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Abstract: In the implementation of field effect transistor ( FET) terahertz ( THz) detectors, the integration of
properly designed planar antennas could effectively enhance the coupling efficiencies between the transistors and
THz radiation, thus improving the responsivities of THz detectors. A method to design the planar antenna which is
based on the simulation of channel electric field at the gate edge of FET is reported here. This method is suitable
for the situation where the input impedances of FETs may not be conveniently obtained in the THz regime. The va-
lidity of this method in the antenna design is confirmed by the measurements of the fabricated GaN/AlGaN FET
THz detectors. The maximum responsivities of the bowtie detector and the dual-dipole detector are obtained at
170.7 GHz (1568.4 V/W) and 124.3 GHz (1047.2 V/W) respectively, which are close to the simulation re-

sults of channel electric field at the gate edge of the bowtie detector and the dual-dipole detector.
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Introduction

In recent years, the terahertz (THz) technology has
attracted increasing attention on account of its broad ap-
plications in biomedical testing, security imaging, envi-
ronmental monitoring, radar, and communications''?).
With the advantages of compactness, fast response, high
sensitivity, and room temperature operation, the field
effect transistor (FET) THz detector has become one of
the most promising semiconductor THz detectors. The
theory of THz detection by FETs considering electron
plasma oscillations in the transistor channel was first
presented by Dyakonov and Shur in early 1 990s"*.
Since then, numerous FET THz detectors have been fab-
ricated and investigated”'. Meanwhile, THz imaging has
also achieved a considerable progress'®’.

However, in many cases the responsivities of FET
THz detectors are still far from theoretically predicted
level. One of the main problems is the low coupling effi-
ciency between the transistor and the incident radiation.
Many researchers chose to integrate some types of planar
antennas on the transistors to enhance the coupling effi-
ciencies. These planar antennas include patch anten-

na'’’ | bowtie antenna'®’

y trip resonant antenna[g] y floa-
ting antenna'®’, and novel nanoantennas''''. Tt has
been demonstrated that most of these antennas can en-
hance the detector responsivities to some extent. Howev-
er, a proper method to design the antenna and optimize
its receiving characteristics at desired frequency is still
lacking. Here, we propose a method to design the planar
antenna, which is based on the simulation of channel e-
lectric field at the gate edge of FET. This method is es-
pecially suitable for the situation where the FET input
impedances may not be conveniently determined, which
is often the case in the THz range. We demonstrate effi-
ciency of this method by comparing simulations with
results of THz responsivity experiments on in purpose

fabricated GaN/AlGaN FET THz detectors.
1 Design method

In the implementation of FET THz detectors, the
planar antennas are used as receiving antennas coupling
the external radiation to the transistors. According to the
reciprocity theory'"”! | the antenna properties of receiving
and radiating modes should be the same. In conse-
quence, with currently available commercial simulators,
the simulations in the radiating mode are usually per-
formed for convenience. In general, the design of planar
antennas is based on the electromagnetic simulation of

18 K AR AR 2 T K & W 8 AN R

the S,, parameter. However, the S,, parameter is obvi-

ously influenced by the antenna source impedance. In
the design, two terminals of the antenna are usually con-
nected to the gate and source electrodes of FET respec-
tively. Hence, the transistor input impedance can be re-
garded as antenna source impedance in the simulation.
In the range of THz frequency, although the accurate
transistor input impedances are possible to be obtained,
it still needs expensive test devices and complicated
process. Therefore, we propose a new method to design
planar antennas of FET THz detectors. This new method
is based on the assumption that in the receiving mode, it
is the electric field between two pieces of a dipole anten-
na that is associated with the detector responsivity. This
assumption is based on the self-mixing theory for THz de-
tection'”"®" which effectively predicts that the responsivity
is closely related with the electric field induced at the
gate edge of FET. Although the responsivity is also influ-
enced by other factors such as device parasitic parame-
ters'”®) and substrate effect'™’ | we only pay attention to
antenna design here and keep others the same. As a re-
sult, we propose to design planar antenna on the basis of
the simulated channel electric field at the gate edge of
FET.

2 Simulation of antennas

The simulation considered here is an actual sche-
matic of a THz detector based on a GaN high electron
mobility transistor (HEMT) which was fabricated in our
laboratory. The simulation structure consists of a finite
slab substrate with pads, planar antenna, and HEMT sit-
uated on the top surface. The substrate contains several
layers as shown in Fig. 1. The length and width of the
substrate are both 1 mm. From our previous study'"!,
the substrate thickness is optimized to be ~179 um. We
choose two types of planar antennas ( bowtie and dual-di-
pole) in the simulation. The dimensions of the top struc-
tures are shown in Fig.2 (a) and (b), and they are
made of two metal layers (200 nm Au layer on the top
and 20 nm Ni layer on the bottom). In addition, FET
THz detectors are usually working near the threshold va-
lue of gate voliage where the channel is almost pinched
off. Under such condition, the channel conductivity can
be neglected. This is the reason why we choose the com-
bination of lossless semiconductor materials to simulate
the HEMT. In our simulation, a plane wave with scan-
ning frequency is used to illuminate the structure. The
wave vector of the incident wave is perpendicular to the
surface of the antenna, while the polarization direction is
parallel to the long axis of the antenna (the Y axis in
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Fig.2 (a) and (b)). The magnitude of electric field of
the incident THz wave is kept at 1 V/m. We choose the
commercial program COMSOL using the finite element
method (FEM) to simulate those structures.

Fig.1 The schematic cross section of the THz detector. The
relative dielectric constant of each layer is represented by &
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Fig.2 The whole structure in simulation from top view. (a)
The bowtie antenna with pads & HEMT, (b) the dual-dipole
antenna with pads & HEMT
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In the simulation, we try to identify the resonant
frequencies of different antennas in terms of the maximum
channel electric field at the gate edge of HEMT in the re-
ceiving mode. From the simulation results of the whole
structures, as shown in Fig. 3, the maximum electric
field of bowtie antenna is obtained at 175 GHz, while
that of dual-dipole antenna is obtained at 120 GHz. Be-

sides, the maximum electric field of bowtie antenna is
approximately 1. 5 times as large as that of dual-dipole
antenna. One can see that compared with the structure
only including pads & HEMT, the bowtie antenna can
enhance the electric field at 175 GHz, while the dual-di-
pole antenna only changes the resonant frequency without
any enhancement. As a result, the resonant frequency of
the bowtie detector is 175 GHz, while that of the dual-di-
pole detector is 120 GHz.

Fig. 3
structures versus frequency
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The simulated channel electric field of several

3 Experiments and results

The device is fabricated on a GaN/AlGaN HEMT,
which provides a two-dimensional electron gas (2DEG)
about 33 nm below the surface. At 300 K, the electron
mobility is 1650 ¢cm’/Vs and the electron density is 4. 5
x 10" em ~*. The device fabrication started with mesa i-
solation by inductively coupled plasma (ICP) etching.
Source and drain ohmic contacts were formed by Ti/Al/
Ni/Au (20/120/55/45 nm) electron-beam deposition
followed by 400/700/870 °C rapid thermal annealing in
N, ambient. The gate and planar antenna were made of
Ni/Au (20/200 nm) using electron-beam lithography
and lift-off process. Then, 20/200 nm thick Ni/Au
bonding pads (100 pm % 100 wm) were deposited. Fi-
nally, the substrate thickness was thinned to around 180
pm which is corresponding to the substrate thickness in
our simulation. The scanning electron microscopy
(SEM) images of GaN HEMT of the THz detector are
shown in Fig.4 (a) and (b). The gate length of HEMT
is 134 nm. The source-drain distance is 2. 607 um. The

Drain

Fig.4 (a) The SEM image of GaN HEMT of the THz detec-
tor, (b) the detail between the source and drain electrode
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dimensions of whole structures in fabrication are consis-
tent with those in simulation.

The detectors were characterized using the lock-in
technique in the frequency range 110 ~440 GHz at room
temperature. We used several broadband electrically tu-
nable solid state THz sources in our measurements. The
off-axis parabolic mirrors were used to focus the incident
radiation to around 1.5 mm diameter spot. The electric
field of THz radiation was directed along the long axis of
the antennas. All measurements were done with 1 M)
load resistor without amplification. The modulation fre-
quency of the mechanical chopper was 234 Hz.

The measured respon-sivities as a function of fre-
quency for GaN HEMT THz detectors integrated with
bowtie and dual-dipole antennas are plotted in Fig. 5.
We also put the simulated electric field in the same figure
for comparison. From the figure, the maximum respons-
ivity (1568.4 V/W) of the bowtie detector is obtained
at 170.7 GHz, while that (1047.2 V/W) of the dual-
dipole detector is at 124.3 GHz. The maximum respons-
ivity of the bowtie detector is approximately 1.5 times as
large as that of the dual-dipole detector. As for the
difference in bandwidth between simulation and experi-
ment, it may relate to the accurate values of relative die-
lectric constants in the terahertz range. When the actual
dielectric constants deviate from the set values in simula-
tion, the changed effective wavelength would influence
the coupling efficiencies between the antenna and THz
radiation, thus decreasing the measured responsivities at
some frequencies. On the whole, the measured results
are close to the simulation results of channel electric field
at the gate edge of HEMT. Therefore, we can draw the
conclusion that the channel electric field at the gate edge
is an effective reference to design planar antennas for
FET THz detectors. This method is feasible to identify
the resonant frequencies and predict the performances of
FET THz detectors, especially for the situation in which
the input impedances of FETs may not be conveniently
obtained in the THz regime.
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Fig.5 The measured responsivities as a function of
frequency for THz detectors integrated with bowtie and
dual-dipole antennas
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4 Conclusions

In conclusion, we have proposed a method to identi-
fy the resonant frequencies and evaluate the performances

of different antennas for FET THz detectors on the basis
of the simulated channel electric field at the gate edge.
This method is especially suitable for the situation where
the input impedances of FETs may not be conveniently
determined in the THz regime. Through the fabrication
and measurement, the maximum responsivities of the
bowtie detector and the dual-dipole detector are obtained
at 170. 7 GHz and 124. 3 GHz respectively. And the
maximum responsivity (1568.4 V/W) of the bowtie de-
tector is approximately 1. 5 times as large as that
(1047.2 V/W) of the dual-dipole detector. Those re-
sults are close to the simulation results of channel electric
field at the gate edge of the bowtie detector and the dual-
dipole detector. Therefore, this method has been experi-
mentally confirmed, indicating its validity in the antenna
design of FET THz detectors. We hope this proposed
method will shed light on the antenna design of FET THz
detectors.
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