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ABSTRACT

We report a room-temperature, low output impedance, broad intermediate-frequency (IF) bandwidth field-effect terahertz detector based on
an AlGaN/GaN high-electron-mobility transistor (HEMT) integrated in a metal waveguide. The waveguide detector equips a pair of quasi-
Yagi antenna probes that are used to couple the terahertz energy to the HEMT channel. The gate is configured as an asymmetric edge-
coupled coplanar waveguide transmission line. This terahertz electric field is asymmetrically distributed in the channel along the edges of the
transmission lines. The responsivity and noise for direct and heterodyne detections are characterized and analyzed at different local oscillator
(LO) powers. The noise-equivalent power in direct detection is below 189 pW/Hz1=2. Operated in a heterodyne mode with a LO power of
�3 dBm, the detector offers a conversion loss less than 55 dB in a frequency band of 320–340GHz. The channel in a form of transmission
line performs the broad IF bandwidth, which is increased to gigahertz range (3GHz), and reduces the output impedance to 377 X which is
about 20 times lower than previously reported. The transmission-line impedance could be optimized together with the distribution of the ter-
ahertz electric field in the gated channel to reduce the conversion loss.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0095379

Terahertz (THz) radiation is generally defined as electromagnetic
radiation typically associated with frequencies between 0.3 and
10THz,1 which can be detected by a number of different mechanisms,
such as photothermoelectric,2,3 photovoltaic,4 Hall effect,5 bolomet-
ric,6,7 and plasma-wave rectification.8–11 A heterodyne detector with
low conversion loss (CL) in combination with a wideband
intermediate-frequency (IF) bandwidth can meet the demand for
long-range and high-resolution detections of radar or high-data rate
communication. In a terahertz regime, the Schottky diode mixers are
often used in heterodyne imaging systems, which have an IF band-
width of greater than 4GHz and a CL of lower than 8 dB.12,13 In

wireless systems, up to 3.25GHz IF bandwidth will deliver data rates
in excess of 10Gb/s.14,15 Among them, field-effect transistor (FET)
detectors based on plasma-wave detection and Schottky barrier diode
(SBD) detectors have great potential for applications at room tempera-
ture.16–20 Waveguide-based and quasi-optical heterodyne detectors
based on SBD with outstanding performance are commercially avail-
able.21–23 There are no ready solutions for three-terminal transistors,24

compared with SBDs which benefit from well-developed techniques
for integration into a metal waveguide.25 The three-terminal transis-
tors contain source, gate, and drain. It is difficult for traditional transis-
tor structures to be integrated with planar transmission lines in the
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waveguide, such as a suspended microstrip line, while an asymmetrical
electric field should be formed under the gate and a bias wire need to
be bonded on the gate.

Antenna-coupled THz FET detectors operated in the subthresh-
old region usually have a high channel resistance resulting from low
carrier density; meanwhile, the small channel width of the FET also
contributes to the channel resistance. For all the reasons mentioned
above, there is a high output impedance between the source and the
drain. The IF bandwidth is limited by the high output impedance. A
typical example previously reported is that the channel resistance for a
quasi-optical detector with an integrated asymmetric dipole antenna
reached up to 8 kX.26 Another with an integrated broadband bow-tie
antenna also had a high impedance of 7.6 kX.27 There is approxi-
mately 40 times as much impedance mentioned as the characteristic
impedance (50 X) of the standard radio frequency (RF) transmission
system. For such a high impedance, impedance matching will be a
major challenge.

Compared to heterodyne detection in quasi-optical configura-
tion, waveguides can control electromagnetic (EM) wave propagation
in a closed boundary,28 providing a uniform distribution of signal and
fixed energy propagation mode with high stability and miniaturized
system integration.29,30 Hence, a wide IF bandwidth and low output
impedance waveguide-coupled THz heterodyne detector are highly
desired.

In this Letter, we proposed a heterodyne terahertz waveguide-
coupled high-electron mobility transistor (HEMT) detector. A proto-
type detector operated at around 340GHz was fabricated, assembled,
and characterized. This approach offers the possibility of integrating
the HEMT detector into a metal waveguide and reducing the output
impedance to increase the IF bandwidth.

The waveguide detector based on the AlGaN/GaN heterostruc-
ture was fabricated on a sapphire substrate with a thickness of 50lm,
which provides a two-dimensional electron gas (2DEG) about 25 nm
below the surface. The mobility and density of electrons at room tem-
perature are l¼ 1880 cm2 V–1 s�1 and ns¼ 0.836� 1013 cm–2 accord-
ing to our previous work,31 respectively.

Figure 1(a) provides an exploded view of the proposed waveguide
detector, and Fig. 1(e) provides the schematic of the proposed wave-
guide detector. When operated in the heterodyne detection mode, the
local oscillation (LO) signal and the RF signal are fed, respectively,
from the two waveguide ports, Waveguide Port 1 (WP1) and
Waveguide Port 2 (WP2), as shown in Figs. 1(b) and 1(e).

The quasi-Yagi antenna probes are inserted into the E-plane of
the metal WR-2.8 waveguides and consist of three elements (one
dipole antenna as a driven element, one reflector, and one director), as
shown in Fig. 1(e). Figure 1(c) shows the micrograph of the proposed
detector. To enhance the electric field (E-field) under the gate, an
asymmetric edge-coupled coplanar waveguide (CCPW) with two par-
allel coupled strip conductors asymmetrically located between the
drain and the source ohmic contacts was chosen to transmit the EM
wave above the HEMT channel. Additionally, a carefully designed
tapered coupled microstrip line makes a transition between the quasi-
Yagi antenna probe and the CCPW to optimize impedance matching
for broadband performance. The design allows the THz energy to be
coupled by the quasi-Yagi antenna probes and partially coupled into
the active mixing region. The active mixing region is where the 2DEG
is controlled by Vgs below the gate. Furthermore, low-pass compact

microstrip resonant cell (CMRC) filters are applied to reduce the leak-
age of the THz signal from the CCPW. The proposed CMRC filter
offers a wide stopband with 15 dB from 320–350GHz and has a
�3 dB passband bandwidth from 0 to 8GHz.

The schematic of the AlGaN/GaN HEMT used in the waveguide
detector is shown in Fig. 2(a). The mode of propagation along the
transmission lines (TL) is the quasi-transverse electromagnetic (quasi-
TEM) mode and supports two modes: even-mode and odd-mode.32 In
odd-mode excitation, the currents on the two parallel coupled strip
conductors have the same magnitude with 180� out-of-phase, while
even-mode delineates equal and in-phase. When the TL is driven in
the odd-mode by the quasi-Yagi antenna probes, the E-field distribu-
tions are illustrated in Fig. 2(a) with purple lines. One of the two paral-
lel coupled strip conductors, which is close to the source, is directly
connected to the gate voltage source, so a voltage Vgs can be applied to
the gate, termed “Gate line.” Meanwhile, another strip conductor is
defined as “Float line.”

Figure 2(b) shows the equivalent circuit of the AlGaN/GaN
HEMT mentioned above. Upon the incident THz power P0, the
amplitude of the E-field at the waveguide port E0, the horizontal
(Ex ¼ _nxE0 cosxt), and the perpendicular [Ez ¼ _nzE0 cos ðxt þ /Þ]
E-fields are induced in the gated channel, where _nx; _nz and / are the
horizontal and perpendicular enhancement factors and the phase dif-
ference between the two induced fields, respectively. The photores-
ponse is generated by the waveguide detector and absorbed by the
amplifier in a form of photovoltage vds as

33–35

vds ¼
ramp

1þ ðrs þ rd þ rampÞGds
i0

¼ ramp

1þ ðrs þ rd þ rampÞGds

dGds

dVgs

ðL
0
Z0P0 _nx

_nz cos/�zdx; (1)

where i0 and Gds ¼
Ð L
0 G0dx ¼ 1=rds are the mixing photocurrent and

the conductance of the gated channel, respectively; rs and rd are the
series resistances of the source/drain lead; and ramp is the input imped-
ance of the voltage amplifier. The integral in Eq. (1) represents the
overall mixing factor K. According to Eq. (1), when / is unequal to
6p=2, the photovoltage vds could be measured. The asymmetric struc-
ture (Sc1 > Sc3) is a key feature to achieve the strength of the E-field
between the gate and the sources being greater than on the other side,
which causes most of the EM-field energy to propagate near Gate line.

For small drain voltages, the channel resistance is given by36

rds �
Lch
Wch

1
lnC0ðVgs � VTHÞ

; (2)

where Wch and Lch correspond to the width and length of the transis-
tor channel, ln is the electron mobility in the channel, C0 represents
the capacitance introduced by 2DEG, andVTH is the threshold voltage.
Compared to our previous work, DET-200,37 Lch has increased from
0.3 to 0.9lm, and Wch has increased from 5 to 150lm. The imped-
ance rds of the proposed detector is expected to be reduced to at least
1/10 of the previously reported quasi-optical detector design.

The detector is based on plasma wave rectification detection. The
principle behind this phenomenon was discovered by Dyakonov and
Shur.8,38 The plasmon waves can be excited from source either reso-
nantly or nonresonantly by THz wave in the HEMT channel.39 The
proposed detector has a long gate, whose length of gate Lch is 0.9lm.
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The plasma waves will decay before reaching the drain contact. Given
the relative low mobility of electrons in AlGaN/GaN at room tempera-
ture, the plasma waves are overdamped, and even other HEMT mate-
rials with higher mobility of electrons cannot reach resonant behavior
at room temperature in this long gate. Therefore, the device operates
in the non-resonant mode. This TL configuration guarantees that the
incident terahertz wave induces an asymmetric E-field distribution
under Gate line and around the 2DEG. This asymmetric E-field mod-
ulates the electron density and the velocity at the same time and drives
electrons to the edges of the HEMT channel. The asymmetric structure
of the TL induces the net electrons traveling in the HEMT channel
from the source to the drain. The coordinate origin is located at the
symmetric center point between Float line and Gate line. Figures 3(a)
and 3(b) provide the intensities of the E-field (Ex and Ez), the simu-
lated spatial distributions of the mixing factor K, and the phase differ-
ence. This asymmetry of induced E-field produces an unbalanced
mixing factor K between the two edges of the Gate line, which drives
electrons in 2DEG to produce photoresponse. Figure 3(c) shows the

spatial distributions of the mixing factor K. The simulation results are
from the commercial software HFSS with a THz signal (Pin¼ 1W, ini-
tial phase¼ 90�; f0¼ 340GHz) fed by WP1. When the mixing factor
K is combined along Gate line, the mixing factor K value reached 4000
a.u. As Fig. 3(c) depicted, there are nearly 2/3 of the active
mixing region of values greater than half of the maximum mixing
factor K, which indicates producing the relatively strong photores-
ponse, which shows that the detector responds to terahertz signals
efficiently.

The S-parameters of the waveguide detector are characterized by
a Rohde & Schwarz ZVA50 VNA analyzer with ZC500 extension
units, and the results are provided in the supplementary material. For
this detector, isolation can reflect the absorption of the THz radiation
power by 2DEG. The gate voltage Vgs adjusts the 2DEG concentration,
as the depletion mode HEMT. A more negative gate voltage causes a
lower 2DEG concentration, which means that the jS21j and jS12j will
gradually increase. The coefficient of EM energy dissipated in the
detector can be approximated as

FIG. 1. (a) The exploded view of the proposed waveguide detector. (b) Configuration of the proposed waveguide detector. (c) The micrograph of the proposed waveguide
detector. (d) Measurement setup for the proposed waveguide detector. (e) The schematic of the proposed waveguide detector.
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adissipated�Port1 ¼
Pdissipated
Pincident

¼ 1� jS11j2 � jS21j2: (3)

Calculation from the measured S-parameters shows that about 90% of
the energy is dissipated in the detector at the Vgs¼�4 and �4:2V.
Although not all of this THz EM energy is used efficiently to excite the
photoresponse, the HEMT structures with higher coupling efficiency
have greater potential for higher responsivity.

Figure 1(d) shows the experimental setup to characterize the per-
formance of direct and heterodyne modes. RF and LO THz signals
near 340GHz are generated by two independent frequency multiplier
chains, driven by separate signal generators. The two signal generators
are synchronized by a 10MHz reference clock. THz source #1 radiates
RF THz signals through diagonal horn antennas, and two off axis par-
abolic mirrors focus the THz RF beam on the detector through a diag-
onal horn as above. The 3 dB beam width of the mentioned diagonal

FIG. 2. Schematic and equivalent circuit of the AlGaN/GaN transistor, used in the proposed waveguide detector.

FIG. 3. (a) Distribution of the induced electric fields (Ex and Ez) between the source and drain, along the line at HEMT’s center (Wch ¼ 0). (b) Distribution of the mixing factor
K and phase shift (/) between Ex and Ez on the abovementioned condition. (c) A color-scale 2D plot of the spatial distribution of the mixing factor K. (d) The resistance, con-
ductance, and dGds=dVgs of the detector as a function of Vgs at Vds¼ 10 mV.
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horns is 22� with an aperture of 6� 6mm2. THz source #2 provides
LO signals to the detector through a metal WR-2.8 waveguide. A tun-
able WR-2.8 attenuator (CMi VA2.8R) is inserted between the detec-
tor and THz source #2 to adjust the LO power. The power of both
sources at different frequencies is calibrated by a THz power meter
(VDI Erickson PM5B).

In a direct mode measurement, an A-MODE readout circuit,
including a voltage amplifier (FEMTO HVA-200M-40-B), is con-
nected to the detector’s output port. The bandwidth and gain of the
voltage amplifier are 200MHz and 40dB, respectively, with a low
input noise of 1.2 nV/Hz1=2. The THz source is amplitude modulated
by an 11.117 kHz square-wave with a duty cycle of 50%. In addition, a
lock-in amplifier (Signal Recovery Model 7265) is used to measure vds,
and a fast Fourier transform spectrum analyzer (Stanford Research
SR770) is used to record the noise.

For an I–V measurement, the drain was biased to a small voltage
from 0 to 10mV and the source was grounded and the gate was biased
to a specific gate voltage. Figure 3(d) shows the results of the source–
drain conductance and the differential conductance tuned by the gate
voltage. The inset of Fig. 3(d) depicts the source–drain resistance. To
characterize the two input ports in a direct detection mode, the two
THz sources were turned on separately. The optimal sensitivities for
both input waveguide ports are found to be located at the gate voltage
of�4:2V which are determined by the simultaneously measured total
noise level and the voltage responsivity. The typical detector responsiv-
ity is 20.0V/W for WP1 and 43.8V/W for WP2, as shown in Fig. 4(a).
Meanwhile, the average noise-equivalent power (NEP) amounts to
422 pW/Hz1=2 for WP1 and 189 pW/Hz1=2 for WP2, as shown in
Fig. 4(b). The difference in sensitivities and NEP of two waveguide ports
is the result of a sequence assembly error. The lowest NEP (81 pW/
Hz1=2) of the proposed waveguide detector is about 22 times as large as
the value of 3.7 pW/Hz1=2 of our previous proposed quasi-optical
detectors.26,37 And at the optimal gate voltage (Vgs ¼ �4:20V), mea-
sured total noise mainly caused by thermal noise from the waveguide
detector is 9.35 nV/Hz1=2, and the channel resistance is 2.23 kX, as

shown in Fig. 3(d), which is about one fourth compared to the detector
recently reported by Feng et al.26 with an internal impedance of 8 kX.

In the heterodyne mode measurement, the B-MODE readout cir-
cuit is connected to the output port. The two signal generators gener-
ate different frequency signals, which are multiplied to produce LO
(fLO ¼ 32� fmw1) and RF signals (fRF ¼ 27� fmw2) with frequency
differences (Df ¼ j fLO � fRFj). A bias-tee (Picosecond Model 5550B)
is used to remove the DC produced by the strong LO signal and to
couple out the IF signal and the noise from the drain, both of which
are amplified with a low-noise voltage amplifier and measured by a
spectrum analyzer (Tektronix RS306B).

The IF power is measured as a function of the gate voltage at a
fixed IF frequency (Df ¼ 51:3MHz), as shown in Figs. 4(c) and 4(d).
In this situation, the RF power (PRF) is set at about 2lW (–27dBm),
and the LO power ranges from �23.1 to 11.8 dBm. The optimal gate
voltage for the maximum IF signal power is fixed at �4.00V and the
channel resistance is 377.2 X.

To obtain the maximum bandwidth of the IF signal, an RF ampli-
fier is chosen to replace the FEMTO voltage amplifier which has only
200MHz operating bandwidth. The gain and operating bandwidth of
the RF amplifier are 40dB and 2.0GHz, respectively. Since the input
impedance of the RF amplifier is 50 X, an insertion loss about 3.8 dB
comes from the impedance mismatching. The LO frequency is set at
320GHz, and the RF frequency is changed from 320 to 323GHz with
27MHz intervals. Meanwhile, the IF signals and the noise spectrum are
recorded by a spectrum analyzer (Tektronix RS306B), simultaneously.

Figure 5(a) shows the IF signal power and noise at different IF
frequencies. The signal-to-noise ratio (SNR) and conversion loss
(CL) are defined as SNRðdBÞ ¼ PIFðdBmÞ � NIFðdBmÞ and CLðdBÞ
¼ PRFðdBmÞ � PIFðdBmÞþGAMPðdBÞ, respectively. When the IF fre-
quency reaches gigahertz frequencies, the IF noise increases rapidly
with increasing PLO and starts to increase slowly when the LO power
reaches 5:8 dBm, as shown in Fig. 5(a). A strong LO signal will drive
the detector to saturation. The IF signal and noise will be suppressed
as a result of the electron accumulation in the channel. While SNR

FIG. 4. (a) The DC photovoltage from direct detection for two input waveguide ports of a proposed detector. The dashed line is the fit for the measured data. (b) The NEP for
two input waveguide ports of a proposed detector in direct detection. (c) Measured IF signal (red line) and noise power (blue line) at different LO powers. (d) Calculated SNR
(red line) and CL (blue line) at different LO power levels based on IF signal power, noise level, and RF signal power in the heterodyne mode.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 121, 081101 (2022); doi: 10.1063/5.0095379 121, 081101-5

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/apl


does not increase with increasing LO power, when the LO power is
greater than �3 dBm, as a result of the nonlinear growth of the IF
noise in contrast to IF signal power. The IF bandwidth reached
3GHz with SNR> 55 dB at PLO¼�3 dBm. For the LO power as
stated above, we calculate the average heterodyne NEP
(NEP ¼ PRF � SNR � 10lgB) to be �106 dBm/Hz or 25 fW/Hz, with
IF frequency from 27 to 3024MHz. There is a significant improve-
ment in the IF bandwidth, compared to our previous heterodyne
detector, which is only tens of megahertz.26

In conclusion, we have designed and characterized a waveguide
heterodyne AlGaN/GaN HEMT detector equipped with two quasi-Yagi
antenna probes and utilized CCPW as HEMT electrodes, fabricated on
a sapphire substrate. The detector offers a NEP below 189 pW/Hz1=2

around 340GHz at room temperature in direct detection, the IF band-
width exceeding 3GHz and the conversion loss and isolation are about
55 and 15dB with �3dBm LO power in heterodyne detection, respec-
tively. Compared to the quasi-optical FET detectors, this is an encour-
aging work that addresses possible solutions to reduce the output
impedance, increase the IF bandwidth, and integrate HEMT into the
metal waveguide. To meet the need for integration of the imaging or
communication system, waveguide detectors need to be further devel-
oped to improve performance. It is undoubtedly that the noise and
conversion loss must be further improved. The lower noise represents
the better NEP. The high frequency noise mainly includes the thermal
noise and the shot noise. Thermal noise comes from channel resistance
and series resistance, which could be reduced by reducing all-in resis-
tance. Using a wider gate width and a smaller gate length or utilizing
materials with higher carrier mobility, such as graphene, could mini-
mize all-in resistance. The shot noise is due to a DC from the self-
mixing between the source and the drain. Passing inverse DC between
the source and drain could significantly reduce the shot noise and

increase the responsivity.40 Also, the detector structure needs to be
improved. The induced THz E-fields under gate decide the mixing
factor. By optimizing the modulation of the above E-fields, the
mixing factor could be increased to decrease the CL by enhancing the
responsivity. The materials with higher carrier mobility could also con-
tribute to decreasing CL. It is noteworthy that the shape of the detector
chip has to be optimized. The proposed prototype is very difficult to
assemble, and the assembly errors seriously affect the performance in
the THz regime. Definitely, error-insensitive structures are a better
choice.

See the supplementary material for more dimension details of the
design and simulation results of the proposed detector. In addition,
the measured S-parameters curves with different Vgs between 0V and
�5V are provided.
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