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Room Temperature Direct and Heterodyne
Detection of 0.28-0.69-THz Waves Based
on GaN 2-DEG Unipolar Nanochannels

Carlos Dabher, Jérémie Torres, Ignacio Ifiiguez-de-la-Torre, Philippe Nouvel, Luca Varani, Paul Sangaré,
Guillaume Ducournau, Christophe Gaquiere, Javier Mateos, and Tomds Gonzdlez

Abstract— An experimental demonstration of GaN-based
asymmetric nanodiodes as direct and heterodyne detectors up
to 0.69 THz has been performed at room temperature. Responsiv-
ities of 2 and 0.3 V/W in a free-space configuration were obtained
at 0.30 and 0.69 THz, respectively. An intermediate frequency (IF)
signal has been measured up to 40 and 13 GHz in the same
frequency ranges. The characterization of the nanodiodes as
mixers did not show any deviation from linearity between the
RF input power and the IF output. Monte Carlo simulations,
used to estimate nanodevice intrinsic conversion losses of 27 dB
at 0.69 THz, have confirmed these results.

Index Terms—Frequency conversion, microwave circuits,
mixers, sensor systems and applications detectors semiconductor
detectors.

I. INTRODUCTION

IRECT detection, one of the possible homodyne

methods, is based on detecting a frequency-modulated
continuous-wave radiation by a nonlinear device, which is able
to rectify an alternating current, and generating—as a result—
a dc voltage. In practice, the detection is often realized using a
square-wave reference the so-called switching-mode detection.
This method is widely used in optical applications [1] and
radio communications [2]. Synchronous detection enables
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processing of very weak signals, even of amplitude lower
than noise. It requires a reference signal with known
frequency and phase, but it cannot give information about
the frequency of the processed signal. An alternative method
to detect a signal is the heterodyne detection by a nonlinear
mixer device with a radiation of a referenced frequency. This
technique, commonly used in telecommunications and astron-
omy for detecting and analyzing weak signals, also represents
a very convenient way to detect terahertz (THz) radiations.
Indeed, heterodyne detection allows the use of conventional
microwaves systems (such as spectrum analyzers) and
simplifies the signal postprocessing by down-converting the
high-frequency (HF) radiation frp (usually named RF signal)
into a signal with an intermediate frequency (IF) fir falling
into the microwave range by the help of an already known
radiation [local oscillator (LO)] fiLo using the relation:
fr I/Re — froll [3]. The state-of-the-art electronic
components for direct or heterodyne detections of an
HF radiation are achieved by Schottky diodes [4]-[7]. Since
these components are based on vertical transport, they require
advanced materials, challenging fabrication processes, and
critical technology aspects (air bridge to connect the anode
introduces more complexity to the fabrication procedure and
related parasitic elements) to operate at THz frequencies.
More than the mainstream technologies, such as Schottky
diodes, the emerging plasma-based detectors [8] also
represent a promising alternative for future developments
of THz mixers. Based on a different concept, the asymmetric
nanodiodes have been proposed to obtain planar devices with
nonlinear, diodelike, current—voltage (/-V') characteristic [9].
Moreover, the use of high-mobility semiconductors, such as
InGaAs [10] or InAs [11], can improve the cutoff frequency
of these nanochannels, thus reaching the THz range at
room temperature. However, it should also be possible to
achieve THz operations with more robust materials, such
as GaN. Even if the use of unipolar GaN nanochannels as THz
detectors [12] or mixers [13] is fairly new, it presents a lot
of room for improvements to make them competitive with a
Schottky technology. In a previous paper, through a systematic
numerical study based on Monte Carlo (MC) simulations,
we have presented the performances of such GaN nanodiodes
as direct and heterodyne detectors in the 0.30-THz frequency
range [13]. The aim of this paper is to present, over a wider
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Fig. 1. 2-DEG unipolar nanochannels with a broken symmetry geometry.
W and L stand for the channel width and length, and Wy, and Wiy, are the
widths of the horizontal and vertical trenches, respectively.

frequency range, a systematic experimental study of the
performances of GaN nanochannels as direct and heterodyne
detectors with particular attention to their dependence
on geometry, bias conditions, and frequency of operation.
In particular, we show for the first time that GaN nanochannels
can be used to detect a radiation at such HFs as 0.69 THz.
This paper is organized as follows. Section II introduces the
geometries of the different GaN nonlinear nanochannels, the
experimental setups, and the MC model. Their performance at
frequencies not reported so far (0.64-0.69 THz) is presented
in Section III-A and extended to a heterodyne configuration
in Section III-B. Finally, the conclusions are given
in Section IV.

II. EXPERIMENTAL DETAILS
A. Samples Description

The samples used are based on two dimensional Electron
Gas unipolar nanochannels with a broken symmetry created
by etching in the Al1GaN/GaN heterojunction two symmetrical
L-shaped trenches (see Fig. 1 and [12] for technological
details). Three geometrical configurations with L/ W
500/500 nm, L/ W = 500/750 nm, and L/ W = 1000/750 nm
have been tested, where L and W stand for the channels length
and width, respectively. Vertical and horizontal trenches are
Wi = 100 nm and Wy, = 50 nm, respectively. To reduce the
impedance of our nanodevices, 32 nanochannels were disposed
in parallel without the need of any interconnection. In this way,
the extrinsic parasitic elements can be limited, and this is an
important feature at these frequencies. We emphasize that the
simplicity of the technological process used for the fabrication
of these nanodiodes is remarkable, since it only involves the
etching of insulating recess lines on a semiconductor surface.
Another key aspect of these nanodevices is their planar geom-
etry, which provides the important advantages for the free-
space radiation coupling over the traditional diodes (a Schottky
barrier) used in current THz systems. In order to use these
devices in a free-space configuration, planar bow-tie THz
antennas were monolithically integrated with the devices. The
bow-ties antennas have been designed to be very broadband,
at least from 200 to 700 GHz to be compatible with self-
switching devices. Each group of SSD devices was integrated
at antenna feed-point, and dc line is feeding each bow-tie ends.
The planar design of these antennas enables an SSD array
configuration. The use of a large Si lens or an array of Si lenses
could also enhance the performances, but for that a dedicated
Si-lens array would be required and each signal (LO + RF)
would have to be spatially overlapped to feed the mixer.
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B. Experimental Setups

1) Direct Detection: To highlight the ability of these devices
to detect a THz radiation, we have used two electronic sources
from Virginia Diodes Inc. (VDI) to cover a large frequency
range in experiments. One is a VDI-AMC-S222 tunable
from 0.28 to 0.38 THz, and the other is a VDI-AMC-381
tunable from 0.64 to 0.69 THz (Fig. 2). As this kind of
electronic sources is composed of a multiplication chain,
the measurement frequency points have been verified to be
spurious free (e.g., monochromatic signal). At each frequency
point, the sources output power was first calibrated using
a VDI Erickson PM4 calorimeter matched with a WRI0
waveguide load as input. Since we are measuring signals
above this waveguide band (59 GHz), adaptation is made by
inserting a linear waveguide taper between the source output
and the meter input. For the 0.30-THz range source, we used
a WR2.8 waveguide taper and measured a power that varies
between 0.6 and 1 mW according to the frequency. For the
0.65-THz range source, we used a WR1.2 waveguide taper
and measured a power that varies between 1 and 1.3 mW
according to the frequency. The RF input of the source is
connected using a coaxial cable with subminiature version
A (SMA) connectors to a frequency synthesizer Anritsu
MG 3692B type, which delivers the microwave signal. This
latter will be multiplied by the source. The THz signal is
modulated at 1-kHz frequency by an external modulation
using an Agilent 33210A function generator connected to
the Transistor-Transistor logic input of the source using a
coaxial cable with Bayonet Neill-Concelman (BNC) con-
nectors. First, the beam is collimated using a planoconvex
polytetrafluoroethylene (PTFE) optical lens of 5-cm diameter
and 10-cm focal, and then, it is focused on the sample by
another PTFE lens with the same characteristics. Finally,
a silicon hemispherical lens of a 6-mm diameter is placed
at the rear side of our sample to improve the focalization
on each device, to reduce the free-space coupling losses,
and to limit interferences inside the Si-bulk layer. The sam-
ple is mounted on an FR4-holder, especially designed for
50-Q impedance matching in the 20-GHz frequency range.
The antennas of the devices are connected through gold
microbon dings to printed HF lines. The induced photo-
voltage is measured using a Signal Recovery 7265 digital
signal processing lock-in amplifier, and the dc signal is
averaged for each measurement to limit the noise effects.
The biasing of the sample is done by a current supplier
Keithley type connected to the device by a coaxial cable with
BNC connectors.
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2) Heterodyne Detection: After ascertaining, using direct
configuration, that a device is able to detect a THz radiation,
we have studied his ability to mix two THz radiations by
modifying the direct detection setup (Fig. 3). To perform
heterodyne detection in the 0.30-THz range, we used in
addition to the THz source VDI-AMC-S222 type another THz
source VDI-AMC-S163 type. This latter has a multiplica-
tion factor of 18 and covers the frequency range between
0.22 and 0.32 THz. Its measurement frequency points have
been verified to be spurious free and at each frequency point,
its output power was calibrated using the VDI Erickson PM4
calorimeter and a WR3.4 linear waveguide taper. We measured
a power that varies between 0.6 and 1.6 mW according to
the frequency. This source acts as RF frequency provider and
is fixed at 0.29 THz, and the second source acts as the LO
and its frequency varies between 0.29 and 0.33 THz. To per-
form heterodyne detection in the 0.65-THz range, we used
two identical VDI-AMC-381 THz sources, as shown in Fig. 3.
The former one is fixed at 0.66 THz and used as the RF signal,
and the second one acts as the LO and its frequency varies
between 0.66 and 0.69 THz. These two radiations are colli-
mated and focused using PTFE lenses, whereas a polyethylene
terephthalate beam splitter helps to spatially superimpose the
two radiations. The Si-lens is still used. A bias-tee, with a
bandpass of 50 MHz-26 GHz, is connected to the SMA con-
nectors of the holder in order to provide the dc-bias to the
devices (fed by a dc-current source) and to measure the IF,
with the help of a Rohde & Schwartz FSU electrical spectrum
analyzer. In those experiments, the IF can be measured up
to 40 GHz due to the limitation of our spectrum analyzer.
In all cases, the experiments were performed in free-space
and room temperature configurations. In order to understand
the physical mechanisms and to optimize the performances of
the devices for broadband direct detection (in terms of respon-
sivity) and mixing (in terms of output power), a semiclassical
MC simulation self-consistently coupled with a Poisson solver
is used as previously explained in [13].

III. RESULTS AND DISCUSSION
A. Direct Detection

Since for direct detectors, the electrical rectification of
an incident electromagnetic radiation is realized through the
nonlinearities of the [/-V characteristic, we have plotted
in Fig. 4, the [-V characteristic of 32 nanochannels with

Exp
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Fig. 4. Comparison between experimental /—V characteristic of 32 nanochan-
nels with L/ W = 500/500 nm (black line and squares) and MC simulation
(red line and dots).
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Fig. 5. Experimental responsivity in V/W measured between 0.28 and
0.69 THz, by an array of 32 nanochannels with L/ W = 500/500 nm, with
0- and 20-mA bias currents.

L/W = 500/500 nm. The black curve was experimentally
obtained, whereas the red one results from MC simulations.
The agreement between MC and measurements is very good in
the low bias region showing as well the expected dependence
with W and L. However, some discrepancies appear at higher
biases. We attribute the differences in the saturation regime
to surface charge effects. These discrepancies at the dc level
are responsible, latter in this paper, of some differences
for the direct and heterodyne detections between MC and
experiments.

In order to relate the effect of the bias current on the detec-
tor’s performances, Fig. 5 shows the measured responsivity
between 0.28 and 0.69 THz of an array of 32 nanochannels
with L/W = 500/500 nm. The plotted responsivities are
directly calculated as the ratio between the measured dc signal
and the power of the source. Using a current of 20 mA,
we clearly observe a responsivity increase of three orders of
magnitude, while its frequency dependence remains the same.

To better understand this behavior, we have studied in
two frequency ranges (0.29 and 0.66 THz) the responsivity
dependence with the current and compared it with the theo-
retical matched responsivity. The latter is equal to 1/2Rgy,
where Ry is the zero-bias resistance and y is the curvature
coefficient defined as y = (d*1/dV?)/(dI/dV) [14], [15].

Fig. 6 shows a very good agreement—for both frequency
ranges—between the current dependence of the responsivity
and that of the curvature coefficient. The application of
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Fig. 6.  Experimental responsivity in V/W and -V curvature versus
current at (a) 0.29 and (b) 0.66 THz of an array of 32 nanochannels
with L/ W = 500/500 nm.

an external current leads to higher values of the curvature
coefficient and, therefore, to a higher voltage responsivity
with an almost constant signal-to-noise ratio S/N = 12 £ 1
in the 0.30-THz range and S/N = 29 &£ 0.3 in the
0.65-THz range. We notice that the maximum nonlinearity
of the /-V characteristic of our device is situated between
17 and 20 mA that is just in the knee of the I-V curve of
the nanochannel (indicated by an arrow in Fig. 4), as expected
from the well-known link between the RF detection and the
nonlinearity of the /-V curve.

Fig. 7(a) shows the responsivities measured between
0.28 and 0.69 THz in three arrays of 32 nanochannels each
with different values of L/ W and with the same bias current
of 10 mA. Fig. 7 shows how reducing the width from
750 down to 500 nm significantly enhances the responsivity
up to almost 2 V/W at low frequency, as a result of more
prominent surface effects that increase the nonlinearity of
the -V characteristics. On the other hand, the length of
the devices hardly affects the value of the responsivity.
An important frequency roll-off is observed in all the cases
(~20 dB/decade), regardless of the channel geometry, but a
strong cutoff is not clearly evidenced by the measurements.
Measurements of the beam intensity at 0.30 and 0.65 THz
have been performed using a power-meter placed: 1) at the
output of the source and 2) at the place where the sample
is located. These measurements have allowed us to attribute
this frequency dependence mainly to an increase of the optical
losses at HF. This is also confirmed because of the MC results
shown in Fig. 7(b). The frequency roll-off of these results,
which do not consider the optical losses, is much lower
(between 2 and 4 dB/decade), with a slightly more pronounced
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and widths, with 10-mA bias current. (b) MC simulated intrinsic responsivities
for the same devices.

roll-off in the case of L = 1000 nm (independently of the
width of the channel). A good compromise between length
and width is found for W = 500 nm and L = 500 nm,
providing an experimental responsivity above 0.2 V/W up to
almost 0.69 THz. At 0.30 THz, these experiments made in
a free-space configuration provide a responsivity of ~2 V/W,
while the result of MC simulations in guided configuration
(on-wafer) is 9 V/W. This comparison allows to estimate the
optical losses induced by the coupling of the THz radiation
with the device (THz focusing, PTFE and Si lenses, and wave
propagation in free space) to be about 6.5 dB at low frequency.
However, since we did not perform any data normalization
related to the beam spot and the device sizes (which is very
difficult to estimate and originates a lot of uncertainty), the
real responsivities are probably higher than those reported.
Moreover, our maximum detection frequency of 0.69 THz may
not represent the upper operational limit of our devices, since
as shown by MC simulations, these devices could still be used
at frequencies above 1 THz.

B. Heterodyne Detection

The IF power as a function of frequency is presented
in Fig. 8 for the RF and LO signals falling into the 0.30-THz
range and 0.65-THz range for an array of 32 nanochannels
with L/ W = 500/500 nm for different values of the current.
In both cases, a strong attenuation around 13 GHz is observed.
This effect cannot be attributed to the cutoff frequency of
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our device. Indeed, the important figures of merit to be consid-
ered are the conversion losses (CLs) of our mixer. These have
been determined as the ratio of the power at the IF frequency
to the power at the RF frequency subtracting the losses induced
by connecting elements and HF lines that were simulated
using CST microwave studio and present a cutoff frequency
around 13 GHz. Consequently, the CL can be plotted accord-
ing to the IF [Fig. 8(c) and (d)] at 0.30- and 0.65-THz ranges,
respectively, for the best bias conditions of I = 17 mA.
The CLs of the whole integrated device are 58 £ 2 dB
at 0.30-THz range and increase by an additional 20 dB
at higher frequencies to achieve 78 + 3 dB at 0.65-THz
range. Since CLs are mainly constant in a frequency range
(e.g., 0.30 or 0.65 THz), one can conclude that the bandwidth
of our mixer is at least of 40 GHz, i.e., the frequency limit of
our electrical spectrum analyzer. These values do not represent
the intrinsic CL of the devices, since, as for the responsivity
measurements, the losses due to radiation coupling with the
antenna (especially in the 0.65-THz frequency range) and
bondings wires are difficult to estimate experimentally. Using
the same method, CL has been calculated for each current,
and the results for an IF of 1 GHz (while RF and LO
belong to the 0.65-THz range) are plotted in Fig. 9. These
results are then compared with the intrinsic CL obtained
by an MC simulation done on a single nanochannel with
L/W = 500/500 nm. Notice that the simulation has been
performed for an IF of 50 GHz instead of 1 GHz to
decrease the calculation time (and providing the same result,
since it is MC IF power is constant below 100 GHz [13]).
Fig. 9 shows good agreement between experimental and
MC simulation results until a bias current of 17 mA. The
disagreement after this biasing point is due to discrep-
ancies between experimental and MC [-V characteristics
(Fig. 4). For current lower than 17 mA, by subtracting the
intrinsic 27-dB losses calculated by the MC simulation to the
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single nanochannel with L/ W = 500/500 nm is simulated. The RF and LO
signals belong to the 0.65-THz range.
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Fig. 10. MC simulated spectra of the current when the frequency of the
LO and RF signals are 650 and 700 GHz, respectively, and the bias conditions
are VDC = 2 V. In this case, a single nanochannel is simulated with
L/W = 500/500 nm.

experimental 78-dB losses, we can deduce that the experi-
mental setup (THz focusing, PTFE and Si lenses, and wave
propagation in free space) and the device integration (bondings
and contacts) introduce the additional losses of ~51 dB.

In Fig. 8(c) and (d), we have estimated that the IF bandwidth
of our mixer is at least 40 GHz, which is the limitation
provided by our instruments. To confirm this estimation,
Fig. 10 highlights the current spectral density calculated
for a single nanochannel with L/W = 500/500 nm. First,
Fig. 10 shows an IF bandwidth up to 50 GHz, since the
LO frequency was chosen at 0.65 THz and the RF was chosen
at 0.70 THz. Second, the simulated device demonstrates no
intrinsic frequency limitation up to 1.35 THz, since a peak
corresponding to the upconversion case and with the same
order of magnitude as the IF peak is obtained at the frequency
fup = frRr + fLo = 1.35 THz.

Finally, another figure of merit of our mixer is studied: the
conversion compression, e.g., the maximum RF input power
for which the mixer will provide linear operation in terms
of constant CL. Fig. 11(a) shows the measurements of the
IF output power dependence on the RF input power, whereas
Fig. 11(b) presents the corresponding MC simulation results.
From experiments, the RF power—measured at the devices top
and after all optical elements—varies from —4 to —2.13 dBm.
Outside these limits, the power of the RF source is
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either OFF or reaches its maximum value. In both experimental
and MC cases, a linear dependence is observed. From the
experimental point of view, no saturation behavior has been
observed up to the maximum available power of —2.13 dBm.
However, even MC simulations performed for much higher
RF power (up to 9 dBm) did not show any saturation of
the IF power. This robust linearity of the heterodyne detector
response represents a clear advantage compared with the other
THz mixers. The important point is that these GaN-based
detectors can handle very high input RF power, so that their
practical application as the power detectors of ultrahigh-power
submillimeter-wave sources seems feasible.

IV. CONCLUSION

In summary, we have investigated the potentialities of
AlGaN-/GaN-based nonlinear nanochannels for THz direct as
well as for THz heterodyne detection. Their room temperature
good responsivity as direct THz and homodyne detectors
up to 0.69 THz has been demonstrated for the first time.
By comparison with MC simulations, we have found a good
compromise between length and width of the nanochannels
in order to optimize their responsivity as well as their fre-
quency roll-off at higher frequencies. The qualitative good
agreement between experiments and MC simulations will
provide the guidelines for improving the SSD performances at
THz frequencies.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 1, JANUARY 2016

The characterization of the nanodevices as THz mixers has
permitted to highlight two main figures of merit: 1) CLs
of 33 dB at 0.65 THz and 2) a strong linearity of the
IF output up to 8 dBm of RF input power. As a consequence,
since GaN-based nanodevices could handle very high input
RF power without deviation from linear regime, their practical
implementation as the mixers of high-power submillimeter-
wave sources seems feasible. Moreover, recent studies of
similar GaN-based nanodiodes [16] have demonstrated their
possibilities as Gunn oscillators that could be employed as
the active elements of THz emitters. As a consequence, the
good performances of GaN nanochannels demonstrated in
this paper as the detectors of submillimeter-wave signals as
well as their planar geometry allowing not only the easy
integration of antennas for a better free-space coupling but
also a flexibility in the design for an optimum thermal dissi-
pation and reduction of parasitic effects open the possibility
to develop a fully integrated emitter/detector submillimeter-
wave system working at room temperature. Besides, this SSD
technology is compatible with a power amplifier association
on the same dice (adjustment of the conversion gain). It means
for heterodyne detection, to process on the same epilayer
(heterostructure AIGaN/GaN on a Si substrate) an IF amplifier
and an SSD heterodyne mixer. This solution is very promising
seeing the low cost solution and the mounting simplification.
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