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Vertical Thermal Emission from Optical Antennas on an

Epsilon-Near-Zero Substrate

Irfan Khan, Milan Palei, Owen Dominguez, Evan Simmons, Viktor A. Podolskiy,

and Anthony J. Hoffman*

This work presents a novel approach to achieve directional and normal
thermal emission from epsilon-near—zero (ENZ) materials. ENZ materials
exhibit near—zero permittivity at the ENZ point, resulting in some unique
properties compared to conventional optical materials including infinite
wavelength, constant phase distribution, and decoupling of spatial and
temporal fields inside the ENZ material. These properties are used to
engineer the far-field thermal emission from optical antennas fabricated on
ENZ film in the mid-infrared. By coupling the antenna resonance mode with
the Berreman mode of the ENZ material, highly directional and normal
emission is demonstrated. This approach could have significant implications
for thermal management, energy conversion, and sensing applications.

1. Introduction

Thermal emission is a fundamental process in which electromag-
netic radiation is emitted by a material when it is heated above
absolute zero. In this process the internal energy from the ther-
mal reservoir is transferred spontaneously to photons in the radi-
ation field.'" This phenomenon, which is described by Planck’s
Law, states that for an ideal black body the spectral density of the
emitted radiation is determined by its temperature. This emis-
sion is ubiquitous, broadband, omnidirectional, and in general
assumed to be temporally and spatially incoherent in nature.
Considerable progress has been made over the last decade to pre-
cisely engineer these properties of thermally emitted light using
wavelength-scale optical structures.(>]

Directionality and normal emission are two key properties that
determine the functionality of thermal emitters. Directionality
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refers to the ability of an object to emit
light preferentially in a particular direction,
whereas normal emission refers to the abil-
ity of an emitter to emit perpendicular to its
surface. The ability to control the direction-
ality of thermal emission enables a broad
range of applications in sensing, energy
harvesting and conversion, imaging, and
spectroscopy, where efficient light collec-
tion and coupling are crucial.l*% Due to the
omni-directional nature of thermal emis-
sion, most of the emitted energy is wasted
by radiating in unwanted directions, re-
sulting in poor collection efficiency. There-
fore, the development of thermal sources
with the ability to control the emission
direction is of fundamental importance.

Controlling directivity of thermal emitters is challenging due
to the fundamental limits imposed by thermodynamics and the
complex interplay between the emitter’s geometry, material prop-
erties, and surrounding environment.[?) Thermal emission from
any material is characterized by its emissivity—which is the mea-
sure of an object’s ability to emit thermal radiation relative to an
ideal black body. According to Kirchhoff’s law of thermal radi-
ation, at any given temperature and wavelength, the spectral di-
rectional emittance from an object is equal to the spectral absorp-
tance for radiation incident from the same direction. This com-
plimentary relationship between emission and optical absorption
suggests that the optical properties of thermal emission can be
engineered by nano-structuring or careful material selection.

Over the years, many techniques have been proposed to
achieve directional thermal emission, including plasmonic
nanostructures, surface-phonon polariton gratings, magneto-
optical lattice resonances, photonic crystals, hyperbolic metama-
terials, and metasurfaces.['%1%! These approaches, however, have
limitations in terms of spectral selectivity, narrow bandwidths,
and emission in oblique directions only. An alternative approach
in controlling the directivity is using thin film made of materi-
als exhibiting epsilon-near—zero (ENZ) behavior. These materi-
als support a leaky polarized electromagnetic mode known as the
Berreman mode, which can couple with free-space modes at spe-
cific angles of incidence.'”] However, this angular response is
limited to narrowband frequencies, and oblique directions only.
Broadband, directional thermal emission from ENZ materials in
oblique angles have been realized by sandwiching multiple ox-
ides and graded doped I1I-V semiconductors with multiple ENZ
points.[1819]
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Figure 1. a) Schematic of the optical antennas patterned on the AIN/Mo/Si substrate. b) SEM image of a portion of the antenna array.

In this paper, we present a new approach to obtain directional
and normal thermal emission from ENZ materials by patterning
optical antennas on it. The optical response of plasmonic anten-
nas placed on ENZ substrates has been investigated in prior stud-
ies in other contexts.[2°26] Qur approach leverages the unique
properties of ENZ materials, which exhibit near—zero permit-
tivity near the ENZ point, to tailor the thermal emission of the
antennas. The radiation pattern of an antenna fabricated on a
substrate is pre-dominantly directed toward the medium with
the higher refractive index.?®! For weakly dispersive positive per-
mittivity substrates with Re(e) > 1, the field pattern is forward
scattered into the substrate. In case of the ENZ substrate with 0
< Re(€) < 1, the electromagnetic field is backscattered into the
air.!?’] As the Re(e) approaches 0 at the ENZ wavelength, the elec-
tromagnetic energy is radiated in the direction normal to emit-
ter’s surface. Because of this reason, optical structures which can
support electromagnetic modes at ENZ frequencies are of great
interest. One such mode is the Berreman mode. The Berreman
mode provides strong confinement and field enhancement in the
ENZ film and is leaky at the air/ENZ interface.?®] By patterning
periodic arrays of nano-bar antennas on the air/ENZ interface,
we demonstrate coupling between the antenna resonance mode
and the Berreman mode, which drastically modify the far-field
radiation pattern. We demonstrate experimentally that our ap-
proach enables highly directional and normal emission, paving
the way for new advances in thermal management, energy con-
version, and sensing applications.

2. Experimental Section

Optical antenna arrays were fabricated on sub-wavelength layers
of AIN with a metal ground plane. A 100 nm thick Mo ground
plane was deposited on a Si carrier substrate followed by 1.2 um
of polycrystalline AIN deposited via sputtering. The wafers were
diced into 1.2 X 1.2 cm? pieces, and 1 X 1 cm? antenna ar-
rays were fabricated using electron beam lithography and metal
liftoff.[2°l A schematic of the sample and antenna arrays is shown
in Figure 1a. Three antenna arrays comprising antennas of differ-
ent lengths were used in this work. The dimensions of individual
antennas in the three arrays were 120 nm wide, 90 nm thick, and
2.73,4.77, and 8.27 pm long for samples 1, 2, and 3, respectively.
For all of the arrays, the antennas were spaced 2 ym apart from
their nearest neighbor. A scanning electron microscope (SEM)
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image of a portion of the antenna array for sample 2 is shown in
Figure 1b.

Angle-, wavelength-, and polarization-dependent emis-
sion measurements were performed by collecting the angle-
dependent emission from a heated sample. The optical setup
for measuring thermal emission is shown in Figure 2. Samples
were mounted with thermal paste and a clip to a custom heated
rotating stage. The temperature of the heated stage was mea-
sured by a type K thermocouple bolted directly onto the stage
just above the sample. For all of the measurements presented
here, a stage temperature of 300 °C was used. Angle-dependent
thermal emission from the sample was collimated using an
uncoated Au parabolic mirror. A dual-layer leaf design iris was
placed between the parabolic mirror and the sample to ensure
that emission was collected only from the sample; the dual
layer design mitigates heating of the iris from the stage and
the resultant thermal emission from the side of the iris facing
the sample. A beamsplitter with a flipping mount was used to
direct light either to the Fourier transform infrared spectrometer
(FTIR) or to a CMOS camera, which was used for alignment
purposes. When measuring mid-infrared (mid-IR) spectra, the
beam was routed through a pair of off-axis parabolic mirrors into
the FTIR. A second iris was placed after the last parabolic mirror
to control the width of the collimated beam entering the FTIR
through the external port. A polarizer was placed between the
second iris and the FTIR to select the polarization of the emitted
light. For the transverse magnetic (IM) polarization, the sample
was aligned such that the magnetic field was parallel to both the
short axis of the bar antennas and the rotation axis of the heated
stage as shown in the inset of Figure 2. A room-temperature
deuterated triglycine sulfate detector with a CsI window was
used for all the measurements.

The spectral emissivity of an antenna arrays was obtained by
modifying the technique in Ref. [30] to include angle. This ap-
proach requires three spectra to be measured for each angle: 1)
emission from the heated array, 2) emission from a heated grey
body, and 3) baseline emission from the room temperature sur-
roundings. The angle-dependent, spectral emissivity was then
calculated using

SeP (2,0, T) = S (4, T) | [ P(4,Tg) — P (A Tg)
£ (40) = | =5 o5 1
SeP (4,0, Tg) = Sp7 (4, Tg P(4,Ts)—P(4,Tg)
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Figure 2. Optical setup for measuring the emissivity of Au antennas on ENZ substrate. The inset in the dashed red box shows the TM polarization of

5
the emitted light. The H field is parallel to rotation axis of the stage and along the short axis of the bar antennas.

where, S* is the single channel emission from the sample at
temperature T, S;* is the heated blackbody emission at temper-
ature Ty, S;” is the background emission from the room temper-
ature surroundings, and P is the Planck function. A Au-coated
glass substrate covered with soot was used to measure S;7; the
dimensions of the substrate were the same as the samples. The
soot was deposited by holding the gold coated substrate over a
candle for 10 min. The thickness of the deposited soot was about
2 mm. The background emission, S;", was obtained by closing
the dual-layer iris in front of the heater. Each measured spectrum
was averaged over 50 scans with a spectral resolution of 4 cm™!
and an angular step of 1°.

Finite element simulations of the Si/Mo/AIN substrate with
bar antennas patterned on it, were performed. The simulations
were performed with COMSOL Multiphysics software with op-
tical parameters of materials taken from literature.3'>* Only a
single unit cell of the structure with Floquet periodic boundaries
was simulated as shown in Figure 3a. The TM polarization for the
incident wave was used such that the magnetic field was along the
short axis of the bar antenna.

2.1. Results and Discussions

Figure 3b shows the simulated angle dependent TM polarized
absorption from the Si/Mo/AIN substrate without any antennas
patterned on it. The strong absorption close to the LO phonon
frequency of the AIN is due to the Berreman mode. There is no
absorption from the Berreman mode at normal incidence.**! As
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the angle of incidence increases, the Berreman mode blue-shifts
and its FWHM broadens. The maximum absorption is observed
at around 30° incidence, where the absorption coefficient is close
to unity.

Next, we model the absorption for Au bar-antennas patterned
on the Si/Mo/AIN substrate. The simulations are performed at
normal incidence to eliminate absorption due to the Berreman
mode and excite only the resonant modes of the antenna. The
tuning of the antenna resonance with antenna length is shown
in Figure 3c. The first order antenna resonant mode blue-shifts
and broadens as the antenna length decreases. The dashed red
line shows the spectral position of Re(e = 0) for AIN. We use this
resultas a guide to fabricate bar antennas on ENZ substrates with
three different lengths such that, a) the first order antenna mode
is far-away from the ENZ point, where Re(e,y) > 1, b) in the
vicinity of the ENZ point (Re(e ,;y) ~ 0), and c) beyond the ENZ
point where Re(e ) < 0. These three regions are highlighted in
blue, yellow, and red, respectively, in Figure 3c.

The measured TM polarized, angle-dependent spectral emis-
sivity for the bare Si/Mo/AIN structure without any antennas is
shown in Figure 4a. The colorscale shows the measured emissiv-
ity at 300 °C, while the overlaid circles show the incident-angle—
dependent wavelength of the modes obtained from finite ele-
ment simulations. The simulations are performed using room
temperature dielectric permittivity, and does not account for the
change in permittivity due to temperature. The slight red-shift
in the measured emissivity is attributed to the softening of the
optical phonons at elevated temperature.l**3”] This is attributed
to the red-shift in the optical phonons at high temperature. The
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Figure 3. a) Schematic of unit cell for the finite element simulation. b) Absorption due to the Berreman mode of AIN calculated using TMM method. c)
Tuning of first order antenna mode as a function of antenna length simulated using COMSOL.

spectral position of each mode is obtained by choosing the lo-
cal maximum of the absorption peak for each simulated angle.
We attribute the slight asymmetry with angle in the measured
emissivity for all the samples to minor misalignment between
the focus spot of the parabolic mirror and the rotational axis of
the stage positioned at the surface of the sample.

For sample 1 (2.73 ym antenna array), the antenna modes are
far-away from the ENZ region of the AIN substrate, where there
is no coupling between the Berreman mode and the resonant
modes of the bar-antenna. The measurements exhibit two strong
spectral features that are readily identified as shown in Figure 4b.
The narrow peak in emissivity around 885 cm™! corresponds to
increased emission from the leaky Berreman mode of the AIN
thin film. The emissivity peaks at ~30°, and the frequency of the
mode blue-shifts with increasing angle. The first order antenna
mode (m = 1), indicated by the black circles, is at 1088 cm™~! for
normal emission. This mode exhibits some emission at 0°. and
two dominant side lobes with maximum emission around 50°.
from the normal. The emission blue-shifts as the angle increases
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from zero to peak emissivity at 50°, after which it starts to red-
shift with increasing the angle.

For sample 2 (4.77 um antenna array), the first order resonant
mode of the bar-antenna is just to the high-frequency side of the
ENZ region where 0 < Re(e 4;y) < 1. The emissivity from this sam-
ple is shown in Figure 4c. For this sample the Berreman and first
order antenna modes are observed at 880 and 922 cm™!, respec-
tively. Due to the coupling between these two modes, the Berre-
man mode is slightly red-shifted as compared to sample 1.12°)
Also, the Berreman mode exhibits weak dispersion at small an-
gles, and the red-shift is observed at higher angles only. The first
order antenna mode has near unity emission between —40° to
40°. The dispersive mode between 950 and 1150 cm™!, and the
mode at 1250 cm™! correspond to the second and third order an-
tennas modes. These modes are beyond the scope of this study
and are not discussed further.

When the resonant mode of the antenna is to the low fre-
quency side of the Berreman mode, where Re(e ;) < 0, the angle-
dependence of the thermal emission is strongly modified and
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Figure 4. Measured normalized far-field thermal emission versus frequency and angle for Si/Mo/AIN multilayer structure with a) without any antennas,
b) 2.73 pm antennas, c) 4.77 um antennas, and d) 8.27 um antennas. The white, and black circles show the peak position of Berreman mode, and first
order antenna resonant modes, respectively, obtained from finite element simulations.

emission is into a narrow angular region about the normal as
shown in Figure 4d for the 8.27 um antennas. Similarly, the emis-
sion from the main lobes of the Berreman mode moves away
from the normal to higher angles. We observe a small amount of
normal emission from the Berreman mode, which is attributed
to the excitation of the Berreman mode due to the light scat-
tered by the antennas.?”! The antenna mode radiates into +10°
of the normal. The emission in the normal direction is due to
the lower refractive index of the ENZ substrate than air. For
an antenna at the interface of two dielectric media, the emis-
sion is directed toward the medium with higher refractive in-
dex, with the direction of the main beams at an angle related to
sin ~!(n, /n,) from the normal, with n, and n, being the refrac-
tive indices of the substrate and superstrate, respectively.*®! As,
the refractive index of the substrate becomes vanishingly small
at the ENZ point, the main beams are directed in the normal
direction.

Figure 5b,c shows a cross-section of simulated electric field
profile (E,_ component) for the 2.73 and 8.27 um antennas for
m = 1 mode at normal incidence. The cross-section is taken
along one of the short ends of the antennas. Here, we are plot-
ting the field for three neighboring antennas for clarity purposes.
The actual simulation was performed with periodic boundaries
and with incident electric field polarized parallel to the length
of the antennas. For the 2.73 um antennas, there is no cou-
pling between the neighboring antennas. For the 8.27 um anten-
nas long range coupling between neighboring antennas is ob-
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served. This is due to the antenna mode coupling to the Berre-
man mode, which has very long in-plane wavelength close to ENZ
point. The Berreman mode can simultaneously couple multi-
ple antennas, which translate to increased spatial coherence, and
hence the reduced angular spread (=4 reduction) as shown in
Figure 5a.

To quantitatively evaluate the directionality of the different an-
tenna arrays, we define a figure of merit (FOM = AE/Af), where
AE is the contrast between maximum and minimum emissivity
and A6 is the angular spread and calculated as the FWHM of E(0)
at a specific frequency.??) A high FOM value signifies better di-
rectionality. FOM value 0f 0.31, 0.49, and 1.75 is calculated for the
m = 1mode for the 2.73, 4.77, and 8.27 ym antenna arrays, re-
spectively. The angular spread and angular contrast in Figure 5a
can be improved by tuning the thickness of the AIN layer.

Significant spectral line width narrowing is also observed for
the longer antennas. Figure 6 shows the emissivity for the three
antenna samples measured at 0° angle with electric field polar-
ization along the length of the antenna. The peak position of first
order mode for each antenna length is indicated by the arrow.
The central peak position of FWHM of these modes are obtained
by fitting Gaussian functions to the spectra in Figure 6. From the
fitting, we calculate the central frequency of the first order an-
tenna mode at 1085, 909, and 852 cm™ for the 2.73, 4.77, and
8.27 um antennas, respectively. The corresponding FWHM for
the three antenna arrays are 32.9, 15.9, and 6.8 cm ™!, respectively.
Shifting the resonant mode of the antenna close to the Berreman
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Figure 5. a) Far-field radiation plot for m = 1mode for the three antenna arrays at 1088, 922, and 860 cm™' respectively. b,c) Corresponding simulated
electric field, |E,|, profile for the 2.73 and 8.27 um antenna arrays showing coupling between adjacent antennas.

mode, results in a spectral narrowing of 4.8x for the longest an-
tennas. We also observe significant improvements in the Q-factor
(Q = 2= of the resonant mode. The Q factor increases from
312 forthe 2. 73 um antenna to 125 for the 8.27 um antenna array.
This is an improvement of 4X in the Q factor. For the 8.27 ym an-
tenna, we also observe a shoulder at 849 cm™"'. This is attributed
to the excitation of the surface phonon polariton mode of the AIN
layer.
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Figure 6. Thermal emissivity measured at normal angle to the surface. The
position of the first order antenna mode (m = 1) is shown by the blue,
red, and yellow arrows for 2.73, 4.77, and 8.27 pm antennas, respectively.
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3. Conclusion

We demonstrate the effect of ENZ substrate on the far-field ther-
mal emission of optical antennas. We fabricated bar antennas
on ENZ substrate with three different lengths such that the fre-
quency of first order resonant mode is, a) far-away from the ENZ
point where the real part of permittivity of the substrate is posi-
tive and greater than 1, b) in the vicinity of the ENZ point, and
c) beyond the ENZ point where the real part of permittivity is
negative.

The ENZ substrate drastically modifies the far-field emission
from the optical antennas. The first order antenna mode exhibits
far-field emission that depends strongly on the length of the an-
tenna. In general, as the antenna length is increased, the antenna
modes redshift, couple to the Berreman mode, and spectrally pin
as the modal index vanishes. At the same time, the direction of
the thermal emission moves toward the normal. Coupling to the
Berreman mode also results in spectral and spatial narrowing of
the antenna mode. The work presented here could lead to new
ways of engineering absorption, emission, and scattering in the
mid- and far-infrared. The limited directional bandwidth may be
an obstacle to practical applications, but it can be overcome us-
ing approaches like by using gradient heterostructures of differ-
ent ENZ materials or multiple antennas of different lengths in a
supercell.
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