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Abstract: A hybrid antenna coupled NbsNs microbolometer was demonstrated for dual polarization terahertz (THz)
THz detection. By adding a ring resonant antenna (RRA) in another vertical direction and optimizing the structure of
the hybrid antenna, the electric field intensity at the center of the antenna was maximized in both horizontal and
vertical polarization directions, and the corresponding electric field at 0.193 THz were 60 V/m and 65 V/m,
respectively. The hybrid antenna coupled NbsNg microbolometer THz detector was prepared. The measurement
results verify the dual polarization characteristics of the detector. The maximum voltage responsivity of the antenna
coupled detector in the horizontal direction at 0.198 THz was roughly the same as the vertical direction at 0.202 THz.
While the voltage responsivity of the NbsNs microbolometer detector without RRA in the vertical polarization
direction was 2.75 times larger than that of the horizontal direction. These results clearly show that the hybrid
antenna coupled NbsNs microbolometer detector has the advantage of improving the voltage responsivity in the other
direction, and thus realizing dual polarization THz detection. It has great potential applications in the field of the
THz security inspection and spectral imaging.
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1. Introduction

THz wave is an electromagnetic wave with frequencies ranging from 0.1 to 10 THz and
wavelength ranging from 3 mm to 30 wm, which is between the microwave and infrared
frequencies in the electromagnetic spectrum [1]. Because of the particularity of its band, it has
the characteristics of both electronics and photonics, not only covering the vibration and rotation
frequencies of many biological macromolecules [2], but also including the low-energy excitation
frequency band of electronic materials [3]. Meanwhile, THz wave can penetrate non-polar
materials such as ceramics, plastics, carbon plates, clothing and fat with very small attenuation
[4-7]. Therefore, THz wave has great application prospects in the fields of astronomy [§],
information communication [9], atmospheric remote sensing [10], medical imaging [11], life
sciences [12], security inspection [13] and so on. At the same time, many contraband and
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dangerous explosives can be accurately distinguished by their “fingerprint spectrum” in the THz
band. Therefore, the THz imaging in detecting concealed inflammable, explosive, metal weapons
and drugs is of great significance [14]. The bolometers for both direct and mixer detection are
usually used to perform security inspection on the human body and hidden objects. The radiation
of the human body and the hidden objects have complex polarization characteristics, which are
related to the geometric structure of the human body or objects, the dielectric constant of internal
medium and the spatial distribution of temperature [15, 16]. However, most of the bolometers
can only detect a single polarization information [17-20]. Therefore, a large amount of
polarization information of objects will be lost if a single polarization bolometer is used, and the
information of the hidden objects can not be accurately identified during security inspection.

In this paper, a ring resonant antenna (RRA) was added in the vertical direction of the dipole
antenna, this hybrid antenna coupled NbsNg microbolometer with dual polarization for THz
detection was presented. The core unit of the THz detector is a suspended NbsNg thin film
microbridge [21-24], which can reduce the heat conduction between the NbsNe thin film and the
Si substrate, thereby improving the sensitivity of the detector. The hybrid antenna is designed on
a Si substrate with a Fabry—Pérot (FP) cavity. The hybrid antenna was designed and optimized by
using the electromagnetic simulation software, and the best electric field intensity at the center of
the antenna in both horizontal and vertical polarization directions was realized, and the
corresponding electric field intensity are 60 V/m and 65 V/m, respectively. The measurement
results show that the optical voltage responsivities of the detector with RRA are almost the same
in the horizontal and vertical directions, which are in good agreement with the simulation results.

2. Design and fabrication of RRA coupled NbsNe¢ microbolometer

The geometry of the hybrid antenna coupled NbsNg microbolometer is depicted in Fig. 1 (a). It
consists of a dipole antenna, a ring resonant antenna in the orthogonal direction, two bias
electrodes and a NbsNg film microbridge. The two electrodes with the size of 200 um*200 um are
used to provide bias current for the NbsNg microbolometer. The antenna is placed on a thermally
oxidized silicon substrate with a period of 1000x1000 um?, and the NbsNs microbolometer is at
the feed point of the antenna. The thickness of the Si substrate, the thermal SiO; on the Si surface
and antenna layer (Au film) are 540 um, 200 nm and 200 nm, respectively. A 200 nm thick Au
layer is provided on the backside of the Si substrate as a reflect mirror to further enhance the
coupling efficiency of the antenna to the THz signals. In the simulation model in CST, the X and
Y directions are both set as periodic boundary conditions, and the =Z directions are both set as
open boundary conditions. The electric field monitor Probe is placed at the center of the gap to
detect the electric field intensity of the antenna, as shown in Fig.1 (b). The plane wave excitation
is set up to simulate the normal incidence of uniform plane wave irradiating on the antenna. The
electric field of the incident plane THz wave (Eo) is set Eo = 1 V/m and the direction of it is along
the -Z direction. The electric field of the incident THz wave parallel to the X axis is defined as
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E 20°, and the electric perpendicular to the X axis field is defined as E £90°.

To maximize the electric field intensity in both horizontal and vertical directions, and realize
dual polarization detection for the microbolometer, the hybrid antenna was optimized as follow:
first, when the electric field of the incident linearly polarized THz wave parallel to the X axis
(E £0°), the length of Au wires (L) between the NbsNg film microbridge and the electrode is
optimized. The calculated electric field (£) normalized to the incident electric field (Ey)
magnitude at the center of microbridge change with L, as shown in Fig. 1 (¢). The electric field
increases first and then decreases with L. When L = 220 um, the maximum resonance electric
field reaches up to 62 V/m at 0.193 THz. when the electric field of the incident linearly polarized
THz wave perpendicular to the X axis (E £90°), the calculated relationship between the electric
field and the L is shown in Fig. 1 (d). The electric field also changes with L, and it is similar to
the results in the other direction (E.Z£0°). Results show that the maximum electric field is
enhanced by a factor of 58 at 0.193 THz. We chose L = 200 um as the optimized length for the
best electric field at the center of the hybrid antenna in both horizontal and vertical directions.
Then, we investigated the influence of the angel of the RRA (6 in Fig. 1 (a)) on the resonance
characteristics and the electric field intensity at the center of the hybrid antenna when L = 200 um.
Fig. 1 (e) shows that the electric field at the center of the antenna change with  when L =200 um
and EZ£0°. As the value of @ becomes larger, the £ increases first and then decreases. The
electric field reaches the maximum value of 60 V/m at § = 60° at 0.193 THz. However, at
E /90°, the electric field increases with 6, as shown in Fig. 1 (f). The electric field increases
from 53 V/m to 93 V/m when 6 increases from 50° to 80°. Thus € = 60° is the best choice
considering the electric field in both horizontal and vertical directions. The electric field at the
center of the antenna is 65 V/m when E 290° and 6 = 60° at 0.193 THz. Therefore, considering
comprehensively, we chose L = 200 um, 8 = 60°, R = 160 um and W1 = W> = 20 um as the
optimal parameters of the target antenna. Fig. 1 (g) and (h) show the electric field distribution of
the optimized hybrid antenna coupled microbolometer detector in the X-Z and Y-Z planes. It
shows that the electric field is mainly concentrated in the central area of the hybrid antenna, that
is, the area where the NbsN¢ film microbridge is located. This means that the received energy at
the detector is significantly enhanced, so as to improve the voltage responsivity of the detector.
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Fig. 1 (a) Schematic diagram of the hybrid antenna designed for the dual polarization NbsNs microbolometer
detector. (b) Cross-sectional view of the antenna coupled NbsNs microbolometer. The electric field

enhancement factor (E/Eo) at the center of the hybrid antenna for different L when E.£0° (c) and E £90° (d).
The electric field enhancement factor (E/E¢) changes with the value of § when E £0° (e) and E £90° (f) at
L =200 um. The calculated distribution of E in the X-Z plane (g) and Y-Z plane (h) for the antenna coupled
detector at 0.193 THz.
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The antenna coupled microbolometers with or without the RRA are prepared, and the optical
micrographs are shown in Fig. 2. The fabrication process in details could be found in our
previous work [25], and special attention should be paid to the preparation of the air bridge of the
microbolometer, which requires very fine etching conditions. These two type microbolometers
are fabricated on the same silicon substrate, and all dimensions are the same except for the RRA.
The hybrid antenna coupled NbsNg microbolometers are shown in Fig. 2 (a). The NbsNs film
microbridge which is supported by the SiO> layer is suspended in the air is enlarged from Fig. 2
(a) and shown in Fig. 2(b). Fig. 2(c) and (d) show the NbsNs microbolometers without RRA and
its suspended NbsNp film microbridge, respectively.

Fig. 2 Optical micrographs of the fabricated NbsNe microbolometers integrated with/without the RRA and the
enlarged display for the suspended NbsNs film microbridges.

3. Characterization of the hybrid antenna coupled NbsNs microbolometer

A. Setup for the NbsNe¢ microbolometer polarization measurement
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Figure 3 depicts the measurement setup for the NbsNs microbolometer polarization
characterization. The THz source used is composed of AMC-336 frequency multiplier produced
by VDI company and Agilent E8251D signal generator. To obtain a THz signal in the range of
0.17-0.25 THz, a low frequency signal (9.4-13.8 GHz) provided by the signal generator was
amplified by the AMC-336 multiplier (18 times). The polarization of the electric field of the
incident THz wave was labeled in Fig. 3. The modulation frequency of the THz signal is 1 kHz,
and which is also the reference signal of the lock-in amplifier (SR830). By using two off-axis
parabolic (OAP) mirrors, the THz beam is focused on the NbsNs microbolometer which is
connected to the read-out circuit. When the NbsNs microbolometer receives the THz signals, the
resistance of the NbsNs film changes due to thermal effect of the thermistor, and then a
corresponding change in the voltage of the microbolometer is produced under a given bias
current. The value of the voltage is read out by the lock-in amplifier and then collected by the
computer, thus the readout voltage represents the incident THz power. To measure the
polarization of the detector, the device is first fixed with the RRA in the vertical to the direction
of the electric field of the incident THz wave, and the measured optical voltage responsivities at
this time is marked as E.20°. Then, the detector was rotated by 90°, and the optical voltage

responsivities is marked as E £90°. Finally, all the measured data are normalized and plotted in

Fig. 4.
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Fig. 3 Setup for the NbsNg microbolometer polarization measurement.
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B. The measured polarization of the NbsNs microbolometer

Fig. 4 (a) shows the measured optical responsivity of the hybrid antenna coupled NbsNs
microbolometer in horizontal and vertical direction from 0.17 THz to 0.25 THz. The optical
responsivity is defined

Vour 1s the readout voltage of the lock-in amplifier, Pris the total THz power at the focal plane
which is measured by the power meter. To facilitate comparison, the measured voltage
responsivities and calculated electric field intensity (E*) are normalized. The measured maximum
optical responsivity (red dot line) is at 0.205 THz, there is a little deviation from the calculated
results (blue line) by the simulation at E.290°, and the measured maximum optical responsivity
(green dot line) in the horizontal direction (E.~20°) is at 0.198 THz, and is 90% of the maximum
optical responsivity at E.290°, there is also a little deviation from the calculated 0.192 THz by
the simulation as shown in gray line in Fig. 4 (a). The difference between the measured best
optical responsivities at the two orthogonal directions is only 10%. In general, the results of the
measured optical responsivities and the calculated electric field intensities at the detector are in
good agreement. This slight difference may come from the micromachining error and the
structural parameters set in the simulation. To further illustrate the polarization characteristics of
the detector, we also measured the optical responsivities of the dipole antenna coupled NbsNg
microbolometer without RRA in the above two orthogonal directions, as shown in Fig. 4 (b). The
measured maximum optical responsivity (blue dot line) in the vertical direction (E.~90°) is at
0.204 THz, and is 2.75 times that in the horizontal direction (E£0°). It obviously reveals the
single polarized characteristic of the detector without RRA. It is worth noting that an resonant
peak appears at 0.215 THz in both of the NbsNg microbolometers when the polarization of the
electric field of the incident THz wave is in the horizontal direction (E.£0° ). However, the
corresponding resonant peaks are not obvious in the vertical direction (E ~90° ) as shown in Fig.
4 (a) and (b). This phenomenon may be caused by the accumulation of electrical charges at the
corners of Au lead wires, as shown in Fig. 1(g).
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Fig. 4 (a). The measured optical voltage responsivities of the antenna coupled NbsNs microbolometers with RRA in
the two orthogonal directions (E.£0° and E.290°). The calculated electric field (a.u.) at the hybrid coupled
NbsNg microbolometer in E.£0° and E 290°. (b) The measured optical voltage responsivities of the antenna
coupled NbsNs microbolometers without RRA in the two orthogonal directions (E £0° and E £90°).

5. Conclusions

A hybrid antenna coupled NbsN¢ microbolometer was demonstrated for dual polarization THz
detection. The calculated electric field at the center of the antenna are 60 V/m and 65 V/m at
0.193 THz in E Z0° and E 290°, respectively. The NbsNg microbolometers with/without RRA
are prepared. The measured results verified the detector with the RRA has the ability of dual
polarization detection, which are consistent with the calculated results. In addition, the optical
responsivity of the detector without RRA in E.20° is 2.75 times higher than that in E.~90°. The
hybrid antenna coupled NbsNg microbolometer has great potential applications in security
inspection and imaging.
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