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An optimized micro-gated terahertz detector with novel triple resonant antenna is presented. The novel resonant

antenna operates at room temperature and shows more than a 700% increase in photocurrent response compared to the

conventional bowtie antenna. In finite-difference-time-domain simulations, we found the performance of the self-mixing

GaN/AlGaN high electron mobility transistor detector is mainly dependent on the parameters Lgs (the gap between the

gate and the source/drain antenna) and Ly, (the gap between the source and drain antenna). With the improved triple

resonant antenna, an optimized micrometer-sized AlGaN/GaN high electron mobility transistor detector can achieve a

high responsivity of 9.45 x 102 V/W at a frequency of 903 GHz at room temperature.

Keywords: terahertz detector, triple resonant antenna, two-dimensional electron gas, high electron

mobility transistor
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1. Introduction

There are tremendous application potentials in
terahertz (THz) detection devices. The THz detec-
tors are widely used in different areas of spectroscopy
and imaging. At present there is a large variety of THz
detecting devices based on different principles and ma-
terials, such as a superconducting tunnel junction,!*
Ge and Si chip bolometers,[?! Schottky diodes that

3] carbon

use semiconducting single-walled nanotubes,
nanotube bolometers,* and quantum dot detectors.!”!
These THz devices are either operated at low temper-
atures or with poor sensitivity. In recent years, de-
tecting THz radiation with a room-temperature high

electron mobility transistor (HEMT) has been actively
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pursued. It has been reported that there are possibili-
ties of low production costs and excellent performance

in THz detection, such as tunability,[6—1%

operating
at room temperaturel'? and a relatively low value
of the noise equivalent power.l*3=15 In order to im-
prove the performance of THz detectors, a great deal
of attention has focused on the development of THz
antennas for applications in THz detection technol-
ogy, such as bowtie antenna, '8 rectangular microstrip
patch antenna,['”) and other types of antennas.!*®! Re-
cently, Panasonic Corporation reported a resonant de-
tection in a nanogate high electron mobility transistor.
Using a gate-dipole antenna at room temperature, the

device with a 80 nm-gate GaN/AlGaN high electron
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mobility transistor offered a responsivity as high as
1.1x 10% V/W.1I Previously, our laboratory reported
a THz detector with a triple resonant antenna and
a low pass filter that could also reach a comparable
responsivity.??) As a very promising device for appli-
cation in THz spectroscopy and imaging, the relation-
ship between the detectors’ responsivity and antenna
geometry has not been fully studied. The purpose of
the present work is to find an effective way to improve
the performance of such triple resonant antenna high

electron mobility transistor detectors.

2. Detection model and finite dif-
ference time domain simula-

tions

The detection mechanism of a high electron mo-

bility transistor device (as shown in Fig. 1) can be
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Fig. 1.
high electron mobility transistor detector based on the

(colour online) The schematic structure of the

self-mixing mechanism.

explained by the self-mixing theory,!?°=22 from which
the photocurrent can be derived as
idgs = G(Vyg)dVgdVas cos(¢) /2
oc G(Ve) Prita, (1)

where

G(Vy) = dG/dV,
= d%I4s/dVyedV,
x pWCyq/Lg
is the derivative of conductance, 6Vys and 0V, are the

incident THz wave induced horizontal and perpendic-

ular electric potentials under the gate, ¢ is the phase

shift between the two potentials, Pry, is the incident
THz power, p is the electron mobility, Cy is the ca-
pacitance between the Schottky gate and channel, and
the width and length of gate are referred as W and Ly,
respectively.

It is clear that the self-mixing photocurrent is
mainly dependent on the product of mixing fields
(ELE, cos(¢)) under the gate and the derivative of
conductance. Since the wavelength of THz radiation
is much larger than the dimensions of the transistor
channel, an antenna is necessary to provide coupling.

Figure 2(a) shows the schematic structures of a
conventional bowtie antenna A and our newly de-
signed triple resonant antenna B. The distribution of
the perpendicular and horizontal electric field under
the gates relevant to antennas A and B is confirmed by
a finite-difference-time-domain (FDTD) simulation, as
shown in Fig. 2(b). In our simulation, the frequency
of the incident THz radiation was set as 900 GHz, and
the wave vector of the incident THz wave is perpen-
dicular to the surface of the antenna, while the po-
larization direction is parallel to the long axis of the
antenna. From the simulation results in Fig. 2(b), we
know that the distributions of the perpendicular and
horizontal electric field enhancements (F, and E,)
in the gap of antenna A are symmetrical, and they
are very small under the gate due to the counterac-
tion of the symmetrical electric charge induced by the
THz wave, indicating that the conventional double-
dipole antenna has a low coupling efficiency. To im-
prove the perpendicular and horizontal electric fields,
we replaced the gate pad with the gate antenna as
shown in Fig. (2a)-B. Numerical simulations indicate
that the triple resonant antenna produces a high THz
electric field, and both the perpendicular and hori-
zontal electric field enhancements under the gate of
antenna A are far less than antenna B (F,-A < E,-B
and F,-A < E,-B), and a strong mixing field factor

E,FE, cos(¢) ~ 6.8 x 10°

is excited in the channel. This will ensure a good per-
formance for the noise equivalent power (NEP) and
response of our detector. The characterization will be

detailed in the following sections.
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Fig. 2. (colour online) (a) The schematic structures of conventional bowtie antenna A and our designed triple
resonant antenna B. (b) Distribution of the induced electric fields and phase shift between E, and E. in the
gap of antennas A and B, respectively. (c) The scanning electron microscope graph of the detector.

3. Experiments and results effective way to optimize our HEMT mixer. The two-
dimensional electron gas (2DEG) about 33 nm below

In this study, six different detectors with similar ~ the surface has an electron mobility of 1400 cm?/Vs
antenna based on a GaN/Alp27Gag 73N heterostruc- and an electron density of 1.3 x 10" cm~2 at room

ture were fabricated and measured in order to find an  temperature. The first four devices (defined as # 1,
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# 2, # 3, and # 4) have the same gate length of
L, =2 pm and a different distance between the source
and drain antennas (Ly = 7 pm, 6 pm, 5 um, and
4 pm for # 1 to # 4, respectively), the other two
detectors (defined as # 5, # 6) have the same source-
to-drain antenna distance of Ly, = 4 wm and different
gate length of Ly = 1 um and 0.5 pum, respectively.
In addition, the sensor properties of a similar HEMT
detector without the gate antenna was also fabricated
and tested as a comparison. The scanning electron mi-
croscope graph and a zoom-in view of # 1 are shown
in Fig. 2(c).
integrated with a resonant antenna are extended to a
gold pad (200 pm x 200 um). The gap between the
gate and the right/left antenna is 2.5 pm.

The source, drain, and gate electrodes

We have used the same experimental setup for
THz radiation detection as described in our previ-
ous work.?021l The differential conductance G =
dlgs/dVys versus gate voltage (V) for different sam-
ples measured at 300 K are shown in Fig. 3(a). With-
out THz radiation, the two-dimensional electron gas
(2DEG) under the gate can be pinched off completely
at Vg < —4.0 V, and fully opened when V; > —2.5 V
for samples # 1, # 2, # 3, and # 4. The threshold
voltages are shifted by about 0.5 V for nano-gate sam-
ples # 5 and # 6 due to the process of electron beam
lithography. The corresponding derivative of channel

conductance, dG/dV,, are also shown in Fig. 3(b).
When the THz wave at 903 GHz is on, a strong di-
rect photocurrent (igs) is induced when the electron
channel is strongly modulated by the gate voltage, as
shown in Fig. 3(c). The peak response in photocur-
rent and the maximum of G(V}) are located at the
same position, consistent with the self-mixing detec-
tion mechanism. The photocurrent is reduced to zero
when the electron channel is completely turned off.
From the measured photocurrent results, we can eas-
ily obtain that (i) the photocurrent can be improved
from 3.2 nA to 13.3 nA by decreasing L., from 7 pm
to 4 pm when Ly = 2 pm; (ii) the increasing of the
gate length from 0.5 pm to 2 pm results in a photocur-
rent improvement from 9.1 nA to 13.3 nA. In other
words, the shorter Ly and Lgs promise a higher re-
sponse. The product of the mixing fields in the 2DEG
for these six samples were simulated and plotted as
shown in Figs. 3(d) and 3(e), which coincide with the
measured photocurrent for our HEMT detectors. This
result is different from the opposite tendency reported
by the Panasonic Corporation. The point view of their
plasmon-resonant detection is that the device with a
shorter gate length apparently exhibits better respon-
sivity. The principal cause of such difference is due to

the different detection mechanisms.
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Fig. 3. (colour online) (a) The channel conductance which was modulated by the gate voltage at 300 K. (b) The
measured source—drain derivative of the channel conductance. (c) The experimental photocurrent as a function of the
gate voltage. Panels (d) and (e) are the mixing factor EyE; cos(¢) from an FDTD simulation at 903 GHz. (f) The
measured photocurrent for HEMT detectors with triple resonant antenna and conventional bowtie antenna.
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For comparison, we have made a control device
# 7 (without gate antenna) with identical antenna,
gate length, source—drain distance, and bonding pads
such as # 4 (with gate antenna). Both devices have
the same direct current (DC) electrical characteris-
tics. However, the photocurrent of the detector with
the bowtie antenna is much smaller than the de-
tector with the gate antenna, and the triple reso-
nant antenna caused a 700% increase in the measured
This result indicates that the triple
resonant antenna can effectively receive the incom-

photocurrent.

ing THz wave and enhance the self-mixing factor in
the 2DEG channel which gives rise to a significant
increase in photocurrent. The electric and optical
characteristics based on the model described above
are summarized in Table 1. The responsivity of the
HEMT detector is found to be crucially dominated
by the size of L, and Lg. The optimization of the
HEMT detectors resulted in an improvement in the
photo-voltage from 258 V/W to 945 V/W and an im-
provement in the noise equivalent power (NEP) from
9.4 x 107" W/v/Hz to 2.8 x 107! W//Hz at a fre-
quency of 903 GHz at 300 K. We also measured the

polarization-dependent THz response of device # 4.
The orientation parallel to the antenna length is de-
fined as 0° or 180°. The maximum response was ob-
served when the polarization was along the length of
the antennas as shown in Fig. 4(a). In Fig. 4(b), we
present two-dimensional images obtained with a radi-
ation above 1 THz at room temperature. The image
clearly reveals the objects including the key, coin, pa-

perclip, and watches sealed in the envelope.

Fig. 4. (colour online) (a) The amplitude of the photo-

voltaic signal for 937 GHz Versus the polarization angle.
(b) A raster-scan image taken at 1024 GHz and a modu-
lation frequency of 706 Hz. All data are taken at 300 K.

Table 1. Measured characteristics for different samples at 300 K.

Samples # Lw/Lg Lw/Lgs G/mS (dG/dVg)/(mS/V) P./nA In/A Ri/(mA/W) R,/(V/W) NEP/(W/Hz0-?)
1 7/2 7/2.5  0.05 0.45 3.2 1.22x10712 12.9 258 9.4 x 10711
2 6/2 6/2  0.052 0.46 5.9 1.34 x 10712 23.9 459 5.6 x 10711
3 5/2 5/1.5  0.055 0.47 8.2 1.46 x 10712 33.2 603 4.3 x 10711
4 4/2 4/1  0.057 0.48 13.3  1.52 x 1012 53.9 945 2.8 x 10711
5 4/1 4/1.5  0.06 0.57 11.5  1.67 x 10712 46.6 776 3.5 x 10711
6 4/0.5  4/1.75  0.07 0.91 9.1 1.72x10712 36.9 527 4.6 x 10711
7 4/2 4/1  0.057 0.48 1.9 1.52x 10712 7.7 110 2.4 x 10710

4. Conclusions

In conclusion, the triple resonant antenna was
shown to have excellent performance for self-mixing
HEMT THz detectors compared to a conventional
bowtie antenna. By comparing the measured pho-
tocurrent of different devices, we found that a decrease
of Ly, and Ly resulted in a 366% and 179% improve-
ment in the response, respectively, giving us a useful
method to design THz antenna rationally. Perhaps the
most important elements such as the carrier density
and the non-uniform THz fields under the gate play
an important role for the detection efficiency. Many
questions remain to be answered, and in future work
we will fabricate and test focal plan detector arrays

by integrating read-out circuits with the array.
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