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Abstract: We report a novel broadband slot-spiral antenna that can be integrated with high-electron-
mobility transistor (HEMT) terahertz (THz) detectors. The effect of various antenna parameters on
the transmission efficiency of the slot-spiral structure at 150-450 GHz is investigated systematically.
The performances of the slot-spiral antenna and the spiral antenna both integrated with HEMTs are
compared. The results show that the slot-spiral structure has a better transmission and miniatur-
ization capability than the spiral structure. A formula for the responsivity is derived based on the
transmission line principle and antenna theory, and results show that the detector responsivity is
correlated with the antenna absorptivity. Additionally, guidelines for HEMT THz detector design
are proposed. The results of this study indicate the excellent application prospects of the slot-spiral
antenna in THz detection and imaging.

Keywords: terahertz detector; broadband antenna; slot-spiral; high-electron-mobility transistor;
antenna design; responsivity

1. Introduction

Terahertz (THz) radiation (which is broadly defined within the 0.1-10 THz frequency
range) has been increasingly studied for radioscopic testing [1,2], nondestructive biopsies [3,4],
high-frequency communication [5,6], ultrahigh temporal resolution observation [7,8], etc.
Investigating emission and detection over the THz range is more challenging than studying
optics and electronics. It is difficult to obtain a high sensitivity and rapid response at
room temperature for THz detectors, for which the fundamental operation is based on the
conversion of optical signals into electrical signals. These problems have been efficiently
solved by using field-effect transistor THz detectors, which have become good candidates
for applications. The so-called self-mixing theory was first presented by Dyakonov and
Shur in early 1990s [9,10] and has been used to describe the mechanism of THz detection.
The asymmetrical coupling of the THz field to a transistor results in AC voltage (V;) at
the terminals of the gate and source [11]. A two-dimensional electron gas (2DEG) exhibits
hydrodynamic behavior as a whole and forms a plasma wave. The gate voltage (Vys)
approaches the pinch off value. The nonlinear property of the plasma wave in the channel
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rectifies the AC signal such that a DC signal (AU) can be detected at the output port. The
above detection process is illustrated schematically in the right panel of Figure 1.

Although many studies have been performed based on this principle, high respon-
sivity remains difficult to achieve because of the low coupling efficiency between the
detector and the incident THz wave. There are three ways to improve the responsivity of
field-effect transistor THz detectors. The first one is to replace the traditional gate structure
with the grating-gate structure [12], and the second method is to adopt silicon lens or
medium-size dielectric cube [13], and the last one is to integrated antenna structure or
array structure [14]. Especially for antenna structures, an appropriately designed planar
antenna can remarkably enhance the coupling efficiency to improve detector responsivity.
A variety of antennas have been employed to date, the most commonly used of which
are the dipole [15], bow-tie [16-21], patch [22-25], loop [26], and etc. [27-30]. The above
antennas are used in linear polarized THz detection. However, for circularly polarized
or non-polarized broadband detection, spiral antennas are usually adopted [31-33]. Here,
we propose the slot-spiral antenna integrated HEMT THz detector. This structure has
better performance than the spiral structure in circularly polarized or non-polarized broad-
band detection. The simulation results show that the slot spiral structure not only has the
broadband characteristic of a spiral structure but also can improve the responsivity of THz
detectors by nearly two orders of magnitude greater than the spiral structure.

In this paper, the numerical simulation results of slot-spiral antenna integrated with
HEMT are presented. This paper is organized as follows. Section 2 shows the detection
model and specific parameters. Section 3 presents the theoretical analysis of THz respon-
sivity. Section 4 shows the simulation results and discussion about the slot-spiral structure.
Section 5 makes detailed discussions about the comparison between slot-spiral antenna
with spiral antenna. Section 6 concludes this paper.

2. Detection Model

Considering detection and imaging applications, the simulations were mainly carried
out at an optimized transmission efficiency with a 150-450 GHz wave radiated by a
Backward-Wave Oscillator (BWO), which has an extremely high radiation power in this
region. Figure 1 shows the simulation model, which consists of a cylindrical substrate for
which the radius is 400 pm and height is 15.24 pm; a slot-spiral antenna; and a coupling
field-effect transistor (shown as a partially enlarged image on the right side). The metal
part of the slot-spiral antenna is composed of Ni/Au (20/200 nm), and Ni is the adhesion
layer. A HEMT is in the center of the structure shown in Figure 2. Sapphire is the substrate
material; it possesses the advantage of excellent electron transport property and could
reduce THz absorption loss. Above the sapphire is GaN/AlGaN (1.8 ym/22 nm). The
source and drain ohmic contacts are formed by Ti/Al/Ni/Au (20 /120 /55 /45 nm), and
the gate is made of Ni/Au (20/200 nm). It is worth mentioning that the transistor and
slot-spiral antenna are not wire-connected; this kind of antenna is called floating antennas,
which have also been used in THz detection [16]. We adopted the floating antenna structure
here to avoid short circuits between the source and drain (or gate).

The near-field electric field distribution and far-field parameters of the structures
were accurately obtained by using the commercial program COMSOL. The antenna in the
simulation was created using the formulas given below:

x = wscos(s) x = g+ wscos(s)
y = wssin(s) , y = g+ wssin(s) (1)
s € (0,nm) s € (0,nm)

The two curves presented above form a spiral arm, which revolves around the center
to create a second spiral arm, where w controls the increase in the distance of one rotation,
n is the slot-spiral lap, and g is the slot-spiral width. These three structure parameters
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are the main factors that control the properties of the slot-spiral antenna integrated with
HEMTs and will be discussed in detail in the following sections.

Slot-Spiral Antenna
(Void)

2DEG channel

Plasma wave
DC voltage of
detector

Sapphire (Substrate)

Source Gate Drain
45nm Au 45nm Au

" 1200m Al

Figure 2. Simulation model of slot-spiral antenna integrated with FET (left) and specific parameters of transistor (right).

3. Terahertz Responsivity

In this section, a formula for the responsivity is derived based on the transmission
line principle and antenna theory. This formula considers in detail the influence of various
antenna parameters and gives a reasonable explanation of how the antenna affects the
responsivity, which is instructive and meaningful to the design of the antenna in THz
detectors. Our derivation is based in part on the pioneering work of other researchers.

A leading study by Knap [34,35] performed further crucial analyses on resonant and
nonresonant detection, showing the following:

U— eV,2
4nKpT

@

This formula is only effective when Vg <V};,. All parameters related to transistors are
taken into account in 7. V; is the AC voltage induced by THz radiation, and it is correlated
with radiation frequency, where e is the electron charge, 7 is the ideality factor (assumed to
be 1 in the simulation), Kp is the Boltzmann constant, and T is temperature (300 K at room
temperature).

According to antenna theory, the total power that the transistor absorbs from the
electromagnetic wave (Pry,sistor) can be calculated as follows [21]:
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)\2
PTransistor = inEGOabs (3)

In the equations above, P, is the incident power density, A is the wavelength of
electromagnetic wave, and Gy, is the maximum absolute gain. Note that the magnitude
of Gogps is equal to the antenna directivity multiplied by the overall efficiency, which
contains the conduction, and dielectric and reflection efficiencies [21].

Furthermore, based on the transmission line principle, the power delivered to the
transistor can be expressed as given below [21]:

1. ,Re{Zr}
Transistor — = —— 5

f 4)
2 Zzr|?

Zt is the impedance of the transistor. Usually, it is complex to calculate Zt accu-
rately [36]. We could set Zt to be 50 ) [21]. Equations (3) and (4) are combined and
substituted into Equations (2), and we can obtain a formula for the responsivity (Ry):

AU e A2 |zg)?

Ry = = G
v Pinsdgt 87TKBTSd€t Re{ZT} Oabs

UGS < uth (5)

In the equation above, S;,; is the area of the THz detector instead of the antenna area.
Both detector area and antenna area have been used in the literature; here, we chose the
detector area as the effective area.

Different from the computing method we used before, we replaced the radiation inten-
sity with a more referential value maximum absolute gain Gg,ps. This value is meaningful
for the simulation and design of the THz detectors integrated with receiving antenna.
By converting the calculated parameter from radiation intensity to Gy,s, more accurate
calculation results can be obtained.

4. Simulation Results

The results of numerical simulation of slot-spiral antenna integrated with HEMT with
different parameters are presented and analyzed in this section. The air domain around the
structure is modeled as a cuboid. For the radiation mode of simulation, perfectly matched
layer (PML) boundary conditions are applied in all directions [21]. For the receiving mode
of simulation in this paper, periodic boundary conditions are applied in the transverse
and PML boundary conditions are applied in the vertical directions. The THz plane
wave irradiates the model vertically as illustrated in Figure 1. Floating slot-spiral antenna
integrated with HEMT is displayed in Figure 2. The absorptivity (1 — |S11]2 — |S21|?)
results from sweeping the three parameters (n, g, and w in Figure 1) are obtained. The
analysis results of the three parameters (n, g, and w, respectively) are presented in the
following subsections.

4.1. Effect of Slot-Spiral Laps

The slot-spiral laps are varied from 1 to 7, and the other parameters are maintained at
g =w = 15 um. The lumped port absorptivity curves versus the frequency are shown in
Figure 3. It can be seen that the slot-spiral structure barely transmitted any energy when
n =1and evenn =2, where only a fraction of this energy can be transmitted at 350-450 GHz.
It is almost impossible for the slot to form a complete frontal helix for these two limiting
cases. We can assume that this structure is not a slot-spiral antenna and does not have the
same properties as the structure at the other n values. The absorptivity increases with n at
the low-frequency stage (150-175 GHz) and remains flat at nearly 90 percent at n = 7, with
little correlation with the frequency; as an excessively large n dramatically increases the
antenna area, an appropriate value of n can improve the bandwidth of the THz detector.
Thus, n = 7 is suitable for high power detection for the basic frequency power of our
THz source.
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Figure 3. Absorptivity versus frequency with different n (1-7).

In addition to the relationship between the bandwidth and n, we also found a re-
peatable relationship between absorptivity peak and n (when n is a decimal and between
every two integers), which is important for narrow band detection but not significant for
broadband detection; we will not present further details here, as the same conclusions have
previously been reported [37].

4.2. Effect of Slot-Spiral Width

A universal law for variable slot-spiral widths is reported in this section. To exclude
the influence of other parameters, we set n =7 and w = 15 um. A slot-spiral width in the
10-20 um range was first investigated and then extended to 1-10 pm and 2040 pm to ana-
lyze the limit condition. Figure 4C,D shows a negative correlation between the absorptivity
and the slot-spiral width, where different widths have no effect on the peak position of
the resonant frequency; that is, the slot-spiral width does not affect the resonance of the
antenna but does affect the ability of the antenna to transmit and receive electromagnetic
waves. With an increase in g, the resonant peaks become weaker and the curves tend to
be flat.

Nevertheless, decreasing the gap is not necessarily better. Figure 4B shows the ab-
sorptivity versus the frequency for g in the 5-10 pm range. Reducing the slot gap further
does not change the resonant frequency position, whereas the absorptivity of the structure
continues to increase; however, some unique features are observed for the absorptivity at
g =5 um. First, the absorptivity does not exhibit exactly the same trend in the frequency as
the other curves, and second, the resonance position changes slightly. Figure 4A shows the
absorptivity for even narrower slot gaps of 1-5 pm, where the higher g value corresponds
to a higher antenna absorptivity, which is opposite to the conclusion above. The curve
for g = 5 pm exhibits a different trend from that of the other four curves, which is called
the turning point. In this case, the arm width of the slot-spiral antenna is considerably
smaller than the other parameters, effectively decreasing the dimension of the antenna and
resulting in different characteristics. Considering the requirements of broadband antenna,
the slot width is an important parameter that affects the THz detector responsivity and the
ideal value of the slot-spiral width is the turning point, which is 5 um for this THz detector.
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Figure 4. Absorptivity versus frequency with different g: (A) g = 1-5 um, (B) g = 5-10 um, (C) g = 10-20 um, and

(D) g =20-38 pm.

4.3. Effect of Increasing the Distance of One Rotation

The effect of increasing the distance of one rotation on the properties of the antenna
and THz detector is discussed in this section. The curve equation given by Equation (1)
shows that w controls the increase in the distance of one rotation. Figure 1A shows
the absorptivity versus frequency for different widths (5-12 um). A peak absorptivity
of approximately 1 occurs for every single curve, but the region where the absorptivity
distribution above 0.9 is very narrow. The resonant frequency gradually decreases because
increasing w results in a larger spiral arm length. This result is more applicable to narrow-
band high-responsivity detection than broadband detection. We did not decrease w below
5 because that would have resulted in a nearly invisible spiral gap, reducing the entire
model to a disk.

Another important result that can be observed from Figure 5A is that the amplitude of
the absorptivity oscillation decreases as w increases. Thus, we extended w in the simulation
to 13-20 um, and the result shown in Figure 5B corroborates our conjecture. Over the
150-450 GHz region, the absorptivity curve exhibits a slowly increasing trend and ap-
proaches 1 for gradually increasing w. However, a higher value of w is not very effective at
increasing absorptivity but will increase the area of the detector, which is not conducive to
the integration of devices; the ideal value could be 15 um. Overall, increasing the distance
of one rotation affects both the resonant frequency of the narrowband antenna and the
transmission efficiency of the broadband antenna.
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Figure 5. Absorptivity versus frequency with different w: (A) w = 5-12 pm and (B) w = 12-20 pm.

5. Discussions

A comparative analysis of the performances of the spiral structure and the slot-spiral
structure is conducted under the same external conditions. One exception is that the void
area of the spiral antenna is completely filled with metal, and the original metal area of
the spiral antenna is completely removed to form a pattern that is complementary to our
structure, as is shown in Figure 6. The only difference between them is whether the outside
tails of two arms are connected. Slot-spiral antenna and spiral antenna are both floating,
which means that neither are connected to the transistors.

Figure 6. Slot-spiral structure (left) and spiral structure (right) both integrated with high-electron-
mobility transistor (HEMT) in the center.

Figure 7 clearly presents the absorptivity for the two structures with the same dimen-
sions. The slot spiral has a higher absorptivity than the spiral, with all other factors the
same. Although both structures exhibit the same performance trend when varying the
antenna parameters, higher n and w (corresponding to a larger area) are required for the
spiral antenna to achieve the same receiving and transmitting abilities as the slot-spiral
antenna, which is not conducive for miniaturization of the THz detector.

Considering the antenna energy transmission, the slot-spiral antenna can receive a
considerably larger area of electromagnetic waves than the spiral antenna: Figure 8 shows
that, for the same dimension and frequency, the electric field is distributed in almost all
the gaps on the surface of the slot-spiral antenna, whereas the electric field is funneled
into the center of the spiral antenna; the maximum electric field occurs at the center of
both antennas with nearly equal values, but the electric field of the slot-spiral antenna is
clearly stronger than that of the spiral antenna elsewhere, showing that the novel structure
can absorb more energy to transmit to a THz detector, thus effectively improving the
responsivity.
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ters: (A)n=6,g=15um,and w=15um; B)n=7,g=15pum,and w =15 um; (C)n=7, g =15 um,

and w =10 pm; and (D)n=7, g =10 pm, and w = 15 um.
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Figure 8. Electric field distribution of the slot-spiral structure (left) and spiral structure (right) at
n=7,w=g=15um, and 300 GHz.

We also simulate the maximum absorption rate of the slot-spiral antenna at the optimum
size, whichisn =7, g =5 pm, and w = 15 pm, and extended the results to the directivity,
absorptivity, Go,ps, and Ry, the results of which were compared with the spiral antenna (for
which the optimal size isn =7, g = 15 um, and w = 5 um) and shown in Figure 9.

In this case, the novel slot-spiral antenna still shows better performance than the spiral
antenna, regardless of parameters (directivity, absorptivity, Go,ps, and Ry ), and the respon-
sivity of this novel structure is two orders of magnitude greater than that of spiral structure.
The resonant frequency of the slot-spiral antenna and spiral antenna are both near 300 GHz.
In the vicinity of this frequency range, the broadband characteristics of both structures are
relatively close. However, the slot-spiral antenna is more similar to a slot antenna especially
at high frequency, since the metal parts of the slot-spiral antenna are all connected together.
When far from the resonant frequency, its broadband characteristics are not as good as that of
the spiral antenna. Therefore, in the high frequency range 600-1000 GHz, directivity and gain
show a noisy behavior compared with spiral antenna [38—40].
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(B) absorptivity versus frequency, (C) Gy,ps versus frequency, and (D) Ry versus frequency.

Another interesting finding is that the resonant frequency at which the responsivity
takes the maximum value is almost the same as the initial frequency at which the absorp-
tivity slope is maximal. The slot-spiral structure does show better performance in THz
transmission. Furthermore, it is interesting to mention that, compared with structures
designed by others, it is easier for our structure to absorb more than 80 percent of the THz
wave over a wide range [37]. Secondly, our new structure could transmit nearly 3 times
as much electric field energy as the structure designed by others at 300 GHz [31]. Thirdly,
there is no need for our new structure to design multiple layers, which greatly simplifies the
fabrication process [32]. Lastly, the connection between HEMT and the slot-spiral antenna
is different from other designs, making it easier to form an asymmetric structure [33].
However, what should be emphasized is that the antenna and HEMT are in the same plane,
which makes it difficult for the HEMT to connect to the pad. A micro-bridge structure
could be designed to connect them from the top of the antenna plane. This kind of structure
is a challenge in fabrication, and we will solve the fabrication problems and produce the
whole device in the future.

Figure 10 shows the variation in the responsivity and absorptivity versus the antenna
parameters (n, g, and w) at different frequencies (200 GHz, 300 GHz, and 400 GHz). The
diagram clearly shows the same trend in the absorptivity of the slot-spiral antenna and
responsivity of THz detector for a fixed frequency, irrespective of the values of n, g, or w;
however, for the region w <5 um, different trends in the absorptivity and responsivity are
observed for different antenna performances, which has been explained in the preceding
analysis of the effects of w on the antenna performance. We re-emphasize that the detector
area is used to calculate the responsivity instead of the antenna area, where the detector
area is considerably smaller (by nearly 1000 times) than the antenna area, resulting in an
apparent large simulated responsivity.

The result that the antenna absorptivity and the THz detector responsivity exhibit
the same change trends provides guidance for designing an antenna and a THz detector.
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The first three terms in Equation (5) are all fixed values for a given transistor that are
independent of the variation in antenna parameters at a specific frequency when the applied
bias and temperature are stable. Therefore, attention should be focused on improving the
maximum absolute gain, which could be extracted from the simulation directly; at the same
time, the resonant frequency of the THz detector also corresponds to that of absorptivity.
The absorptivity and Gy,s nearly remain the same even when the frequency increases,
but the responsivity decreases rapidly; the reason for this result is that, with the increase
in frequency, the second team related to the wavelength is reduced, which leads to the
decrease in responsivity. It can be seen that this formula could give significant guidelines
for designing a THz detector.
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Figure 10. Absorptivity and responsivity versus (A) n, (B) w, and (C) g.

6. Conclusions

We carried out a study on a novel broadband slot-spiral antenna coupled with a THz
detector. Based on the BWO output power, the frequency range is fixed in the region
between 150-450 GHz. We adopt a novel structure that is complementary to spiral antenna,
using the slot as the main part of the antenna. We systematically investigate the effects of
various antenna parameters (including the slot-spiral laps, width, and the increase in the
distance of one rotation) on the antenna absorptivity and perform a comparative analysis of
the performances of the spiral and slot-spiral antennas. The novel structure can be coupled
with more electromagnetic power than the spiral antenna with the same dimensions.
The traditional structure needs a larger effective area to achieve the same transmission
efficiency as the novel structure, showing that the novel structure more easily satisfies
increasing miniaturization demands. Ultimately, a formula for the THz responsivity is
derived, showing a detector performance with the variation in antenna parameters that is
consistent with the absorptivity, presenting an instructive method of antenna design.

This study presents a first step in demonstrating the feasibility of antenna-coupled
HEMT THz detectors by employing a novel broadband slot-spiral antenna and notable
improvements in transmission and miniaturization. Excellent transmission performance
leads to higher responsivity, and the miniaturization characteristic is more conducive to
large-scale integration of the device so that imaging can be realized. Only the antenna
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parameters have been considered, and other structures, such as pads, wire length [41], and
substrates [21,42], have not been taken into account. Note that the gate needs to be placed
in the middle of the antenna, forming an asymmetric structure in the actual fabrication.
The slot-spiral antenna and HEMT are in the same plane and not directly connected, which
makes it difficult for the source, drain, and gate to connect to the pad. A micro-bridge
structure could be designed to connect them from the top of the antenna. This kind of
structure is a challenge in fabrication, and we will solve the fabrication problems and
produce the whole device in the future.

To summarize, aiming at applications in detection and imaging in the frequency range
of 150-450 GHz, a novel broadband slot-spiral antenna is designed and investigated; this
new structure shows better performance than the spiral structure. There are some problems
in process compatibility, and they will be solved in the future when the technological
conditions become more mature. Nevertheless, the broad bandwidth and miniaturization
performance of this novel structure will be fully developed in the future.
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