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ABSTRACT

Nanoantennas and their arrays (metasurfaces) provide a versatile platform for controlling the coherence of thermal emission. Conventional
designs rely on global heating, which impedes emission efficiency and on-chip integration. In this work, we propose an electrically driven
metasurface composed of a Yagi-Uda nanoantenna array interconnected by S-shaped electrode wires, which enables the concurrent manipu-
lation of thermal emission spectrally and directionally. A direct simulation approach based on the Wiener-chaos expansion method is
employed for quantitative analysis. Our metasurface device exhibits a narrowband emission with high directivity, which is one order higher
than that of a single nanorod antenna case. The modeling framework established in this work opens a promising route for realizing coherent

mid-infrared emission by metasurfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0165104

The capability of controlling thermal emission has enabled myriads
of applications, such as infrared imaging,' biochemical sensing,” radia-
tive cooling,J' thermal circuits,” and energy harves‘[ing.{"7 However,
intrinsic incoherence of thermal emission, for example, thermal radia-
tion from incandescent tungsten filaments, imposes significant limita-
tions on the efficiency, selectivity, and sensitivity in these applications.
To achieve coherent emission, i.e., monochromatic emission with high
directionality, metasurfaces” ' and metamaterials'' '* provide a prom-
ising platform for tailoring the emission spectrally'” '* or direction-
ally.'””' Here, narrow spectrum is usually a measure of the temporal
coherence of a thermal source, and directivity indicates the spatial trans-
verse coherence.” To date, nanoresonator arrays'~'***** and plasmonic
metasurfaces” have demonstrated narrowband nearly perfect thermal
emission, while grating structures'””’ and nanoantennas”® yield narrow
angular emission.

Owing to the highly efficient beaming effect for electromagnetic
waves,””® the Yagi-Uda antenna (YUA) has been adopted from its
original application in radio waves to other frequency ranges, espe-
cially for visible light,” *® due to the advancement of nanofabrication
technologies. However, in the infrared regime, thermally exciting a
YUA with monochromatic spectrum remains challenging because of
the broadband characteristic of a thermal source.”” In this work, we
demonstrate an electrically driven metasurface consisting of a YUA
array [Fig. 1(a)], which enables narrowband and directional thermal
emission. The Wiener-chaos expansion (WCE) method combined
with finite-difference time-domain simulation by ANSYS Lumerical

FDTD is applied for investigating the spectral and directional perfor-
mance of this metasurface. The influence of substrate on the spectral
response is analyzed by an equivalent circuit model.

A YUA is composed of an actively driven element called feed sur-
rounded by a reflector and a few directors as illustrated in Fig. 1(b). As
a dipole resonator, the feed nanorod supports dipole-like resonance
that will interact with the emission of reflector and director elements.
Accordingly, the length of the feed element plays a crucial role in
determining the operating frequency. Placing a longer reflector near
the feed will induce inductive detuning due to its lower resonance fre-
quency, while adding shorter directors can have a capacitive detuning
effect on the whole structure.”” Consequently, the YUA suppresses
electromagnetic wave propagation in the backward direction and
leads to increased directionality in the forward direction [positive x in
Fig. 1(b)]. Here, gold nanorods are employed in our YUA design. At
the designed emitting wavelength of 6.5 um, we determine the dimen-
sions of components in an individual antenna as follows:’” the feed
nanorod has a length of 2.5 um and a cross section of 150 x 150 nm>,
the reflector is 3 um long and has a cross section of 200 x 150 nm?,
and the directors are 22um long with a cross section of
100 x 150 nm?. To achieve effective constructive or destructive inter-
ference, spacings between the feed and reflector/director elements are
optimized based on the maximum directivity and forward-to-back-
ward emission intensity ratio (see supplementary material Note SI).
The directivity of the antenna defined for all emission angles is
expressed by
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where 0 and ¢ are the zenith and azimuth angles, respectively, in the

standard spherical coordinate; I(0, ¢) is the radiation intensity; and
Py is the total emissive power. As a result, the reflector-to-feed spac-
ing is determined to be 1.2 um, while the separation is 1.5 um between
the feed and director as well as among neighboring directors, from

which the directivity distribution is obtained in Fig. 1(b).

To characterize the narrowband and directional performance of
the metasurface, we conduct the full-wave simulation by ANSYS
Lumerical FDTD, in which the WCE method is used to properly excite
Voltage (+) the feed. In the WCE method, ™ thermally induced random currents are
expanded into deterministic orthonormal current modes. Each current
(b) mode can be represented by a series of dipole sources in the emitting
element with assigned amplitudes that satisfy the orthonormal basis
function (see supplementary material Note S2 for detailed implementa-
tion of WCE). From the WCE method, the far-field spatial and spectral
responses are captured by a box of monitors enclosing the whole
antenna structure. In FDTD, we utilize the following built-in analysis
groups to obtain spectral emissivity, far-field electric field intensity dis-
tribution, and directivity: the transmission box, the far-field from the
closed box, and directivity. For a single unit, including the nanorod,
YUA, and YUA with interconnection wire (wired-YUA) structures, the
polar plots in Fig. 2(a) reveal the radiation patterns in the upper hemi-
FIG. 1. (a) Schematic of an electrically driven nanoantenna metasurface achieving sphere as a function of polar and azimuthal angles. Without reflector
r)arrowband and Fiirgctional thermal emission. (b) Schematic of a YUA with direc- and director elements, the nanorod possesses dipole-like emission.
1] VA Gl i However, with the interference of reflector and directors, the emission
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FIG. 2. (a) Far-field electric field intensity distribution of a nanorod, a YUA, and a wired-YUA at their corresponding resonant wavelengths of 6.5, 6.7, and 6.8 um, respectively.
(b) Emissivity of the nanorod, YUA, and wired-YUA. (c) Electric field profile of the YUA and wired-YUA. Scale bar: 0.6 um.
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FIG. 3. (a) Far-field electric field intensity distribution of the wired-YUA with a 50 nm
thick KBr substrate at the corresponding resonant wavelength of 7.1 um. (b)
Emissivity of the wired-YUA on the KBr substrates with different thicknesses. (c)
Resonant frequency and corresponding normalized total LC vs substrate thickness.
Inset: Equivalent circuit model of the wired-YUA with a substrate.

is strongly beamed in the forward direction and forms a narrow-angle
lobe at the azimuthal angle of 0°. From the spectral perspective [Fig. 2
(b)], it is evident that a gold nanorod of 2.5 m supports the dipole-like
resonance at 6.5 um. The YUA, as a result of detuning from reflector
and director elements,” slightly red shifts and resonates at the wave-
length around 6.7 um. Meanwhile, the temporal destructive interference
at the wavelength of about 5.85 um significantly truncates the band-
width and leads to stronger temporally coherent emission. To activate
the YUA electrically, an S-shaped interconnection wire is employed to
connect the feed element. By applying a voltage bias, the interconnec-
tion electrode allows local Joule heating, which can electrothermally
excite the feed. From our previous study,” the center-connected elec-
trode wire shows a minimal impact on the resonator due to the
wire only occupying the center of the feed where the field intensity
is the weakest. However, the asymmetric S-shaped wire for a single

ARTICLE pubs.aip.org/aip/apl

wired-YUA here induces a minor tilt in the mainlobe direction
[Fig. 2(a)]. In the metasurface structure, such a directional offset is
canceled out due to the zigzag “S” feature (see following Fig. 4 and
supplementary material Note S3). Furthermore, with the intercon-
nection wire, the spectral resonance experiences a red shift to
6.8 um [Fig. 2(b)]. This can be explained by the electric field profile
shown in Fig. 2(c), where the coupling between the wire and the
feed generates a slightly tilted electric distribution, corresponding
to a longer effective dipole moment.

To complete the design of the nanoantenna metasurface, we have
chosen Potassium Bromide (KBr)™ as the substrate due to its infrared
lossless, high transparency, and thermal stability. The directional emis-
sion behavior is sustained, as demonstrated by the example of 50 nm of
KBr shown in Fig. 3(a). In Fig. 3(b), when the KBr substrate thickness is
gradually changed from 0 to 300nm, the resonance frequency is red
shifted. It is instructive to analyze the influence of substrate thickness on
the resonator behavior within an equivalent circuit model. In this case,
the antenna can be described as a passive one-port circuit that presents
an impedance to the electrical source. With Ry, representing the non-
radiative loss (e.g., heat dissipation through heat conduction and natural
convection) and R, as the radiative loss, the introduction of the lossless
KBr substrate significantly changes the energy storage elements L, C of
the antenna, as shown in Fig. 3(c) inset. To explain the shift of resonance
frequency with increasing substrate thickness, a simple serial circuit anal-

ysis'”*! can give the variation in resonant frequency as
- (%)2 @
(a) I 4xmax
[ |
I min
(b) x107

Emissivity

Wavelength (um)

FIG. 4. (a) Far-field electric field intensity distribution of the nanoantenna array
metasurface (10 units) with a 50 nm thick KBr substrate at the corresponding reso-
nant wavelength of 7.1 um. (b) Emissivity of the metasurface. Inset: metasurface
schematic.
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FIG. 5. (a) Maximum directivity and Q-factor of the emission from a nanorod, a
YUA, a wired-YUA with/without the KBr substrate, and nanoantenna metasurface
(10 units). (b) Reduced heat exchange spectra between the feed and a detector of
different lengths.

where wy = (Lo Co)fl/ % is the limit of the resonance frequency of the
wired-YUA when the substrate is absent. In Fig. 3(c), as the resonance
frequency is inversely correlated with the substrate thickness, accord-
ing to Eq. (2), a positive relationship between the substrate thickness
and the corresponding normalized overall LC value is indicated. The
energy stored in the capacitor and inductor is directly proportional to
their respective C and L values. Consequently, an increase in the LC
value results in a greater amount of stored energy. Therefore, a thicker
KBr layer corresponds to a larger portion of the stored energy.
Moreover, the introduction of the substrate can benefit a higher energy
injection efficiency by matching the overall impedance to the source.
In the consideration of hygroscopicity of KBr thin film,"**" the feasible
fabrication of the metasurface can be accomplished by electron beam
lithography patterning on a thick KBr substrate, following a similar
approach as in our previous work.”*

Figure 4 reveals the directional and spectral performance of the
nanoantenna array metasurface of 10 units. Constructive interference
among neighboring units in each row results in a much narrower lobe
in the forward direction. However, the mainlobe slightly points
upward (positive z) due to interference among different rows.
Spectrally, the narrowband feature remains, with the absolute emissive
power linearly proportional to the number of units in the metasurface
(for more details, refer to supplementary material Note S3).

ARTICLE pubs.aip.org/aip/apl

Based on all aforementioned scenarios, including nanorod, YUA,
wired-YUA with/without the KBr substrate, and nanoantenna meta-
surface (10 units), the directional and narrowband performance, char-
acterized by maximum directivity and Q-factor [defined by Eq. (3)],
respectively, are summarized in Fig. 5(a). It is clear that the presence of
reflector and director elements can significantly improve emissive
directionality, leading to a concentration of radiative energy. Although
the presence of S-shaped wire slightly deteriorates the directionality,
the constructive interference in the array configuration enhances the
beaming effect drastically. For example, with a metasurface consisting
of 10 units, it demonstrates approximately one order of magnitude
higher directivity compared to a single nanorod. Furthermore, the Q-
factor is substantially enhanced as compared to a dipole resonator,

j"V‘L’S

A;LF WHM

®3)

Finally, to quantify the enhancement of the forward emissive
power, a nanorod detector is placed 6 um away from the feed along
the x axis. By appropriate detector configuration as shown in Fig. 5(b)
(see supplementary material Note S2 for details), we obtain the
reduced heat exchange between the emitting feed and receiving detec-
tor s, which relates to the total heat transfer by

P Js(@(a), T) - O(w, T))do, )

where O(w,T) is the Plank distribution defined by hw/

[exp (,?B—“}) — 1] and Tj and T, are the feed and detector temperatures,

respectively. It is apparent from Fig. 5(b) that compared to a nanorod
resonator, the wired-YUA with the KBr substrate (when KBr is 50 nm
thick) can greatly improve the receiving energy by approximately one
order of magnitude at the spectral peak when the detector shares the
identical geometry with the feed. It is worth noting that the length of
the detector affects the radiative heat exchange. Since the wired-YUA
with a substrate resonates at a longer wavelength than the intrinsic res-
onance of the feed, a longer detector (2.8 um) can better couple with
the resonance from the emitting YUA and boost heat transfer.
However, if the detector is further elongated (e.g., 3.5 um), it will lead
to resonance mismatch and decrease radiative heat transfer.

In summary, this study presents a nanoantenna metasurface
design that achieves highly directional and narrowband thermal emis-
sion in the mid-infrared range. The use of the S-shaped interconnec-
tion wire further allows electrical excitation while maintaining the high
directionality. The WCE method implemented by the FDTD platform
is established to investigate spectral and directional performance of the
metasurface. The influence of a transparent substrate on the overall
spectral response is analyzed by an equivalent circuit model. In com-
parison with a single nanorod, the coherence of the thermal emission
from the metasurface (10 units) is greatly improved, leading to one
order of magnitude enhancement in the directivity and several times
improvement in the Q-factor. This work introduces a promising
approach for directional narrowband thermal emission control, which
has important implications in the fields of infrared imaging, sensing,
and energy harvesting.

See the supplementary material for supplementary Notes S1-S3
and Figs. S1-S3.
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