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Abstract

Gold (Au) and ITO bow-tie antenna sensors built on silicon carbide (SiC)
substrates are designed and analyzed using the Comsol Multiphysics program.
The study shows that the output electric field across the antenna gap decreas-
es with gap separation but increases with metal thickness. The antenna width
does not directly affect the output, but it indirectly increases the output as a
result of increased radiation absorption and conductivity. The length does not
affect the strength of the output, but it affects the resonant frequency. The out-
put field from ITO antennas is found to be much lower than that from Au
antennas, which can be attributed, in part, to the lower conductivity of ITO.
Using the bow-tie antenna structure, it is possible to build either narrowband
or wideband antenna or sensor arrays, for THz applications.
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1. Introduction

Harsh environments, such space and battlefields, may suffer from high radiation,
high temperatures, and abrasive atmospheres. This requires devices that can with-
stand such abusive environments. THz sensors and antennas are among the wide-
ly used devices in space exploration and battlefields. For example, they are used
to observe terrestrial object movements and their chemical compositions through
photon emission and red-shift observation. On the battlefield, they can be used
for communications and imaging. The systems used in such applications are com-
plex, which may require the integration with optical and electronic devices and
systems.

The terahertz spectrum from 0.3 THz - 3 THz is known as the sub-millimeter
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range with a wavelength from 0.1 mm to 1 mm [1]. This wavelength region is
located between the micro-wave regions and infra-red regions. Hence, THz sig-
nals can be treated as a microwave signal or as an infra-red signal. THz devices
can be used in many applications such as sensing, medical diagnostics, imaging,
communications, security, and scientific instrumentations [2] [3]. It can, also, be
used in many industrial applications, such as plastic inspection, paint and coat-
ing layer evaluation, industrial quality control, material research, gas sensing, hy-
dration monitoring, and ultrafast dynamics [4]. Because THz can be treated as elec-
tromagnetic microwave and infrared signals, THz devices can be considered both
sensors and antennas. Hence the words “sensor” and “antenna” are used here
interchangeably.

One of the main disadvantages of using X-ray is that it is an ionizing radia-
tion, which can pose a great harm to the tissues and DNA sequences. On the
other hand, THz radiation has the non-ionizing property, which makes it very
safe for use in medical applications.

For high-temperature environments and space applications, wide-bandgap semi-
conductor substrates should be used to build the THz sensor or antenna. SiC can
satisfy these conditions for several reasons: first, it is a wideband gap material
(Eg = 2.3 to 3.2 eV). This makes SiC an excellent insulator; second, it can operate
at very high temperatures; third, it has a high thermal conductivity; fourth, it can
be used to integrate electronics and optoelectronic systems. Therefore, SiC is one
of the best candidates for space and defense applications.

THz antennas and sensors can be built using many configurations and geo-
metries. For example, they can be built using metamaterial absorbers [5] [6] or
using a spiral structure. In this study, the bow-tie shape is used for its simplicity
and efficiency. In this design, metals in the shape of bow-tie are deposited on top
of undoped insulating SiC substrates. The performance of the antenna is affected
by many factors, such as the dielectric strength of the substrate, the conductivity
of the metal, and the geometry of the device. Silica is used to build THz antennas
for its compatibility with Si technology. Such antennas have been studied by oth-
ers, and their performances have been reported in the literatures [2] [3].

The metal used to build THz antennas can be gold (Au), copper, or any high
conductivity materials. However, Au is normally chosen because of its low resis-
tivity and chemical inertness. But, Au metal is opaque, which limits the ability for
vertical integration with optoelectronic systems. It may be advantageous, in some
applications, to use transparent conductors to allow for integration with optical
systems, if needed. Indium-Tin-Oxide (ITO) can provide the required high con-
ductivity and transparency due to its wide energy gap, which provides transpa-
rency and radiation hardness. The high conductivity of ITO is a result of its de-
generacy, where the Fermi energy lays in the conduction band [7].

To the best of our knowledge, a THz bow-tie antenna using SiC, suitable for a
hard environment with the ability for vertical integration with optical devices,

has not been reported. This work is a step towards this goal. Therefore, this re-
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port focuses on designing, characterizing, and optimizing two sets of antenna
sensors using Au and ITO on SiC substrates in the 0.3 - 5 THz range. The 4H-SiC
material is chosen for its high quality, wide energy gap, transparency, and high

thermal conductivity coefficient [8].

2. Methodology

COMSOL Multiphysics program is used to design and analyze the antennas un-
der study. The bow-tie shape is attractive because of its simple structure and its
ability to provide enhanced performance. Bow-ties antenna studies have been re-
ported by many research groups for different applications [2] [3] [9] [10]. The
geometry of the device is basically the shape of a bow-tie, where it is composed
of two metal triangles with a nano-gap between their vertices. Figure 1 shows
the bow-tie antenna used in our study. The base design is an antenna with a length
of 16 um, width of 9 pm, thickness of 1 um, and gap between the two triangles of
100 nm.

The geometry of the antenna, shown in Figure 1(b), is created in COMSOL.
The figure shows the strength of the electric field, which is the highest across the
gap. Figure 2 shows a 3-D view of the geometry used in Comsol to simulate the
performance of the antennas. As can be seen in the figure, the antenna is placed
on top of 20 um SiC substrate. Initially, an air layer of 20 pm was placed above
the metal and under the substrate. However, during the first round of device si-
mulation, it was discovered that the signal is reflected at the surface of the air
layer, causing unwanted secondary excitations. To avoid such reflections at the
boundaries, a Perfectly Matched Layer (PML) with thickness of 10 pum is placed
on the top of the air layer and under the substrate, as shown in the figure [10].
PML is not a boundary condition, just an absorber. A 1 V/m Electromagnetic
wave is applied vertically on the device using a COMSOL feature port in the z-di-

rection. This port is excited with an electric source placed at 20 um above the

9 um

16 pm

@ (b)
Figure 1. (a) Geometry of the bow-tie nano-antenna sensor used in the study; (b) COMSOL
simulation of the electric filed intensity showing the highest value is across the gap.
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Figure 2. A 3D view of simulation domain in COMSOL with a Perfectly Matched Layer
(PML) on the top and at the bottom.

sensor metal, but just below the upper PML layer.

The simulation is performed using frequency dependent parameters. The de-
pendence of the dielectric constant on the frequency is obtained from Drude
model [6].

2

P
- —— P 1
2(@) = o - jo- o, M

where @ is the radial frequency, ¢, is the contribution of the bound electrons

to the relative dielectric constant, @, is the plasma frequency, and o, is the

damping frequency. The plasma frequency is obtained from:

®, =+/0’n/m’s, )

where n is the free electron density in the conduction band, ¢ is the electron
charge, & is the permittivity of the free space, and m" is the electron effective
mass. COMSOL uses Equation (1) to obtain the complex dielectric constant as a
function of the frequency [11]. In the THz range, the imaginary part may be sig-
nificant, especially in case of conducting materials.

The electric field detected across the gap is the output of the antenna. To ob-
tain the electric field in COMSOL, Maxwell equation is solved. This equation is:

Vet (V+E)-kje,E=0 (3)

where y, is the relative permeability, and &, is the relative dielectric constant, and
ko is the wave number = (w/c), and cis the speed of light.

The electric field is typically concentrated at the tip of the gap due to Coulomb
field. In this case, the gap acts as a capacitor [12]. Therefore, the gap size is a
critical parameter; therefore, its effect on the output field is investigated.

The application of periodic electromagnetic waves on a symmetrical structure,
such as antennas, should yield outputs with some periodicity. This has been ex-
plained by [13], where a maximum peak is created at a fundamental resonant
frequency, £, with other secondary peaks at other frequencies. On the other

hand, the secondary frequencies take-place at the fractions and the multiples of
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the fundamental frequency, i.e. at £/n and at nf, where n is an integer. This
means if the fundamental frequency is £ for an antenna, it is expected to have
peaks at fo/n, ..., /3, £/2, &, 26, 3£, ..., nk.

The fundamental frequency is obtained from the relation:

c
fo=—
©2xLx g,

where, cis the speed of light, L is the length of the antenna, and &.is the effec-

4)

tive dielectric constant at £.

Considering the Au/Silica antenna shown in Figure 3, Equation (4) gives £ =
6.629 THz. This value lies outside the frequency range used in this study. How-
ever, according to [13], there is a secondary resonance frequency at £/2 or 3.35

THz. This is the exact value obtained from [3] and shown in Figure 3.

3. Results and Discussion

To ensure the accuracy of our simulation method, we simulated the Au/silica
bow-tie antenna reported in [3]; see Figure 3. Our simulation for the same an-
tenna is shown in Figure 4. In this study, the conductivity of Au is assumed to
be 45.6 x 10° S/m and its dielectric constant to be —8.49 + 1.62i. For silica, the
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Figure 3. Output of Au/Silica antenna reported in [3].
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Figure 4. Output of Au/Silica antenna from this study.
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dielectric constant is assumed to be 2.03. As can be seen from Figure 3 and Fig-
ure 4, our results coincide with the results reported in [3]. Both results show re-
sonant frequencies of about 3.35 THz, and this is a proof that our simulation
provides credible results.

After ensuring the credibility of our simulation results, two types of antennas
are investigated: Au/SiC and ITO/SiC The high frequency dielectric constant for
SiCwas taken to be &, =10. The conductivity and complex dielectric for Au is
mentioned above. The conductivity for the ITO is taken to be 1.3 x 10* S/m and
the dielectric constant to be 3.37 + 0.01i. The performances for these two anten-
nas are simulated with different dimensions.

The first critical dimension to be investigated is the gap separation. As can be
seen from Figure 5 and Figure 6, the output electric field increases with the de-
crease of the gap separation. This is expected, since the gap acts as a capacitor,
where the electric field increases with the decrease of the dielectric thickness, or

the gap thickness. For Au/SiC antenna, Figure 5, the electric field increased
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Figure 5. Electric field resulted from Au/SiC antenna at various gap lengths between ele-

ments.
0.00012
__ 0.0001 [
£ c
< 0.00008 [
> F ——100 nm
o r
g 0.00006 F ——200 nm
Q [
£ 0.00004 300 nm
= C 400 nm
0.00002 [
—500 nm
o'....|||.||.|..1||||||x.J....
0 1 2 3 4 5 6
Frequency (THz)

Figure 6. Electric field resulted from ITO/SiC antenna at various gap separations.
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from 2.2 mV/pm for a 500 nm gap to 2.7 mV/pm for a 100 nm gap at the peak
frequency of 3 THz. For ITO/SiC antenna, although the behavior is the same, the
electric field is greatly reduced. In this case, the electric field increased from 7.5
x 107 mV/pm to 9.5 x 107> mV/pm for the same gap separation values. This
value is about 3.5% of the values for Au/SiC antennas. The low magnitude of the
output for ITO antennas compared with Au antennas can be attributed, in part,
to the lower conductivity of ITO which is 1.3 x 10* S/m compared with 45.6 x
10° S/m, for Au.

The output field is simulated next for thicknesses of 0.2 pm, 0.4 pm, 1 pm, 2
um, and 5 um, while all other parameters remain as those of the base design men-
tioned in the Analysis section. Figure 7 and Figure 8 show that the output elec-
tric field increases as the thickness increases. This is expected, since higher thick-
ness results in higher conductivity for the metal, and this reduces the output
loss. Figure 7 shows that the output field for Au/SiC antennas at the 3 THz peak
increased from 2.19 mV/um for a thickness of 0.2 um to 3.24 mV/um for a
thickness of 5 um. This is compared with a change of 8 x 10 mV/um to 0.106
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Figure 7. Electric field resulted from Au/SiC antenna for different thicknesses.
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Figure 8. Electric field resulted from ITO/SiC antenna for different thicknesses.
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mV/um to for the same thicknesses. Again the low output field can also be at-
tributed to the low conductivity of ITO compared with Au. For the ITO antenna
the secondary peak at 1.5 THz has a magnitude close to the peak at 3 THz. This
may be due to the nature of ITO which is a semiconductor not a pure metal such
as Au. However, this issue needs more investigation to uncover the cause of this
behavior, and its relation to the conductor and substrate properties and the in-
terface between them.

When the width is changed to 2 pm, 4 um, 9 um, 10 pm, and 12 um, it was
expected that the output field will remain constant. The reason for this expecta-
tion is the fact that the electric field is applied along the length and perpendicu-
lar to the width. This means the width has no effect on the output. However, the
analysis shows that the electric field increases with the increase of the width,
Figure 9 and Figure 10. We believe that this increase can be attributed to two
indirect effects of the width increase. The first is the increase of the area of the

antenna, which leads to the increase of radiation absorption and consequently to
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Figure 9. Electric field resulted from Au/SiC antenna for different widths.
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Figure 10. Electric field resulted from ITO/SiC antenna for different widths.
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the increase of charge accumulation across the gap and, as a result, to increasing
the electric field. The second is the increase of the cross section normal to the
surface, which increases the conductance, decreases the field loss, and conse-
quently increases charge accumulation and the output field. However, it should
be understood that the width does not fundamentally affect the output field, if
the applied electric field is along the length.

For Au/SiC antenna, at 3 THz, the field is 2.9 mV/pm for a 12 pm width, and
it is reduced to 2.6 mV/um for a width of 2 pum, Figure 9. For ITO/SiC antenna,
at 3 THz, the field is 0.1 mV/um for 12 pm and it is reduced to 0.09 mV/um for a
width of 2 um, Figure 10. Again the low field for ITO antenna is, partly, due to
the low conductivity of ITO.

Changing the length of the antenna results in a more dramatic effect on the
output electric field. The change of the antenna length changes the resonant
frequency. This is expected, according to Equation (4). Figure 11 shows the ef-
fect of the length on the output of the antenna. For L = 8 um, Equation (4) pre-
dicts a resonant frequency of 5.929 THz, which is beyond the range of the simu-
lation (see the figure). For Z = 12 um, the equation predicts £ = 3.95 THz, and
this is in agreement with the simulated of 4 THz, as shown in the figure. For L =
16 pm, the calculated value is 2.659 THz, which is close to the simulation value
of about 3 THz. Similarly, for L = 20 pm, the calculation from Equation 4 gives a
£, = 2.37 THz compared with 2 THz from simulation. The difference increases
for L = 25 um, where the peak is at 1.9 THz for calculation compared with about
1 THz from simulation. This wide deviation can be attributed to the fact that the
equation assumes the antenna metal is an ideal conductor with perfect structure
reproducibility, which is not the case for practical antenna.

The same behavior of ITO antennas is shown in Figure 12. The figure shows
that the magnitude at £ is much lower than that for Au antennas. The figure
shows also that, for L = 16 pum, £ is also located at 3 THz. However, the second-
ary resonant frequency has double peaks with magnitudes similar to those at £.
The double peaks may be due to overlapping between two adjacent peaks. For

the Au antenna, the field is very low at £/2 compared with the peak at £.
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Figure 11. Electric field resulted from Au/SiC antenna for different lengths.
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Figure 12. Electric field resulted from ITO/SiC antenna for different lengths.

Figure 11 and Figure 12 show that the peak magnitudes are not affected by
the length. This behavior was not expected, since the increase in the length should
increase the antenna area and, consequently, the radiation absorption. Increas-
ing radiation absorption increases the output field. However, length has also an
adverse effect on the output. The increase of the length results in increasing the
distance the electrons must travel to reach the gap, and this decreases the output.
Therefore, the two effects counter-balance each other, resulting in constant out-
put with length.

For practical applications, antenna arrays can be built. Narrow band detection
can be achieved using an array with a single antenna length. On the other hand,
wide band detection can be achieved using an array with different lengths that
results in resonant frequencies that cover the required band. In both cases, the
antenna width, metal thickness, and gap separation are selected to optimize the
antennas outputs. The topology of parallel and series connections should be de-

signed to optimize the array output signal.

4. Conclusion

Bow-tie THz sensors and antennas can be built using Au or ITO on SiC sub-
strates. Au can provide high conductivity and ITO can allow for vertical integra-
tion with optical devices. SiC has many advantages that makes it one of the best
candidates for use in space and defense applications. This is because of its radia-
tion hardness, temperature resistance, high thermal conductivity, and ability to
integrate with electronic and optoelectronic systems. The study concludes that
the output field decreases with the increase of the gap separation, but it increases
with the increase of the antenna thickness. The study also shows that, although
the antenna width does not fundamentally affect the output field, the increases
of radiation absorption and metal conductance with the width indirectly increase
the output field. On the other hand, the increase of the antenna length does not
affect the output field, but it affects the resonant frequency. From this study, it is
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clear that an array for either narrowband detection or wideband detection can be

built using these bow-tie antennas for space, defense, or other applications.
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