy plane with a finite thickness in z. We first make
an important assumption, addressed further below, that the
fluctuation-dissipation theorem is valid locally. Maxwell’s
equations can then be solved for thermal emission propa-
gating away from the structure at an angle 6 from the
z axis. The emission rate per unit solid angle per unit
frequency per unit area is
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A detailed derivation of Eq. (1) can be found in
Ref. [12,13]. Here, a designates the polarization of the
light (TE or TM) while + and — indicate whether the light
is propagating away from or toward the film, respectively.
S,c 1s the area of a two-dimensional unit cell in the xy
plane, and « and r|| are the wave vector and the position
vector parallel to this plane. Q% is the local absorption
rate per unit volume for a film irradiated with polarized
light of unit intensity and is given by
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where ¢ and w are the speed and angular frequency of the
light, &, is the imaginary dielectric function, k| is the
component of k in the first Brillouin zone, EZ;H is the
electric field inside the film with —k; when irradiated by
light of polarization « and parallel wave vector —k, and
E“~ is the Fourier component of the electric field for an
incident plane wave with parallel wave vector —k. P%; is
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the blackbody radiation intensity given by
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where 7, kg, and T are Planck’s constant, Boltzmann’s
constant, and temperature. Although not explicitly stated,
P, O, &, and E depend on w, and due to nonuniform 7,
P47 depends on position.

Note that Eq. (1) states that the emission 2P, which is
caused by current fluctuations, is related to the absorption
rate Q, as required by the fluctuation-dissipation theorem.
Also, P%1 is related to the absorption rate for light propa-
gating in the opposite direction, i.e., Q% as required by
the reciprocity theorem.

Next, we assume that the structure consists of two
material components labeled 1 and 2 with temperatures
T, and T,. In this case, Eq. (1) can be reduced to

Pt =AY Pgp(T)) + A3~ Pz (Ty), 4
where A$™ is given by
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with §; as the area of component i in the xy unit cell. For
simplicity, we do not include the dependence of A¥™ on k|
in our notation. A~ is a useful parameter for describing
photonic structures. Because the overall absorptivity A%~
for a polarization is the sum

AT =AY 4+ AST, (6)

AY™ represents the local contribution of component i.
Thus, we refer to it as the local absorptivity. Here, we
make a connection to an analogous parameter, the local
density of photonic states (LDOS). LDOS helps quantify
the contribution of an individual optical dipole at a specific
location in a photonic crystal to the spontaneous emission
from a distribution of dipoles [14,15]. Similarly, Eq. (4)
shows that the local absorptivity can describe specific
spatial contributions to the thermal emission intensity.
Consequently, once all A¢™ are known, the thermal emis-
sion can be obtained for various temperature configura-
tions. Because of this relationship to emission, A{*~ could
alternatively be called the local emissivity.

To be useful for spectral control of thermal emission, the
two components in Eq. (4) must have local absorptivities
that peak at different energies. We demonstrate this possi-
bility with calculations for a specific structure [16]. Two
layers of parallel tungsten and silicon rods lie in the plane
of the film (the xy plane). The rods are arranged as in
the cross section in Fig. 1. This structure repeats in the
x direction; the rods are uniform in y. (See also Fig. S1 in
[12].) We used experimental dielectric functions [17] and
assumed a donor concentration of 3 X 10" ¢m ™3 for Si, so
it has an absorption comparable to W near 0.45 eV.
Figure 1(a) shows the calculated absorptivity when the
film is illuminated along z by TE polarized light (the
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FIG. 1. Calculated (a) absorptivity and (b) local absorptivities,
Ay and Ag;, for a film with the cross section in the inset. This
structure repeats in the x direction and is uniform in y. The W
and Si rods are 800 and 640 nm in diameter, respectively. The
center-to-center distance of neighboring rods is 1 wm. The
absorptivity is averaged for TE polarized light incident over a
cone *5° from the z axis.

magnetic field along the rods). This calculation also aver-
ages the absorptivity over =5° from the z axis to approxi-
mate experiments. Two pronounced peaks at 0.428 and
0.458 eV are found. The local absorptivities in Fig. 1(b)
show that each peak can be attributed primarily either to
the W or the Si rods. This occurs because the structure has
two resonances which concentrate the light differently in
the two rods, as seen in Fig. S2 in [12].

Thus, Eq. (4) suggests that the peak at 0.428 eV will be
strong if the W rods are heated and the 0.458 eV peak will
dominate if Si is heated. However, we must determine the
temperature to apply. Note that the goal is different than
with uniform heating, where the temperature is chosen
simply to overlap the blackbody spectrum with the absorp-
tion to maximize the emission [4]. Here, we want to control
the emission frequency. We consider two cases and apply
Eq. (4). When W is “hot” and Si is “cold,” we label the
result P/ . The opposite case is P&} . Taking the ratio,
we obtain

?3\/+hol — A{YV_ + Agi_p(Tcr Th) (7)
Pghoe AW (T, Ty) + AG’

where T, and T, are the temperatures of the hot and cold
rods, respectively, and
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From Eq. (8), we see that p(T, T,) should be minimized to
maximize the intensity contrast for the two peaks. In the
ideal case, p(T,, T,) vanishes and the ratio becomes
A /Ag™. Figure 2 shows p(T,, T;) as a function of T,
when T;, — T, is 300 K. Several specific photon energies
are plotted. For example, when T, is 500 K, p(T,, T, +
300) is about 0.02 at 0.428 and 0.458 eV. Thus, the peak
contrast should be nearly ideal at these temperatures.
Moreover, they are well below the melting points of the
two components (3687 K for W and 1687 K for Si).

The emission intensities obtained from Eq. (4) for T, =
500 K and 7, = 800 K are displayed in Fig. 3. As pre-
dicted, the two peaks can be controlled depending on
which rods are hot. Moreover, the intensity contrast is
pronounced at these temperatures. For comparison, we
also plot the emission spectra when both rods are 500 K
or both 800 K. The results with 7. = 500 K and T, =
800 K are bounded by the uniform cases at all photon
energies.

Of course, if the goal is to control the energy of a thermal
emission peak, approaches other than selective heating are
possible. For example, the rod spacing in a uniformly
heated structure could simply be modified. In our case,
the Si rods could be removed and the emission energy
tuned by changing the separation between the W rods.
However, we find that the presence of the Si rods actually
induces more emission from the W. To show this, we
calculated the emission spectrum for our film without the
Si rods. Since vacuum now replaces the Si, the optical path
length between the W rods decreases. Consequently, the
emission peak associated with W appears at higher energy.
To compare with the result for the W-Si film, we increased
the distance between the W rods by 28% to return the W
peak to its original energy (0.428 eV). The resulting emis-
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FIG. 2. The ratio, p(T, T + 300), of the blackbody emission
spectra at temperatures 7 and 7 + 300 versus temperature for
several photon energies.

sion spectrum at 800 K is shown as the black line in Fig. 3.
The peak is clearly weaker than when W rods are heated to
800 K in the presence of cooler Si rods. This occurs
because the Si rods modify the local absorptivity of the
W. Thus, selective heating not only provides the ability to
control the emission energy with temperature, but the
presence of the dielectric rods can also boost the emission.
More generally, it allows greater flexibility in the design of
emission sources.

If we use different materials, emission control can also
be shifted to higher energies. For example, a film similar to
above, but with copper and germanium rods, can exhibit
emission peaks near the optical wavelength of 1.5 um
(0.83 eV). The rod spacing in the film is adjusted as shown
in the cross sectional view in Fig. 4. Figure 4 also plots the
calculated intensities for light emitted from the film in the z
direction. The temperatures of the rods are the same as in
Fig. 3, which are below the melting points of Cu (1358 K)
and Ge (1211 K). Two strong peaks appear at 0.722 and
0.926 eV with only broad background emission below
0.6 eV. For this film, the association of each peak with
either the metal or the dielectric rods is even stronger than
above. Thus, even better control can be obtained. When the
Cu rods are hotter than the Ge, the contrast in the two peak
intensities is 16.1. In the opposite case, the contrast is 44.1.

The improved contrast in the Cu-Ge film occurs because
p(T,, T),) is smaller at higher energies. At T = 500 K,
p(T, T + 300) is less than 0.002 near 0.83 eV. As seen in
Eq. (8), the intensity contrast should increase with decreas-
ing p(T,, T)). In addition, g; for Ge changes significantly
between the two emission energies. It varies from 0.004 at
0.722 eV to 0.63 at 0.926 eV. This affects the local absorp-
tivity and, consequently, the emission from the Ge rods is
small at 0.722 eV and significant at 0.926 eV, leading to
increased contrast.
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FIG. 3 (color). Calculated thermal emission intensities for TE
polarized light for the W-Si film in Fig. 1. Several temperature
combinations are plotted. The emission is averaged over *£5°
from the z axis. The black curve is the emission without Si rods;
the W rod separation is increased by 28%.
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FIG. 4 (color). Thermal emission intensities, calculated as in
Fig. 3, for a film of Cu and Ge rods with the cross section shown.
This structure repeats in the x direction and is uniform in y. The
Cu and Ge rods are 273 and 375 nm in diameter, respectively.
The center-to-center distance of neighboring rods is 375 nm. The
black curve is the emission without Ge rods; the Cu rod sepa-
ration is increased by 118%. The kinks at 0.8 and 0.821 eV are
due to changes in the Ge dielectric function; the kink at 0.757 eV
is due to a Wood’s anomaly.

As above, we also considered the film with the dielectric
rods removed, in this case Ge. For this calculation, we
increased the spacing of the Cu rods by 118% to maintain
the energy of the emission peak at 0.722 eV. As seen in
Fig. 4, the emission intensity at 800 K for this peak is lower
than for the Cu-Ge film. Indeed, the decrease is even more
pronounced than for the W-Si film (Fig. 3). Because Ge has
a larger dielectric constant than Si (~17 vs ~11) and
occupies more volume in our film, the presence of the Ge
rods has a larger influence.

However, two important issues remain: (i) whether such
temperature differences can be achieved on a micrometer
length scale and (ii) whether our assumption that the
fluctuation-dissipation theorem is valid locally is reason-
able. In [12], we show that for our structures, thermal
conduction along the rods, rather than radiation between
them, dominates heat transport. This indicates that if op-
posite ends of the different rods could be connected to heat
reservoirs of different temperatures, the required tempera-
ture difference could be obtained. For example, an array of
long rods could be fabricated that span a gap between two
solid films. The W rods could be connected directly to the
top film, but separated thermally from the bottom film by a
section of insulating material. The Si rods could be con-
nected oppositely. Thus, by setting the temperatures of the
two films, a temperature difference could be achieved.
Because thermal transport along the rods dominates, this
also implies that local thermal equilibrium should be very
nearly satisfied within each rod. In this case, applying the
fluctuation-dissipation theorem locally is a reasonable ap-

proximation. More generally, its validity will depend on
the specifics of the system and the heating mechanism. If
nonequilibrium processes become significant, corrections
to the fluctuation-dissipation theorem would be required,
and our approach would not be justified.

In conclusion, we predict that thermal emission can be
controlled by selective heating of periodic structures. We
used the reciprocity theorem which implies that strongly
absorbing parts will also strongly emit. In general, selec-
tive heating may find applications in active control of
thermal light sources. The reverse process, selective ab-
sorption, could also lead to local temperature gradients.
Thus, further study is required to clarify the full potential
and implications of this effect.
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