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Simultaneous Control of Spectral And Directional Emissivity
with Gradient Epsilon-Near-Zero InAs Photonic Structures

Jae S. Hwang, Jin Xu, and Aaswath P. Raman*

Controlling both the spectral bandwidth and directionality of emitted thermal
radiation is a fundamental challenge in contemporary photonics. Recent work
has shown that materials with a spatial gradient in the frequency range of
their epsilon-near-zero (ENZ) response can support broad spectrum
directionality in their emissivity, enabling high total radiance to specific angles
of incidence. However, this capability is limited spectrally and directionally by
the availability of materials with phonon-polariton resonances over long-wave
infrared wavelengths. Here, an approach is designed and experimentally
demonstrated using doped III–V semiconductors that can simultaneously
tailor spectral peak, bandwidth, and directionality of infrared emissivity.
InAs-based gradient ENZ photonic structures that exhibit broadband
directional emission with varying spectral bandwidths and directional ranges
as a function of their doping concentration profile and thickness are
epitaxially grown and characterized. Due to its easy-to-fabricate geometry, it is
believed that this approach provides a versatile photonic platform to
dynamically control broadband spectral and directional emissivity for a range
of emerging applications in heat transfer and infrared sensing.

1. Introduction

The ubiquity of thermally generated light makes its control
of fundamental importance in a broad range of applications,
from thermophotovoltaics[1-3] to thermal imaging[4-6] and in-
frared sensing.[7-9] Far-field thermal emission is typically incoher-
ent both spatially and temporally, resulting in its broad spectrum
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and omnidirectional nature.[10] However,
thermal emission into unwanted frequen-
cies and directions greatly limits the effi-
ciency of existing technologies.[11] The abil-
ity to control the spectral and angular extent
of thermal emission has thus stimulated an
active field of contemporary photonics and
materials research.
A range of photonic strategies have been

investigated to control the spectral and
directional nature of thermally generated
light emission, including surface plas-
mon polaritons,[12-17] phonon-polaritonic
structures,[18-21] metasurfaces,[1,11] hyper-
bolic metamaterials,[22–24] and photonic
crystals.[25] While significant progress has
been achieved in spectrally selective ther-
mal emitters, directional control has proven
to be more challenging. When directional
thermal emission has been deliberately
engineered, the spectral bandwidth of di-
rectional emission is typically narrowband
and the emission angle itself changes
significantly as a function of wavelength.

By contrast, broadband directional thermal emission control,
where emissivity is highly directional to the same set of angles
across a broad bandwidth, has proven to be more challenging to
achieve. Recently, strategies to achieve such a capability were pro-
posed theoretically,[26,27] and an alternate approach using polari-
tonic oxide-based “gradient” epsilon-near-zero (ENZ) materials
was experimentally demonstrated.[28]

In gradient ENZ materials, the ENZ frequency varies spatially
along a key dimension, typically the thickness of a film. Sub-
wavelength ENZ films are known to support a leaky electromag-
netic mode (the Berreman mode) near their longitudinal opti-
cal phonon frequencies in the p polarization, whose angular re-
sponse is controlled by film thickness.[29-34] In recent work, gra-
dient ENZ films were shown to support a broadband Berreman
mode that in turn enabled directional thermal emission to the
same angular range over 4 μm bandwidths in the long-wave in-
frared (LWIR) wavelength range.[28] However, a key limitation of
this approach is that the gradient ENZ response was achieved us-
ing complementary phonon-polariton resonances supported by
a range of oxides. This in turn meant that the spectral range,
bandwidth, and directional characteristics of such thermal emit-
ters are limited by suitable materials available in nature. Further-
more, as the resonance frequencies of the constituent layers are
fixed by their intrinsic electron or phonon interactions, there is
no avenue for active tuning of spectral or directional emissivity
in such films.
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Figure 1. Configuration of an InAs-based gradient ENZ thin film for broadband directional thermal emission. A) Schematic of thermal emitter enabled
by a semiconductor gradient ENZ thin film. The doping concentration of the constituent semiconductor thin films varies spatially along the depth
dimension with a range from 1.9 × 1018 to 1.0 × 1018 cm−3. The thickness of the individual layers is 30 nm. B) SEM image of the experimentally
fabricated multilayer InAs film structure, with labels identifying the materials used and layer thicknesses. C) Numerically calculated real part of the
permittivity (and the imaginary part of the permittivity (D)) of the gradient-doped semiconductor thin films with a doping concentration range from
1.9 × 1018 to 1.0 × 1018 cm−3. The ENZ wavelength varies with different doping concentrations in a continuous range.

Alternatively, the desired ENZ response can be enabled by cou-
pling to free carriers, electrons, and holes, in semiconductors.
Doped semiconductors can exhibit a Drude metal-like response
with their plasma frequency typically at infrared wavelengths and
determined by their free carrier concentration.[35-43] Due to this
capability, prior studies have used doped semiconductor-based
platforms to demonstrate Tammplasmon polariton emitters[44,45]

and dynamic thermal emission control.[46-48] Broadband omni-
directional emissivity was also demonstrated using resonances
supported in semiconductor nanostructures.[13,14,49] Doped semi-
conductors have also been used to demonstrate Berremanmode-
driven behavior, including directional emission, but only over a
narrow bandwidth of operation.[36,39,40] Recent work has demon-
strated that multiple layers of CdO doped at different doping
concentrations can yieldmultispectral narrowband or broadband
emitters at the Brewster angle of the substrate.[50] However, past
work has not demonstrated the ability to simultaneously tune the
spectral bandwidth, spectral peak, and directional range of a ther-
mal emitter. Such a capability would allow one to constrain direc-
tional emission to particular angular ranges for arbitrary spectral
ranges, a challenging prospect.
Here, we present a platform for tailoring spectral and direc-

tional thermal emission with unprecedented control: semicon-
ductor gradient ENZ photonic structures based on epitaxially
grown graded doped InAs. We show that the spectral peak and
bandwidth of high emissivity can be tuned to a remarkable extent

by controlling both the thickness and the doping concentration
profile along the depth dimension of the structure. We epitax-
ially grow and characterize photonic structures demonstrating,
by design, high emissivity peaks between 17.5 and 19.5 μm and
between 12.5 and 15 μm, respectively. Furthermore, we demon-
strate directional tuning of the thermal beaming effect by control-
ling the total thickness of the structure, where the directionality
is constant over the entire high emission bandwidth. We demon-
strate directional tuning over 2 μm bandwidths from a 74° peak
to a 66° peak. Our semiconductor-based platform opens up excit-
ing possibilities for novel device concepts built on gradient ENZ
materials.

2. Results

To demonstrate tailored simultaneous control of spectral and di-
rectional emissivity, we exploited the free carrier response of judi-
ciously designed Silicon-doped InAs thin films where the doping
concentration varies spatially in a graded profile along the depth
dimension. The first structure we designed and grew by molec-
ular beam epitaxy was composed of InAs thin films of the same
thickness with the doping concentration ranging from 1.0 × 1018

to 1.9× 1018 cm−3 (Figure 1A). In the first structure, the thickness
of the individual layers was 30 nm each and they were epitaxi-
ally grown atop a heavily doped InAs layer with a doping concen-
tration of 5.0 × 1019 cm−3 and thickness of 300 nm (Figure 1A).
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Figure 2. Comparing experimental measurements with simulated results. A) Experimentally measured emissivity spectra varying with the angle and
wavelength of the fabricated multilayer semiconductor film structure in p-polarization. B) Simulation result of the emissivity spectra of the structure for
p-polarization using the transfer matrix method in conjunction with a semiconductor device solver. The simulation result shows a broadband angular
selective behavior in emissivity and is in good agreement with the experimental measurement. C) Simulated electric field intensity distribution for the
peak emissivity angle illumination at wavelengths (𝜆) of 17.9, 18.8, and 19.4 μm. The layers with higher doping concentrations support the Berreman
mode peak at lower wavelengths, whereas the thin films with relatively lower doping concentrations support the optical mode at higher wavelengths
corresponding to their ENZ wavelengths.

The heavily doped InAs layer serves as a reflective mirror sup-
porting the Berreman mode in the ENZ wavelength ranges of
the gradient InAs thin films, as it has negative permittivity over
the key wavelengths of operation of the gradient ENZ layers. The
gradient ENZ InAs structure and the heavily doped InAs layer
were both grown on a 50 mm (2 inch) semi-insulating GaAs sub-
strate, with a total InAs film thickness of 600 nm (Figure 1B).
We note that in these graded doped InAs layers, post-fabrication
dopant diffusion is expected to be negligible based on diffu-
sion parameters reported in the literature.[53] Furthermore, the
high doping concentration range used in the gradient ENZ struc-
tures ensures that the InAs layers remain extrinsic to moderately
high temperatures therebymaking their spectral response largely
temperature-insensitive at such temperatures (Table S2, Support-
ing Information).
Tomotivate the doping profile chosen, we show in Figure 1C,D

the numerically calculated real and imaginary parts of the permit-
tivity of the constituent semiconductor thin films of the gradi-
ent InAs layer for structure 1. We model the permittivity func-
tion of the doped InAs thin films with the Drude formalism
using only the plasma wavelength and scattering time as fit-
ting parameters. We obtain the doping-dependent plasma wave-
length and scattering time values using an interpolation between
the experimentally reported Drude parameters inferred from the
literature[37] and validate it against our epitaxially grown refer-
ence InAs film (see Table S1 and Figure S3, Supporting Infor-
mation). With increasing doping concentration from 1.0 × 1018

to 1.9 × 1018 cm−3, the ENZ wavelength gradually varies from
19.2 to 18.2 μm (Figure 1C) while the permittivity of the heav-
ily doped (n++ InAs) layer remains highly negative in this wave-
length range, allowing the field to be locally confined in the gra-
dient ENZ layer. Due to their complementary resonance frequen-
cies that vary gradually along the depth dimension, layering these
semiconductor thin films will result in a III–V-based gradient
ENZ thin film where its broadband spectral emission is more
continuous and tunable, compared to the previously demon-
strated gradient ENZ thin films based on polaritonic oxides.[28]

We show in Figure 2A the emissivity spectra of the fabri-
cated structure varying with angle and wavelength in the p-
polarization, as measured by an FTIR spectrometer. Since our
structures were deposited on an optically thick metal layer, the
transmissivity (T) is equal to 0 and the emissivity (𝜖) is deter-
mined through the measured reflectivity (R) as a function of po-
lar angle of incidence (𝜖 = 1 – R). The obtained spectrum ex-
hibits a strong high emissivity resonance band spanning continu-
ously along the wavelength range from 18.2 to 19.2 μmassociated
with the ENZ wavelength range of the constituent semiconduc-
tor thin films of the gradient ENZ film. The emissivity spectra
also show a strong angularly selective behavior in which the high
emission angular range, where the overall p-polarized emissiv-
ity is above 0.4 throughout the 17.5–19.5 μm range, is centered
at 76° (Figure 2A). The dispersion relation of this optical mode
is calculated in Figure S2 (Supporting Information), showing a
broadband Berremanmode supported to the left of the light line.
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To further validate our experimental results, we next show the
simulated emissivity spectra calculated using the transfer ma-
trix method in conjunction with a semiconductor device solver
(Figure 2B). The semiconductor device solver calculates the spa-
tial distribution of the free carrier concentration in the gradi-
ent ENZ structures by self-consistently solving Poisson’s equa-
tion and the drift-diffusion equations based on the finite element
method. Here, we account for the Fermi-level alignment between
the graded doped InAs layers, thereby accurately modeling the
spectral emissivity arising from the homojunctions of the gra-
dient ENZ layer in our simulations, as shown in Figure S6 (Sup-
porting Information). In the optical simulation using the transfer
matrix method, as in our experiments, we assume by Kirchhoff’s
law that the emissivity is equal to the absorptivity, and calculate
it as 𝜖 = 1 – R. The simulation results agree well with the ex-
perimental results, with both exhibiting strong directional emis-
sivity throughout a broad bandwidth between 17.5 and 19.5 μm.
In terms of directional characteristics, the angular range of high
emissivity and peak angle of incidence also agree well with the
experimental data.
To elucidate the origin of this behavior in our structures, we

calculated the electric field intensity distribution for the peak
emissivity angle illumination at wavelengths (𝜆) of 17.9, 18.8, and
19.4 μm in the p-polarization (Figure 2C). The constituent layers
of the gradient ENZ thin film with higher doping concentrations
support the Berremanmode at shorter wavelengths (𝜆≈ 17.9 μm)
within the high emissivity spectral bandwidth. Thus, the field in-
tensity profile shows larger field enhancement localized at the up-
per layers at these wavelengths.We note that the lowest ENZ layer
also has high field intensity at 17.5 μm due to the Fermi-level
alignment between the graded doped InAs layer and the heavily
doped InAs reflector (Figure S7, Supporting Information). The
layers with relatively lower doping concentrations support the
optical mode at longer wavelengths (𝜆 ≈ 19.4 μm) and the field
intensity profile shows a larger field enhancement localized at
the lower layers at these wavelengths. At wavelengths near the
peak emission (𝜆 ≈ 18.8 μm), the field is enhanced throughout
the gradient ENZ layer. This localized field enhancement can be
easily understood by considering two adjacent media, 1 and 2,
characterized by a permittivity of 𝜖1, 𝜖2 and electric field of E1,
E2, respectively. The z-component of electric displacement field
D = 𝜖E is continuous at the interface of the two adjacent medi-
ums so that Ez,2 = (𝜖1/𝜖2) Ez,1.

[29] It follows that the field Ez,2
is enhanced if 𝜖2 approaches zero near the ENZ wavelength of
medium 2 (Figure 1C). We also note that the heavily doped InAs
layer remains highly reflective over the wavelength ranges of op-
eration, exhibiting close to zero electric field intensity in the sim-
ulations. In principle, the peak emissivity can be enhanced by
either increasing the thickness or doping concentration of the
heavily doped (n++ InAs) layer (Figure S8, Supporting Informa-
tion). Both methods allow the InAs reflector to further suppress
any optical power leaking toward the bottom of the emitter.
We next show that III–V semiconductor-based gradient ENZ

materials enable exceptional control of the spectral range and
bandwidth of high emissivity by controlling the doping concen-
tration gradient of the gradient ENZ thin film. We fabricated a
second semiconductor gradient ENZ structure (structure 2) with
the doping concentration of the gradient ENZ thin film ranging
from 2.0 × 1018 to 4.5 × 1018 cm−3. We note that this structure

has both a different range as well as a larger spatial gradient of
the doping concentration compared to structure 1, from which
we expected to both change the peak spectral position to shorter
wavelengths and increase the overall bandwidth of high emis-
sivity. The thickness of the individual layers was 50 nm so the
overall total thickness of the gradient ENZ thin film was 300 nm,
identical to structure 1. Wemeasured the emissivity spectra vary-
ing with the angle and wavelength of the fabricated multilayer
semiconductor film structure in the p-polarization (Figure 3A).
We observe high emissivity in the wavelength range from 12.5
to 15 μm corresponding to the ENZ wavelength range of the
constituent semiconductor thin films of the gradient ENZ layer
(Figure S1, Supporting Information). The emissivity spectra also
show a strong directional behavior in which the angular range
of high emissivity, where the overall p-polarized emissivity is
above 0.4 throughout the 12.5–15 μm range, is centered at 74°

(Figure 3A), similar to structure 1, but over a different and wider
spectral range.
As with structure 1, we compared the experimental results

against simulations using the transfer matrix method and saw
excellent agreement, with both simulations and experiments ex-
hibiting angular regions of high and low emissivity throughout a
broad bandwidth between 12.5 and 15 μm. The operational range
as well as the angles of operation and peak angle of incidence
agree well with the experimental data (Figure 3B). To better char-
acterize the tunability of the spectral range and bandwidth of op-
eration, we plotted the spectral emissivity at peak emissivity an-
gles for both structures 1 and 2 (Figure 4). We clearly see that the
two structures exhibit different operation ranges corresponding
to the ENZ wavelength range of the constituent layers of the gra-
dient ENZ film. We also observe that the operational bandwidth
of structure 2 is wider than structure 1 due to the larger spatial
gradient of its doping concentration. This highlights the remark-
able control over spectral emissivity bandwidth that III–V-based
gradient ENZ structures can provide by controlling the doping
concentration profile of the gradient ENZ layer. Other ENZmate-
rials based on phonon-polariton resonances could partially over-
lap with the spectral range of the InAs-based photonic structures
in the present work in terms of their resonance frequencies.[54]

However, a key limitation of using phonon resonances lies in
not being able to achieve complementary resonance frequencies
that vary gradually and continuously along the depth dimension
for arbitrary spectral ranges. Additionally, when using a phonon-
polariton-based approach, the imaginary part of the permittivity
can vary significantly from layer to layer, resulting in varying di-
rectional ranges of high emissivity. A doped semiconductor ap-
proach, as we demonstrate here, allows us to arbitrarily tune both
the bandwidth and spectral range by carefully tuning the graded
doping profile of the gradient ENZ layers while maintaining a
nearly identical imaginary part of the permittivity through each
layer. Such a tailored degree of control is not achievable with
a phonon-polariton-based approach. Furthermore, we note that
among III–V semiconductors, InAs can theoretically support a
large electron dopant density up to 1 × 1020 cm−3, due to its un-
usually high Fermi level stabilization point.[55] This thus allows
one to, in principle, tune the InAs-based gradient ENZ platform
over a very wide spectral bandwidth.
We next demonstrate that, in addition to tuning the spectral

bandwidth, one can simultaneously tune the directional response
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Figure 3. Tuning the directionality of the broadband directional thermal emitter by controlling the total thickness of the semiconductor gradient ENZ thin
film. A,C)Measured emissivity spectra varying with angle and wavelength of the two fabricatedmultilayer semiconductor film structures in p-polarization
with the same doping concentration range from 2.0 × 1018 to 4.5 × 1018 cm−3, but different total thickness of 300 and 900 nm. B,D) Simulation results
of the emissivity spectra of the structures for p-polarization using the transfer matrix method. The simulation results are in good agreement with the
experimental measurements.

of semiconductor thin film-based gradient ENZmaterials by con-
trolling the total thickness of the gradient ENZ layer.We fabricate
an additional gradient ENZ structure (structure 3) with the dop-
ing concentration range of the gradient ENZ thin film ranging
from 2.0 × 1018 to 4.5 × 1018 cm−3, identical to structure 2. Here,
the thickness of the individual layers was increased to 150 nm so

Figure 4. Tuning the spectral peak and bandwidth of the broadband di-
rectional thermal emitter by controlling the doping concentration profile
of the gradient ENZ layer. Comparison of the measured emissivity in p-
polarization between the two gradient ENZ structures with different dop-
ing concentration ranges at a 76° angle of incidence. The working range
of structure 2 is situated at lower wavelengths and the bandwidth is wider
compared to structure 1.

that the total thickness of the gradient ENZ thin filmwas 900 nm.
For structure 3, the emissivity spectrum exhibits high emissiv-
ity in the same wavelength range as structure 2 (from 12.5 to
15 μm) (Figure 3C), corresponding to the ENZ wavelengths of
the constituent semiconductor thin films of the gradient ENZ
layers. The emissivity spectra show a strong, broadband direc-
tional response. However, the directional peak, where the overall
p-polarized emissivity is above 0.4 throughout the 12.5–15 μm
range, was centered at 66° (Figure 3C). The simulation result us-
ing the transfer matrix method also shows a similar shift in the
peak emission angle toward normal incidence as compared to
structure 2 (Figure 3B,D). For structure 2, we measured an aver-
age emissivity of >0.4 in the p-polarization over the wavelength
range of operation (from 12.5 to 15 μm) between 66° and 80°

(Figure 5A, red line). Outside of this angular range, the average
emissivity drops below 0.3 at 50°.
For structure 3, over the same wavelength range of operation

(from 12.5 to 15 μm) for p-polarization, we instead observe an
average emissivity >0.4 between 58° and 74° (Figure 5A, black
line). Outside of this angular range, the average emissivity drops
to below 0.3 at 40°. By controlling the doping concentration gra-
dient and thickness, we are thus able to achieve exquisite and tai-
lored control over the directional range of high emissivity while
maintaining that directional response over a broad bandwidth by
design. As is seen in Figure 5B, this response originates funda-
mentally from the spatial shift of the optical mode supported by
the thicker gradient ENZ InAs photonic structure relative to the
thinner one. As the total thickness of the gradient ENZ layer in-
creases, the dispersion curve of the broadband Berreman mode
moves to the left and thus will couple to modes from angles of
incidence that are closer to normal incidence, agreeing well with
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Figure 5. Directional response of the two gradient ENZ thin films with different total thicknesses. A) Polar plot of the measured average emissivity
over a broad wavelength range of operation (from 12.5 to 15 μm) varying with the angle of incidence for p-polarization in structures 2 and 3, with peak
emissivity observed at 74° and 66°, respectively. The larger total thickness of the gradient ENZ thin film shifts the high emissivity angle toward normal
incidence. B) The calculated dispersion relation of structures 2 and 3 throughout the frequency range of interest. The broadband Berreman mode moves
toward normal incidence as the total thickness of the gradient ENZ layer increases from 300 to 900 nm, which agrees with (A) (where Λ, a scaling factor,
is the mean of the wavelength range of operation).

Figure 5A. In the ideal gradient ENZ framework, the spectral
range of operation and directional response of a gradient ENZ
film can be tuned arbitrarily and simultaneously without affect-
ing the angular width of high emissivity (Figure S4, Supporting
Information). In real materials, however, we note that the imag-
inary part of the permittivity can place limits on the directional
contrast of emissivity. If the imaginary part of the permittivity
is large for the constituent ENZ films at wavelengths near the
ENZ wavelength, high emissivity will occur over a wide range of
k values, and thus broader range of angles, especially for gradi-
ent ENZ films with larger total thicknesses designed to operate at
near-normal angles of incidence. However, in a III–V-based gra-
dient ENZ platform, the imaginary part of the permittivity varies
gradually, but only minimally along the depth dimension for the
constituent ENZ films at these wavelength ranges (Figure 1C,D;
Figure S1, Supporting Information), enabling broadband spec-
tral emission that is highly directional compared to the gradient
ENZ structures based on phonon-polariton resonances, where
the variability in the imaginary permittivity near the ENZ wave-
lengths can be substantial.
We also calculate the electric field intensity distribution for the

peak emissivity angle illumination at 12.6, 13.4, and 14.5 μm us-
ing electromagnetic simulations in both polarizations for struc-
tures 2 and 3 (Figures S9 and S10, Supporting Information),
where the localized field enhancement can be understood by the
same argument as previously discussed for structure 1. Although
the enabled directional control is in the p-polarization, it also
enables a marked contrast in the polarization-averaged thermal
emission as a function of angle because the emissivity is mini-
mal at all angles in the s-polarization over the spectral operational
range (Figure S5, Supporting Information). This capability not
only makes our approach immediately useful for applications in
heat signature control, but also in the realm of free-space opti-
cal sensing and communication,[51] by virtue of its polarization-
sensitive response.
Alternative materials systems such as graphene or other 2D

materials have also been investigated for their potential use in
thermal emission control[56-58] and optical modulation[59-61] since
their carrier density and hence their complex refractive index
can be tuned by chemical doping or electrostatic gating.[62] How-

ever, the directional controllability of the broadband Berreman
mode, we have demonstrated, necessitates significantly thicker
films (micrometer-scale) than conventional 2D material demon-
strations, thus their utilization for spectral and directional con-
trol of thermal emission remains a topic for further investiga-
tion. We believe that with the versatility of controlling both the
spectral and directional optical response, the demonstrated III–V
semiconductor-based photonic structures could be harnessed
for a range of applications such as infrared photodetection[63,64]

and light modulation[65,66] for optical communication, as well
as for optical switches and logic gates in photonic integrated
circuits.[67,68]

3. Conclusion

We have demonstrated a III–V semiconductor-based platform
that offers unprecedented control of spectral and directional
emissivity over infrared wavelengths. We show that our gradi-
ent ENZ scheme has the capability to tune the spectral band-
width and spectral range of operation of a directional emitter
arbitrarily and simultaneously. Furthermore, by controlling the
total thickness of the gradient ENZ structure, we show that the
angular response can be independently tuned as well. We em-
phasize that in our approach a directional emitter has emissiv-
ity that is highly directional to the same set of angles, across an
arbitrary bandwidth. By constraining directional emission to par-
ticular angular ranges over arbitrary spectral ranges, improved
performance may be possible for a range of applications, includ-
ing thermophotovoltaics,[69] radiative cooling,[70] and waste heat
recovery.[71] It is noteworthy that the lithography/patterning-free,
chip-scale geometry, we have used, suggests that the semicon-
ductor gradient ENZ structures can be incorporated with other
photonic structures, opening up exciting possibilities for lever-
aging the broad spectrum modes supported by gradient ENZ
structures. Since the optical response of the semiconductor gra-
dient ENZ photonic structures is driven by free carrier concen-
tration, these properties can be dynamically controlled,[35] poten-
tially over the broadband operational wavelength range of direc-
tional thermal emission,[48] as well as broadband non-reciprocal
thermal emission control.[51,52] We thus believe that this approach
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holds great potential to enable on-demand control of broadband
directional thermal emission.
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