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Thermoelectrically-coupled nanoantennas (TECNAs)—nanoantennas that use the Seebeck effect to detect radi-
ation—are a promising modality for spectrally resolved detection in the infrared. By tailoring the geometry of a
nanoantenna coupled to a micro-cavity, their responsivity and spectral selectivity can be carefully designed.
However, to date no measurements have directly established the spectral response of these detectors over a large
frequency span in the infrared regime, particularly from 2 pm to 20 pm. In this work, we provide a compre-
hensive analysis of the spectral selectivity of TECNAs operating within the mid- and long-wave infrared (MWIR
and LWIR) regions. We engineer arrays of detectors at 5.5 pm, 10.6 pm, and 14 pm, and we verify their selectivity
using polarization-dependent Fourier-transform infrared spectroscopy (FTIR). We also show that the response
can be tailored using a combination of antenna and cavity design. Our results not only underscore the potential of
TECNAs in advancing sensing applications within the MWIR and LWIR domains, but also offer a promising di-

rection for enhancing other detector modalities.

1. Introduction

In recent years, infrared (IR) technology has seen notable advance-
ments, becoming increasingly relevant across sectors including science
[1], industry [2], and medicine [3]. While the short-wave infrared
(SWIR) spectrum has been a focal point of research, the MWIR and LWIR
spectra hold untapped potential that could be impactful for a range of
applications. However, detection in the MWIR and LWIR ranges presents
unique challenges, primarily due to device-oriented factors such as
thermal noise [4], pixel pitch limitations [5], and integration com-
plexities [6]. A number of detector modalities have been created, with
DTGS and HgCdTe being especially popular due to their capability to
generate strong signals even under low-flux conditions [7]. However,
these detectors present challenges due to their relatively large size. In
particular, HgCdTe is typically cooled for optimum performance.
Recently, the spotlight has shifted to microbolometers as potential so-
lutions for chip-scale infrared detection. While they offer several ad-
vantages and can be readily turned into focal plane arrays, they require
regular calibration to counteract noise and may have specific

operational temperature range limitations [7]. Quantum well infrared
photodetectors (QWIPs) have also emerged as prominent players in
infrared detection, with designs targeting chip-scale integration.
Renowned for their wavelength selectivity, thermal stability, and high
responsivity and detectivity, QWIPs, however, face challenges such as
expensive material growth over large areas [8]. Additionally, infrared
dipole antennas have been integral to IR detection for decades, primarily
focusing on tailoring antenna dimensions for optimal response at spe-
cific, fixed wavelengths [9]. This method, while effective for targeted
wavelengths, does not employ a broad light source for characterization,
limiting the scope of spectral analysis. Consequently, the peak wave-
length where a given antenna exhibits its strongest signal remains un-
clear, and one cannot assess its broadband response directly.

TECNAs [10-12] are promising alternatives that could allow for the
creation of versatile frequency-selective detectors. By confining the field
into a nanoscale volume and using the thermoelectric (Seebeck) effect to
detect local heating, these nanoantennas offer a mechanism for con-
verting radiation-induced currents into electrical signals, providing
frequency selectivity without the bulk and cooling requirements of
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traditional systems [13]. Moreover, the incorporation of these nano-
antennas into compact photonic systems could aid their integration in
miniaturized, efficient, and adaptable infrared sensing devices, which
can be used in a variety of frequency bands [14-22]. However, though
these TECNAs have been extensively characterized in terms of respon-
sivity, speed, and noise performance, their spectral dependence has not
been measured or exploited.

In this work, we perform the first measurement of the spectral
dependence of TECNA detectors. We fabricate arrays of nanoantennas
by depositing Pd and Ni on intrinsic silicon (Si) and employing an
etching technique to suspend them. Beneath the TECNA, a quasi-
hemispherical cavity provides thermal insulation. This cavity also pos-
sesses reflective properties, acting as focusing back-reflector that in-
creases the interaction between the IR light and the nanoantenna. By
adjusting the dimensions of our cavity and antenna, we design antennas
of different resonant frequencies and assess their responsivity using
FTIR. By illuminating the TECNA with an infrared glowbar and
recording the detected signal as the interferometer scans, we are able to
record detectivity spectra that distinctly highlight the TECNAs’ designed
spectral selectivity at 5.5 pm, 10.6 pm, and 14 pm. Polarization-
dependent measurements for the 5.5 pm design further validate the
pronounced spectral selectivity inherent in the TECNAs, and our results
agree well with simulations.

2. Results
2.1. Device overview and design

The basic concept of TECNAs is highlighted in Fig. 1. They are
fabricated through a combination of micro- and nano-fabrication
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techniques—details of the fabrication process can be found in a previous
publication [23]. A schematic representation of TECNAs is shown in
Fig. la. IR light is focused onto the antenna, and for light with a
wavelength that matches the antenna’s design, localized heating is
generated inside the metallic antenna structure and at the end of the lead
structure. These lead lines are pivotal for the thermocouple formation,
as the junction between them acts as a hot junction and allows the
detection of radiation. They also contribute resistance, Johnson noise,
and mechanical stress. The nanothermocouple then converts the nano-
antenna’s heat into voltage, leveraging the Seebeck effect [24] to pro-
duce a voltage at the resonant wavelength. The whole TECNA is
typically suspended over a cavity, which not only offers thermal insu-
lation but also plays a crucial role in enhancing the device’s optical
absorption. The cold junctions of the thermocouple are located tens of
microns away from the hot junction, outside the range of the antenna
heating. They are situated on the Si substrate, where the leads of the
thermocouple overlap with the bonding pads. The thermal conductivity
of the Si substrate is 139 Wm ™! K™%, and it acts as a very efficient heat
sink, maintaining the temperature of the cold junctions consistently at
room temperature.

The SEM image in Fig. 1b provides a detailed view of an individual
TECNA, emphasizing its antenna, lead lines, and cavity. The design of
the devices’ parameters was determined by our previous work. We used
COMSOL to find the right antenna length and width [10,25] and cavity
size [26] for a given wavelength. In these simulations, we focused on
maximizing the temperature increase at the center of the dipole, align-
ing the design with the operational wavelength. The schematic in Fig. 1a
elaborates on the parameters and thicknesses of the antenna and lead
lines. We have designed three configurations: 5.5 pm, 10.6 pm, and 14
pm. The specific parameters for the antenna and cavity of these designs

Antenna array

Fig. 1. Basic concept of TECNAs.a Schematic representation of a single antenna and its lead lines, detailing the critical parameters, including the thickness of the
antenna and lead lines. b SEM image of a single TECNA, displaying the antenna, lead lines, and cavity. ¢ HFSS simulation showing the field around the nanoantenna,
highlighting the regions of intense electromagnetic interaction. d Optical microscope image showcasing four arrays of nanoantennas. The rectangular outline

highlights one array containing 48 TECNAs.
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Table 1
Design Parameters of the TECNAs.
A (pm) Width (nm) Length (pm) Diameter (pm) Height (pm)
5.5 90 1.9 7.8 2.5
10.6 100 3.9 9.2 2.7
14 120 5.9 17.3 4.9

are detailed in Table 1. The quasi-hemispherical shape of the cavity acts
like a dish reflector, creating interference between the incident and re-
flected IR waves, thereby intensifying the interaction between the IR
light and the nanoantenna. This geometry ensures effective capture and
concentration of waves from the glowbar onto the nanoantenna. Addi-
tionally, the cavity design helps in retaining the heat locally, ensuring
that the heat is efficiently converted into voltage by the nano-
thermocouple without being lost to the surroundings.

Based on the physical apertures of our TECNAs, which range from 8
pm to 17 pm and are designed to resonate at center wavelengths of 5.5
pm, 10.6 pm, and 14 pm, the calculated effective areas are 48 pm?
66 pm?2, and 232 pm?, respectively. These relatively small effective areas
indicate that performance can be significantly enhanced by processing
the TECNAs into arrays. Fig. 1d displays an optical microscope image of
four nanoantenna arrays, each consisting of N TECNAs connected in
series through cold junctions. In thermoelectric devices, the cold junc-
tion serves as a reference, ensuring a consistent baseline for the tem-
perature difference experienced at the hot junctions. By connecting N
detectors in series, the output voltage increases linearly by a factor of N,
while the Johnson noise power also increases proportionally. Conse-
quently, the signal-to-noise ratio improves by a factor of /N, enhancing
the overall detection capability of the array.

The most important component of the TECNA’s operation is the hot
junction, located in the center of Fig. 1b. This junction, emerging at the
confluence of the antenna and lead lines, serves as the focal point for
converting heat into voltage. When the antenna is heated by incident
radiation, it leverages the difference in Seebeck coefficients between Pd
and Ni. This difference generates an open-circuit voltage, Voc, which is
proportional to the temperature difference between the hot and cold
junctions. The relationship is given by Voc = AS(T, — Tp), where Vp¢
denotes the open-circuit voltage produced by the thermopile, AS rep-
resents the relative Seebeck coefficient for the Pd-Ni junction
(8.9 pv K~! [27] for the Ni/Pd combination), and T, and Ty correspond
to the temperatures of the antenna and substrate, respectively.

As TECNAs have a complex design space, including a dipole antenna,
cavity, and lead lines, detailed analysis of their electromagnetic prop-
erties requires accurate simulation. For this analysis, we used the High-
Frequency Structure Simulator (HFSS) to perform a full-wave frequency
domain finite element analysis (FEA). The TECNA’s representation in
HFSS is shown in Fig. 1e¢, while Fig. 1a gives a closer view of the lead
lines, highlighting the parameters important for our simulations. One of
the TECNA’s key features is its quasi-hemispherical cavity, which is
hemispherical on the sides and flat on the bottom—this oblong shape
was rendered in our simulations to maximize the accuracy. The power
absorbed by the antenna from incident radiation is described in terms of
the incident irradiation power density, providing an effective aperture
area.

In our simulations, we use radiation boundary conditions and exploit
the symmetry of the system. As the dimensions of typical TECNA cavities
are on the order of a wavelength, we exposed them to an incident plane
wave, which is accurate even for fairly tightly-focused beams. The
interaction between this wave and the TECNA produces a radiation
pattern that helps us to understand the TECNA’s electromagnetic re-
sponses. As shown in Fig. lc, the simulations display strong field
enhancement around the nanoantenna, offering insights into the design
details of the nanoantenna and how it interacts with incident IR radia-
tion. Additionally, the simulations included calculating the ratio of
incident radiation absorbed by the antenna to the total incident
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radiation, providing an accurate evaluation of the TECNAs’
responsivity.

To improve the accuracy of our simulations, we took the shapes of
the dipole nanoantenna and the lead lines directly from our fabricated
devices, as seen in Fig. la, verified using SEM. Table 1 provides more
information on the specific parameters and dimensions central to our
TECNA designs, especially those related to the antenna and cavity. The
simulations highlight areas with intense electromagnetic interactions,
confirming the efficiency of the TECNA’s design in the IR range.

2.2. Optical setup and measurements

The spectrum of our TECNAs were measured using a Bruker 70 V
FTIR system. This system is configured conventionally with a Michelson
interferometer, as depicted in Fig. 2a. The light source, a glowbar,
emitted a collimated beam covering a spectral range from 4 pm to 25
pm. This beam traversed the FTIR and was subsequently focused onto
the nanoantenna using an off-axis parabolic (OAP) mirror with a 4-inch
focal length. Since the thermocouple junction could also capture un-
wanted photocurrent from near-infrared light impinging on the Si, we
placed a 2 mm germanium (Ge) crystal in front of the nanoantenna to
filter out detection of wavelengths shorter than 2 pm. The focus of our
FTIR measurements is on capturing the TECNAs’ response to the
infrared radiation emitted by the glowbar, which is based on the tem-
perature differential generated between the hot and cold junctions. This
measurement approach effectively avoids the appearance of element
signals like Si, palladium, or nickel in the spectra, as it prioritizes the
detection of thermal effects at the nanoantennas over the elemental
absorbance spectra.

Because the noise equivalent power (NEP) of our system was
approximately 4.5 x 10~ W/\/Hz, we used our FTIR in step-scan
mode, which stops the interferometer during data acquisition. This
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Fig. 2. Experimental setup and basic results.a Comprehensive schematic
illustrating the optical components and their arrangement in the TECNA
characterization. b Raw response spectrum of the TECNA tailored for 5.5 pm,
contrasted with the DTGS detector’s response. ¢ Calibrated responsivity curve
of the TECNA, demonstrating its peak performance around 6 pm.
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allowed us to improve the temporal resolution and optimize the signal-
to-noise ratio with a long time constant (10 s). By acquiring interfero-
grams at distinct intervals across the delay line, the step-scan method
allows for a precise reconstruction of the TECNA response. To collect a
spectroscopic reference, we used the FTIR’s internal DTGS detector.
Fig. 2b shows the resulting spectra. The upper (blue) curve represents
the raw TECNA response, while the lower (red) curve illustrates the raw
data from the DTGS detector, capturing the detectivity of the DTGS
detector and the inherent spectral characteristics of the glowbar’s
emission. A flip mirror is used to facilitate switching the glowbar’s light
between the TECNA and the internal DTGS detector.

The calibration of the TECNA’s response involves a two-step process.
Initially, we normalize the raw TECNA data using the raw DTGS
response to account for the spectral properties of the glowbar. This step
ensures that the TECNA’s response remains free from bias introduced by
the glowbar’s emission profile. Subsequently, the normalized data un-
dergoes a correction based on the detectivity (D*) of the DTGS detector,
which varies with frequency, as detailed in reference [28]. The culmi-
nation of this calibration process yields the final TECNA response, as
showcased in Fig. 2c.

While the setup described above was adequate for standard mea-
surements, experiments involving polarized light required the integra-
tion of a ZnSe holographic wire grid polarizer placed in front of the Ge
crystal. This configuration enabled the measurement of both co- and
cross-polarization measurements. In this context, “co-polarization” sig-
nifies that the light’s polarization direction aligns with the antenna’s
orientation after passing through the polarizer, while “cross-polariza-
tion” refers to the condition where the polarization direction is
perpendicular to the antenna, aligning with the feed, as demonstrated in
Fig. la.

Figure 3 presents a comprehensive comparison of the different
TECNAs’ responsivities. Figs. 3a-c display both experimental measure-
ments (in blue) and HFSS simulations (in red) for the respective TECNA
designs. Specifically, Figs. 3a-c depict the calibrated responsivity for the
5.5 pm, 10.6 pm, and 14 pm designs. Each of the antennas displays a
common behavior: a strong peak at the design frequency, along with a
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Fig. 3. TECNA measurements and simulations.a Calibrated responsivity for
the 5.5 pm TECNA design. Blue represents experimental data (determined using
the calibration procedure discussed in Fig. 2), and red indicates HFSS simula-
tions (determined by comparing the power absorbed in the antenna to the
incident power). Both have been normalized such that their peak value is
defined to be 1. b Calibrated responsivity for the 10.6 pm TECNA design. ¢
Calibrated responsivity for the 14 pm TECNA design.
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Table 2
Comparison of primary and secondary peak positions from HFSS simulations and
experimental evaluations for various TECNA designs.

Design & Condition Data Source Main Peak (pm) Side Peak (um)

5.5 ym HFSS 5.8 3.3
Experiment 5.9 3.2
10.6 pm HFSS 10.7 3.5
Experiment 10.1 3.6
14 pm HFSS 15.0 6.5
Experiment 14.7 6.3
5.5 pm (Co-pol.) HFSS 5.9 3.3
Experiment 5.7 3.2
5.5 pm (Cross-pol.) HFSS 7 3.2
Experiment 7.7 3.1

series of increasingly weak peaks at higher frequencies. Notably, both
the experimental and simulated data are presented as dimensionless
quantities, thus intensity (in arbitrary units) is used to represent the
responsivity for each design.

Good agreement is observed between the TECNA responses obtained
from HFSS simulations and the ones obtained from experimental mea-
surements. Table 2b compares the nanoantenna responsivity from
measurements and simulations. The close alignment of peak positions
between the HFSS simulation results and our experimental measure-
ments validates the design’s spectral selectivity, underscoring the
nanoantenna’s significant role in enhancing responsivity. However,
some differences are notable. For example, the experimental data has a
broader main peak and increased response at shorter wavelengths in the
measurements compared to the HFSS predictions. This can be attributed
to the differences in the light sources used. Our experimental measure-
ments employed an unpolarized glowbar that covers a wide polarization
spectrum. In contrast, the HFSS simulations were based on a polarized
plane wave. The inherent nature of an unpolarized source means it en-
compasses an incoherent mixture of both possible polarizations. While
nanoantennas are primarily sensitive to polarizations that align with
their orientation, the cross-polarization is still focused by the cavity and
can be subsequently detected by the nanoantennas. This accounts for the
difference in the two results.

3. Discussion

In order to account for the discrepancies between measurement and
simulation, polarization-dependent measurements were performed.
While both polarizations can be absorbed in the lead lines, only co-
polarized light will be efficiently absorbed in the antenna. This breaks
the symmetry between the two polarizations. Fig. 4a further explores
the co-polarization and cross-polarization responsivity of the 5.5 pm
TECNA, with an inset illustrating the responsivity against frequency in
terahertz (THz). As observed in Fig. 3a, the responsivity of the 5.5 pm
TECNA with unpolarized light displays a distinct ’tail’ emerging on the
longer-wavelength side (beyond 7 pm). This feature is further corrobo-
rated by the polarization-dependent measurements in Fig. 4a. In the co-
polarization measurement, the ’tail’ is notably diminished, and the
measurement agrees almost exactly with the simulation. However, in
the cross-polarization measurement, the peak shifts to around 7.5 pm, as
predicted by theory. This underscores the effect of the antenna in
shaping the responsivity. The co-polarization measurements, benefiting
from the nanoantenna’s enhancement, exhibit a much stronger signal
compared to their cross-polarization counterparts. This result is in very
good agreement with theory. However, the cross-polarization mea-
surements, especially below 5 pm, are much weaker, and as a result have
much greater discrepancy to theory. The fact that the secondary peak
near 3 pm is considerably stronger likely implicates scattering as the
explanation for the discrepancy. As the cavities are not perfectly opti-
cally smooth, scattering can convert the cross- to co-polarization light,
an effect that would be expected to be more pronounced at shorter
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Fig. 4. TECNA measurements and simulations.a Co-polarization and cross-
polarization responsivity of the 5.5 pm TECNA. Blue curves indicate experi-
mental data and red curves represent HFSS simulations. An inset shows the
responsivity with intensity versus Frequency (THz). b Peak number versus
frequency for TECNA designs. Data points are derived from experimental results
in Fig. 3 and 4. Colors indicate different TECNA designs.

wavelengths.

Next, we examine the origin of the various peaks and of the spectral
selectivity. Fig. 4b charts peak number versus frequency, converting
peak positions from wavelength to frequency. In Fig. 4a, the inset pro-
vides a detailed view of responsivity as a function of frequency. The
cross-polarization inset for the 5.5 pm design displays a uniformly
spaced spectrum. In contrast, the co-polarization inset of the same
design reveals a pronounced antenna enhancement around 52 THz (5.7
pm), which shows enhancement due to the spectral selectivity of the
antenna. In this context, the free spectral range (FSR) of the cavity,
defined by FSR = 557, becomes evident. Fig. 4b shows that peaks of the
5.5 pm TECNA under cross-polarization align well with a linear trend,
indicating the cavity as the primary contributor to these multiple peaks.
The observed FSR, approximately 51 THz, corresponds to a cavity length
near 3 pm, which is consistent with the fact that effective cavity length
ranges between its height (2.5 pm) and its radius (3.9 pm).

Upon examining the peak positions in Fig. 4b from measurements
using unpolarized light (glowbar) for the 5.5 pm TECNA design, a
noticeable deviation from linearity in the blue curve is evident. In
contrast, the orange curve, representing the same TECNA under cross-
polarization, adheres more closely to a linear trajectory. This differ-
ence can be explained as arising from the difference in resonant fre-
quency of the nanoantenna and the cavity. The blue curve for the 5.5 pm
TECNA distinctly shows a tail to the right of the main peak (Fig. 3), while
the 10.6 pm TECNA exhibits a tail to the left of its main peak. For the 14
pm design, this tail is observed to the left of the rightmost main peak.
These tails are indicative of the cavity modes. However, because the
antenna’s resonant frequency does not perfectly align with these peaks,
the maximum is instead located elsewhere. By aligning the peak of the
antenna response more closely with the tails, the curves would follow a
more linear trajectory. Our prior research [29] has emphasized the
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potential of modulating the antenna length for achieving wavelength
selectivity, highlighting the nanoantenna’s design and geometry’s role
in enhancing the spectral response, ensuring spectral selectivity, and
maintaining consistent polarization characteristics.

While our measurements are in fairly good agreement with our
simulations, this approach has some limitations. For example, the cali-
bration of the TECNA’s response using the internal DTGS detector is
pivotal in our measurements but is not completely known. The reference
values [28] for the DTGS might not align with our detector’s actual
performance due to factors like aging and window material. Such vari-
ations emphasize the challenges in determining an exact detectivity,
potentially introducing minor calibration errors. Additionally, while
providing a general spectral overview, the FTIR resolution, set at
128 cm™}, might not capture the TECNA response’s finer details. This
broader resolution averages spectral features, resulting in observed
peaks that could be wider and have reduced peak heights. Such nuances
might account for the slight differences seen in Table 2 between the
HFSS simulation and measurement results.

Another limitation in our study is the reliance on metallic materials.
Our previous work has demonstrated that Ni/Pd thermocouples exhibit
relatively high Seebeck coefficients among metals [10]. In contrast,
materials such as SboTes and BisTes offer higher Seebeck coefficients.
However, these materials introduce complexities in the fabrication
process, particularly when creating nano-scale, free-standing structures.
Their brittleness [30], compared to metals, necessitates more sophisti-
cated fabrication methods such as molecular beam epitaxy, sputtering,
or chemical vapor deposition for thin films or nanostructures [31].
Despite these challenges, exploring the use of SbyTes and BisTes in
future research remains promising due to their superior thermoelectric
properties.

Although this system relies on the Seebeck effect, the confinement of
the field in the junction provided by this geometry (50 nm x 50 nm x 50
nm) has significant potential for the creation of other novel detectors.
For example, other detecting materials could in principle, be inserted
into the system where the junction currently is, which could enhance the
antenna’s response. This could include microbolometers (which typi-
cally employ materials such as VOx [32] or titanium [33] that exhibit
significant resistance changes with temperature variations), or QWIPs
(which use band-structure engineering to achieve tunable spectral
selectivity [34], high quantum efficiency, and high speed [35]). By
integrating these materials and technologies within the metallic com-
ponents of the nanoantenna, for example, using a double-metal bonding
process [36], there is potential to increase its sensitivity, extend its
spectral range, and achieve better overall performance. Such an inte-
gration would also reduce the need for arrays to improve the sensitivity.
Consequently, device dimensions could be reduced from the current ~
100 mm needed for a single array, suggesting possibilities for more
compact and efficient infrared detectors in future applications. Alter-
natively, the array geometry could be used to make efficient focal plane
arrays.

4. Conclusion

In this study, we performed the first spectral selectivity measure-
ments of TECNA arrays, demonstrating their capabilities as spectrally-
tailored detectors. We showed that the response of the TECNAs comes
from a combination of both their antenna properties and their cavity
properties. The close agreement between our simulations and experi-
mental results, particularly for the 5.5 pm, 10.6 pm, and 14 pm designs,
attests to the reliability and effectiveness of the TECNA design. The
distinct spectral selectivity demonstrated by the TECNAs indicates their
significant potential in advancing MWIR and LWIR photonics. Such
detectors could play a role in chip-scale sensing applications requiring
moderate sensitivity and high speed.
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