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Abstract
Antenna-coupled field-effect transistors (TeraFETs) have emerged as a class of room-
temperature THz detectors capable of competing with Schottky-barrier diodes in
sensitivity and response speed. A key advantage of FET-based detectors is their com-
patibility with mature semiconductor foundry processes, enabling scalable, high-yield
fabrication (e.g., 65-nm Si CMOS). Quasi-optical detectors employing planar, ground-
plane-free antennas achieve maximum responsivity under substrate lens illumination.
However, resonant patch-antenna-coupled FETs cannot employ this configuration due
to the presence of a buried metallic ground plane. In [1], we introduced superstrate-
coupling strategies for patch antenna-coupled FET resonant at 580 GHz. Here, we
investigate eleven front-side-illuminated, superstrate lens-coupled detectors with res-
onance frequencies between 0.5 and 2.5 THz. A key result is that the minimum
optical noise-equivalent power (NEP)—defined relative to the total incident beam
power—around the resonance frequencies increases significantly less with frequency
than in waveguide-coupled Schottky-barrier diode technology. While the investigated
detectors exhibit slightly higher NEP below 1 THz, they outperform commercial
Schottky-barrier diodes above 1.5 THz. Compared with TeraFETs employing broad-
band antennas, patch-coupled FETs provide substantially improved performance at
their resonance frequencies. Minimum optical NEP values between 16 pW/

√
Hz at

0.52 THz and 43 pW/
√

Hz at 2.45 THz were achieved and confirmed by broadband
thermal radiation measurements. The results are further compared with substrate-lens-
coupled detectors employing log-spiral and other broadband antennas reported in the
literature.
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1 Introduction

Over the past decade, antenna-coupled field-effect transistors (TeraFETs) have been
extensively studied as fast, sensitive power detectors [2–5] and coherent mixers [6–8]
for diverse applications. Their detection mechanism—based on plasma-wave-assisted
resistive mixing [9] with additional contributions from the photothermoelectric effect
[10]—enables implementation in various material systems, including Si CMOS [11,
12], AlGaAs/GaAs [13, 14], AlGaN/GaN [15, 16], graphene [10, 17, 18], and even
carbon nanotubes [19]. Antennæ, for TeraFETs, are selected based on application
requirements and are broadly categorized as broadband (e.g., log-spiral or bow-tie
antennas) [15, 20] or narrowband (e.g., biquad, patch, or slot-dipole antennas) [4, 11,
21]. Patch antennæ, in particular, are comparatively compact, requiring a relatively
small area, which favors the realization of high pixel densities in array configurations
for both power [22–26] and heterodyne detection schemes [27]. At the frequencies
considered here, their three-dimensional geometry (resulting from the combination of
the metallic patch with a buried ground-plane [9, 28]) lends itself for implementation in
the back-end of standard foundry-based Si CMOS process technology. Patch antennæ
feature narrow spectral widths (full width at half maximum (FWHM): 8% to 10%
of their resonance frequency νres) in the investigated frequency range. They exhibit
a high impedance at νres, which is primarily determined by the length of the patch
L p.

Recent advancements have expanded the applicability of TeraFETs to domains such
as scanning near-field optical microscopy (s-SNOM) [29], 250-GHz communication
systems [30], multi-spectral imaging [31, 32], high-resolution gas-phase spectroscopy
[33, 34], passive (thermal) detection and imaging [35], and the detection of ultrashort
laser pulses [36–38]. Of particular interest is the detection of multi-THz radiation from
quantum cascade lasers (QCLs). In the 2–5-THz band, TeraFETs have been deployed
as QCL power monitors [28] and as detectors of QCL radiation used for static gas
spectroscopy [26, 33, 34] as well as for real-time investigation of dynamic gas-phase
phenomena [34, 39].

Despite their advantages, single patch-antenna-coupled TeraFETs face limitations,
such as small effective antenna areas and buried ground-planes, the latter precluding
substrate-side illumination. For TeraFETs with patch antennæ at 500 GHz, these
challenges have been addressed through superstrate lens techniques [1], achieving
a state-of-the-art optical NEP of 16 pW/Hz0.5 at 528 GHz—surpassing the NEP of
broadband quasi-optical detectors. Leveraging the large frequency coverage and high
spectral resolution of a continuous-wave (cw) photomixer-based spectroscopy system,
we present a systematic study of superstrate-lens coupling for ten patch-antenna-
coupled TeraFETs, with resonance frequencies spanning 0.5–2.45 THz, measuring
the optical NEP spectra of the detectors. In addition, we determine their NEP values
via measurements of thermal radiation from a heated membrane-type emitter following
the approaches of [35, 40].
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2 Detector Design, Fabrication, and Packaging

2.1 Design and Fabrication

The TeraFETs characterized in this study were fabricated using a commercial 65-
nm Si CMOS process (Taiwan Semiconductor Manufacturing Company, TSMC).
Detector designs were developed in the Cadence Virtuoso environment, while the
three-dimensional patch antenna structures were simulated using CST Microwave
Studio. System-level electrical characteristics, including transistor–antenna interac-
tions, were modeled and optimized for minimum NEP using Keysight Advanced
Design System 2022 (ADS). A detailed description of the applied simulation method-
ology, together with a comparison between simulated and experimental results for
patch-antenna-coupled TeraFETs, is provided in [9]. Note that the chip design and the
ensuing resonance frequencies presented here differ from those of [1].1

The implemented die (thickness, 270 μm) integrated ten patch-antenna-coupled
TeraFETs, shown at the top of Fig. 1 (labeled A1–A10), with patch lengths rang-
ing from 20 to 138 μm, corresponding to resonance frequencies of 0.52–2.45 THz.
Because the patch antenna is embedded in metal layer M10, the separation between
the ground plane (M2) and the patch is h = 8.4 µm. A cross-sectional view of the
implemented antennas in the same 65-nm process is provided in [9] (Fig. 1b). The
channel length of the transistor’s gate was uniformly 60 nm, while the channel widths
vary between 200 nm and 1 μm for optimal impedance matching. Patch geometries
and transistor parameters are summarized in Table 1. The detector labeled B5 at the
top of Fig. 1 is part of a chip fabricated for the studies of [1].

2.2 Device Packaging Including Attachment of Substrate Lens

The chip with the TeraFETs was mounted on a printed circuit board (PCB) and wire-
bonded, connecting the detectors’ source, drain, and gate contacts to external SMA
connectors. With regard to the attachment of the superstrate lens, we combined the
approach of type B and type C in [1]. The fragile bonding wires were embedded in a
thermally curable epoxy (EPO-TEK 353ND) for mechanical protection [1]—keeping
the thickness of the epoxy bumps below 250 μm. The antenna of the TeraFETs was left
uncovered. On these, a thin paraffin layer (approximately 100 μm thick, εR ≈ 2.3) was
applied by drop casting [41], into which a 150-μm-thick stripe of highly resistive Si
(undoped, ρ > 10 kΩ cm, n = 3.41) was softly pressed during the cooling period. The
silicon slab—after application of a small amount of silicone grease (KORASILON,
middle viscosity)–served then as the basis for the mounting of a hyper-hemispherical

1 The die shown in [1] represents an earlier chip generation fabricated in the same TSMC 65-nm process.
The designs differ primarily in the implemented patch geometries, resulting in different resonance frequen-
cies and spectral characteristics. In addition, the antenna implementations in the previous fabrication run
included supplementary passive patches in lower metal layers to satisfy the 65-nm process metal-density
requirements. These structures introduced undesired spectral features and were therefore omitted in the
present generation.

123

Page 3 of 21 41



Journal of Infrared, Millimeter, and Terahertz Waves (2026) 47: 25

20 µm
138 µm

A01 A02 A03 A04 A05 A06

A07

A08 A10

B05

A09

Fig. 1 Top, left side: Detector chip featuring ten patch-antenna-coupled TeraFETs labeled A01 to A10. The
lengths of the patch antennæ range from 23.5 to 138 μm corresponding to resonance frequencies of 0.54
to 2.1 THz (without a superstrate lens). Additional parameters are listed in Table 1. The bonding pads and
the 25-μm-thick Al bonding wires are visible at the bottom of the chip. The overall chip dimensions are
2×1 mm2. Top, right side: Separate patch-antenna-coupled TeraFET B05 from a chip fabricated for [1].
Patch length, 20 μm; resonance frequency, 2.45 THz (with Si-lens). Center: Unprocessed spectral response
data acquired for all ten detectors without a Si superstrate lens. Data obtained using a photomixer emitter;
the detectors were placed at the focus of a 2-inch off-axis paraboloidal mirror. No purging with dry N2 was
applied for the suppression of absorption by water vapor in the air. Bottom: Unprocessed spectral response
data of the detectors equippedwith a Si superstrate lens, measured under a dry N2 atmosphere. The measured
terahertz rectified drain–source voltage, VDS,LIA, corresponds to the signal directly recorded by the lock-in
amplifier. The decrease in VDS,LIA at higher frequencies is primarily attributed to the pronounced roll-off
in the available output power of the employed photomixer emitter (see Appendix Fig. S2 for the applied
procedure used to determine the available PTHz(ν)). The corresponding voltage responsivities are shown
in Fig. 3. For reference, the available emitter power is indicated by the black diamonds in the bottom panel
(right y-axis). The dark-blue line represents the spectral response of a TeraFET with a log-spiral antenna,
also fabricated in the same 65-nm foundry technology and equipped with a Si substrate lens
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Si-lens (diameter, 2r = 4 mm; height, h = 2.2 mm) to the respective detector. The
height of the silicon slab was chosen to approach the condition

t = n + 1

n
· r (1)

of an aplanatic hyper-hemispherical lens (coma-free planar phase front in the antenna
plane) [42]. Here, t is the distance from the apex of the lens to the focal point.

A schematic of the finished device is displayed in the inset of the left panel of Fig. 2.
Detectors A1 to A10 were integrated and tested within the same die (see Fig. 1). The
described mechanical system enabled characterization of all ten detectors integrated
on the die in separate measurement runs by positioning the respective detector under
test at the focal point of the lens using a precision X–Y translation stage (Thorlabs
ST1XY-D). For the characterization of an individual detector, the antenna position
was adjusted, while the lens position remained fixed, to maximize the THz response
within the focal region of the optical system shown in Fig. 2; the remaining detectors
were disabled.

3 Experimental Techniques

3.1 DC Current–Voltage Characterization

To characterize the transistors’ current–voltage (IV) behavior, we applied a source-
drain bias of VDS = ±10 mV and measured the source-drain current as a function of
gate-source voltage (VGS = 0Vto1V). From these IV measurements, we derived the
drain-source resistance, RDS(VGS), for each detector using a two-channel source-
measure unit (SMU; Keysight 2902B). RDS(VGS) was later employed for the
determination of the optical NEP [15] under unbiased source-drain conditions (VDS =

Thermal

Emitter

SMU
0 V

Von

TeraScan 1550

0.1-2.8 THz 

Si-
Wafer

Dielectric 
layer

Bonding 
Wires Si-lens

Patch-
coupled 
TeraFETGlue

Fig. 2 Schematic views of the two experimental setups for the determination of the TeraFETs’ responsivity.
Left panel:Setup for measurements with tunable narrowband THz radiation using an optoelectronic radiation
source. The beam (shown in blue, propagation from right to left) is guided to the TeraFET with the help
of four OAP mirrors (with an intermediate focus, which can be employed for spectroscopic purposes). To
minimize THz absorption by air humidity, the beam path is purged with dry nitrogen gas. Inset: Cross-
sectional schematic view of the TeraFET with a superstrate lens. Right panel: Setup for measurements
with thermal radiation emitted by a periodically biased heat source. The beam path (shown in red, beam
propagation from right to left) was purged by dry nitrogen gas during the measurements
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0 V), because the noise spectral density VN is then dominated by Johnson-Nyquist
thermal noise according to [43]

VN(VGS) = √
4kBT RDS(VGS), (2)

with kB = 1.38 × 10−23 J K−1 being Boltzmann’s constant and T = 293 K the detec-
tor temperature (all experiments were performed at room temperature).

3.2 Experimental Setup andMethods for the Determination of the NEP with
Tunable Narrow-Band Radiation

For the measurement of the THz responsivity, we employed two different radiation
sources: narrow-band radiation from a cw photomixer and broadband radiation from
a thermal emitter. For the measurements with the former, we modified a cw-THz
spectroscopy system (Toptica TeraScan 1550) by replacing its detector with the Ter-
aFETs (left panel of Fig. 2). The spectroscopy system is based on three 1550-nm DFB
lasers covering slightly different spectral emission bands. Any two can be combined
for difference-frequency generation in an InGaAs photomixer to cover the target fre-
quency range from 60 to 2850 GHz (low range, 60 to 1200 GHz; middle range, 1030 to
2290 GHz; and high range, 1600 to 2850 GHz) [44]. The bias voltage of the photomixer
was electronically modulated with a square-wave signal at fmod = 7629 Hz for lock-in
detection. The emitted radiation was guided through an optical system consisting of
four off-axis paraboloidal (OAP) mirrors, which allow for transmission spectroscopy
of materials (see [1] for a measurement on α-lactose powder). The last OAP mirror’s
reflected focal length (RFL) was chosen to be 2 inches,2 which is fairly small and was
selected to have a small area of the focal spot for a good beam overlap with the patch
antenna of the TeraFET even without a superstrate lens. Care was taken to align the
TeraFET detector’s dipole axis with the linearly polarized radiation. The THz beam
path was fully enclosed in a housing to enable efficient purging with dry nitrogen gas
during the measurements, thus avoiding absorption of the radiation by water vapor in
the air. The detector was operated at zero source-drain bias. The rectified voltage was
fed into a lock-in amplifier (LIA, model: AMETEK DSP 7629) with fmod as reference
frequency. Based on the LIA output signal VDS, we calculated the detector’s frequency-
dependent optical voltage responsivity RV (VGS, ν) = V p

DS(VGS, ν)/PTHz(ν). Here,
V p

DS(VGS, ν) is the peak signal (i.e., amplitude) of the modulated rectified voltage, and
PTHz(ν) the full power (not modulated at fmod) of the radiation impinging onto the
detector. For perfect square-wave modulation with 50% duty cycle, the relationship
of V p

DS(VGS, ν) to VDS(VGS, ν), the root-mean-square (RMS) voltage provided by the
LIA, is V p

DS(VGS, ν) = αLIA ·VDS(VGS, ν), with αLIA = π/
√

2 ≈ 2.2 [45]. However,
when inspected with an oscilloscope, the modulation of the TeraScan’s THz wave
was found to deviate from the ideal square wave, and a value of αLIA,Toptica ≈ 3 was
derived for the recorded waveform [46]. With this value, we calculated the detector’s

2 OAP mirror’s RFL from emitter to detector: OAP1 4-inch, OAP2 6-inch, OAP3 6-inch, and OAP4 2-inch.
Diameter 2-inch for each mirror.
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optical voltage responsivity, which refers to the full available power within the focal
plane with the expression

RV,opt(VGS, ν) = αLIA,Toptica · VDS

PTHz(ν)
. (3)

The frequency-dependent emitted power PTHz(ν) was measured at the detector posi-
tion with a calibrated pyroelectric detector (THz 10 HS, SLT Sensor- und Lasertechnik
GmbH) and a Golay cell. Their sensitivity limits only allowed to cover the frequency
range from 60 to 730 GHz because of the strong frequency roll-off of the emitted
power (dropping to approx. 200 nW at 800 GHz). We extrapolated the power towards
higher frequencies based on the signal-to-noise ratio (SNR) measured with the sys-
tem’s commercial broadband InGaAs photomixer (see Supplementary Material and
[47]). The output power PTHz(ν) derived in this way is displayed from 400 GHz up to
2.85 THz in the bottom panel of Fig. 1 (white dotted line). We note that care has to be
taken when the photomixer’s emitted power is determined with broadband detectors
such as pyroelectric and Golay-cell-based thermal power meters, and TeraFETs with
broadband antenna covering frequencies below 250 GHz. It is known that side-modes
of the diode lasers produce spurious photomixing signals at other frequencies than
the difference frequency of the main modes [48, 49]. This appears to be dominated
by self-mixing in the photomixer device (main line of each laser mixing with its own
side-bands) [48, 49]. In case of the TeraScan system, the spurious frequency compo-
nents are mainly located below 250 GHz and affect mostly measurements at high THz
frequency where the power of the radiation is weak [48]. We expect that our extrap-
olation of the power beyond 730 GHz is not significantly affected by these spurious
signals because of the high-pass frequency filtering inherent to the coherent genera-
tion and detection of THz radiation with photomixers. Equally, we are confident about
the validity of the responsivity measurements because of the resonant (narrow-band)
character of the response of the patch antenna.

Having determined the optical voltage responsivity RV,opt(VGS, ν) as defined in
Eq. 3 and the noise spectral density VN(VGS) (Eq. 2), one calculates the optical
NEPopt(VGS, ν) with the expression

NEPopt(VGS, ν) = VN(VGS)

RV,opt(VGS, ν)
, (4)

where the gate bias voltage VGS is chosen for the best sensitivity of the detector
(lowest NEP, highest SNR) at its resonance frequency, and not for the highest voltage
responsivity RV,opt(VGS, ν), which would be found at a lower bias voltage (and would
be twice higher) but where the noise level is significantly increased [11, 22]. The
integration time was chosen with 100 ms in case of the cw-characterizations.
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3.3 Experimental Setup andMethods for the Determination of the NEP with
Thermal Radiation

In a second series of measurements, we followed an independent way to determine the
optical NEP of the detectors from the measured SNR [40], using the thermal radiation
from the membrane-type ceramic radiator of [35] (INTX17-0900 [50], active area:
1.7×1.7 mm2, fitted with a paraboloidal reflector). The active area of the device was
periodically heated by an 11-Hz square-wave electrical current to 600 ◦C using a
Tektronix AFG3000 function generator and a Keysight B2902B SMU in pulse mode.
The thermal time constant of the device is specified to be 11.4 ms, and the emission
spectrum closely follows Planck’s law [50].

The thermal radiation was guided from emitter to detector via two OAP mirrors (2-
inch diameter and 2-inch focal length) (see right panel of Fig. 2). The rectified signal
from the TeraFET (no source-drain bias applied) was fed into a LIA (AMETEK DSP
7265), locked to the 11-Hz square-wave reference, and set to a 1-s integration time TC
and a 6-dB/octave filter slope, resulting in an equivalent noise bandwidth (ENBW) of
� f = 0.25 Hz [51]).

From the LIA output signals Sk, we determined the SNR of the signals as the ratio
SNR = μS

σS
of the mean signal amplitude μS = ∑N

k=1 Sk and the signal’s standard

deviation σS =
√

(
∑N

k=1(SK − μS)2)/N , sampled over k = 1, ..., N data points, with
N = 300 [52]. To obtain N statistically independent samples, a waiting time between
the recording of two data points of 4TC was chosen.

From the SNR, the optical NEP of the detectors was obtained in the following way.
The SNR is defined by

SNR(VGS, ν) = VDS(VGS, ν)

VN(VGS) · √
� f

. (5)

� f represents the detection bandwidth of the measuring device (here, LIA, with � f
depending on the chosen integration time constant TC and filter slope; for the DSP7265
model, see [51]). With Eq. 3, one replaces VDS in Eq. 5 (replacing αLIA,Toptica by
αLIA,thermal taking account of the type of modulation in the experiments with thermal
radiation) and obtains with Eq. 4 the relationship

NEPopt(VGS, ν) = PTHz(ν)

αLIA,thermal · SNR(VGS, ν) · √
� f

, (6)

Here, PTHz(ν) = Pbb(ν,�ν, Tmax) − Pbb(ν,�ν, Tmin) is the modulated part of the
power of the black-body radiation, impinging onto the detector within its acceptance
cone and integrated over the detector’s bandwidth �ν.

In [35], based on [13, 53], it was shown that the power spectral density received by
an ideal antenna with an optimally filled beam acceptance cone is a constant, which
only depends on the temperature T of the radiator and its emissivity ε(ν) (which is
assumed to be unity in the following). It does not depend on the center frequency ν

of the antenna. This surprisingly simple result was obtained from Planck’s law of the
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spectral radiance in the limit of the Rayleigh-Jeans law, which holds for hν � kBT ,
valid for the temperatures and frequencies of this study. The power arriving from the
radiator at T is hence given by

Pbb(�ν, T ) = kB · T · �ν , (7)

with

�ν =
∫ ∞

−∞
R̂V(ν) dν . (8)

R̂V(ν) refers to the normalized frequency-dependent voltage responsivity, which was
determined using the optoelectronic narrow-band measurement system. The modu-
lated power, to be entered into Eq. 4, is then

PTHz = Pbb(�ν, Tmax) − Pbb(�ν, Tmin) = kB · �T ( fmod) · �ν , (9)

where �T ( fmod) = �T · D( fmod) describes the effective temperature difference of
the periodically heated thermal radiator. �T is the nominal temperature difference of
580 K (600 ◦C minus 20 ◦C) at the modulation frequency fmod of 11 Hz. The modu-
lation depth D( fmod) was experimentally determined to be 0.9 (see Supplementary
Material).

Inserting Eqs. 8 and 9 into 6 yields for the optical NEPopt,min at the optimal gate
bias voltage VGS the expression

NEPopt,min(ν) = kB · �T ( fmod)

αLIA,thermal · SNR(ν) · √
� f

·
∫ ∞

−∞
R̂V(ν)dν . (10)

For αLIA,thermal, we employed the value αLIA,thermal = π/
√

2 for square-wave modu-
lation to transform the RMS signals of the LIA to peak-to-peak signals.

4 Experimental Results

4.1 Measurements with Tunable Narrow-Band Radiation

Figure 1 presents results of response measurements with the optoelectronic narrow-
band radiation source, depicting as-recorded LIA output voltages for the ten TeraFETs
without and with superstrate lenses (upper and bottom panels, respectively, the latter
also shows results for device B5). For comparison, measurement data of a Ter-
aFET with a broadband operable log-spiral antenna,3 fabricated with the same 65-nm
foundry technology as the other TeraFET detectors and carrying a substrate lens, are
depicted as well.

3 FET-parameters: Wch = 0.7 µm, Lg = 60 nm, Lug = 55 nm. Antenna parameters: Inner Radius:
10 µm/15 µm, outer radius 412 µm. Windings: 1.5. Antenna is implemented in AP-layer(M10). Result-
ing length of the vias is 8.4 µm (compare cross-sectional view in [9]). Impedance simulations of the antenna
can be found in [54].

123

Page 9 of 21 41



Journal of Infrared, Millimeter, and Terahertz Waves (2026) 47: 25

By direct comparison of the data in the two panels, one finds that the application
of a superstrate lens led to an increase in the rectified signal of approx. 8 − 10 dB
across all detectors. Note that the tighter focusing of the THz radiation by the lens also
introduced more pronounced standing waves on the rectified signal (from waves being
reflected off the ground plane of the antenna back towards the radiation source). Their
modulation frequency is too high to be visible in the main panel, where the data curves
simply appear thicker for the devices with a superstrate lens, but the modulation is
spectrally resolved in the magnified view on the A03 curve shown in the inset in the
bottom panel of Fig. 5 in the Supplementary material.

A comparison of the response data of the patch-antenna-equipped devices with
those of the detector with log-spiral antenna (bottom panel of Fig. 1) shows that the
narrow-band detectors exhibit the expected superior performance at their resonance
frequencies.

With the frequency dependence of the radiation power as shown by the white dotted
line in the bottom panel of Fig. 1, we corrected the response curves of the devices for the
spectral characteristics of the radiation and determined the spectra of the responsivity
and of the optical NEP. Figure 3 presents the frequency-dependent voltage responsivity
RV(ν) (upper panel) and of the optical NEP (lower panel) of ten patch-TeraFETs with
superstrate lenses and of the log-spiral antenna-coupled TeraFET with substrate Si-
lens.4

A remarkable and central result is the lack of a significant frequency dependence
of the peak values of RV(ν) of the ten detectors over the entire frequency range. Only
above 1.5 THz, one can speculate about slightly decreased peak RV(ν) values, which
may result from a somewhat less efficient coupling of the signal to the transistor chan-
nel. Compared with the detector with a log-spiral antenna, which exhibits a gradual rise
in responsivity with frequency, all patch-TeraFETs except B05 significantly exceed its
RV(ν) values at their respective resonances. Note that—at 2.5 THz—B05 and the Ter-
aFET with log-spiral antenna also show a higher responsivity than the GaAs Schottky
detectors described in [55–57] (the sensitivity of the diodes is commonly expressed in
the literature in terms of video responsivity, which is directly comparable to RV(ν) of
this work). For comparison, the B05 detector (without a lens) was characterized in the
focal plane of a 2.5 THz QCL delivering 2 mW of available terahertz power. The corre-
sponding cross-sectional NEP, determined from a scan across the QCL focal plane as
described in [30], is presented in the bottom panel of Fig. 3. The optical NEP spectra,
shown in the lower panel of Fig. 3, exhibit a correspondingly stable behavior of the min-
imum NEP values at the respective resonance frequencies. These minimum NEP values
are also summarized in Table 1, distinguishing between NEPopt,min,a, the standing-
wave–averaged values (white lines in Fig. 3), and NEPopt,min,b, the peak values of the
raw data (where one takes advantage of the increased dynamic range resulting from the
standing waves).5 Over the entire frequency range, the NEPopt,min,a values only vary
between 22 pW/

√
Hz (A03, 775 GHz) and 52 pW/

√
Hz (A08, 1.53 THz). The respec-

4 Detector A09 could not be characterized while being coupled to a superstrate lens as the A09’s FET-
element broke during the experimental phase.
5 This effect has been used in spectroscopy applications to resolve a particular spectroscopic feature (com-
pare [59]).
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Fig. 3 Frequency-dependent optical voltage responsivity (upper panel) and optical NEP (bottom panel)
of ten patch-TeraFETs with superstrate lenses. The white lines are the sliding frequency averages over
the standing-wave modulations in the curves. Performance parameters of the TeraFETs in this graph are
summarized in Table 1. The top and bottom panels also show data for other types of power detectors from
the following references: [55–57] in the top panel, [15, 20, 21, 58] in the bottom panel. For further details,
see the main text. In addition, experimental cross-sectional NEP results for B05-detector in the focal plane
of a 2.5 THz QCL are indicated

tive NEPopt,min,b values vary between 16 pW/
√

Hz (A01, 525 GHz) and 44 pW/
√

Hz
(A08, 1.53 THz). Even the values for the patch-TeraFET with the highest resonance
frequency of 2.45 THz remain within these boundaries: NEPopt,min,a = 45 pW/

√
Hz,

respectively NEPopt,min,b = 43 pW/
√

Hz.
The lower panel of Fig. 3 also provides comparative literature data of the optical

NEP of other power detectors. Among these are four substrate-lens-equipped Ter-
aFETs and a series of zero-bias Schottky diodes (ZBDs).
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Of the TeraFETs, one is a GaN/AlGaN TeraFET with bow-tie antenna [15] (sym-
bol, red bar; optical NEP, 25 − 31 pW/

√
Hz in 0.49–0.65 THz). The other three are Si

CMOS TeraFETs with (i) a narrow-band ring antenna [58] (symbol, green dot; opti-
cal NEP, 22.7 pW/

√
Hz at 0.855 THz, voltage-mode readout), (ii) a semi-broadband

biquad antenna [21] (symbol, green star; optical NEP, 25 pW/
√

Hz at 1.0 THz), and
(iii) an ultra-broadband bow-tie antenna [20] (symbol, black horizontal bar; optical
NEP, 48 − 70 pW/

√
Hz at 0.6 − 1.5 THz (full operation range, 0.4−2.2 THz)). The

patch-TeraFETs with superstrate lenses considered in this work compare well with
these devices, which are considered the best-performing TeraFETs. For the compari-
son with Schottky-diode-based power detectors, we considered ZBD detectors from
Virginia Diodes Inc. (VDI), taking performance data from [60] for devices embedded
in various types of waveguides. The data are plotted in Fig. 3 as blue horizontal bars.
Below 0.6 THz, the ZBD detectors demonstrate a slightly better optical NEP than our
devices at their resonance peaks, but with values > 10 pW/

√
Hz, their advantage is

not significant as it is with regard to TeraFETs with broadband antennas. However,
at about 1 THz, a crossover occurs, where the NEP performance of our TeraFETs
becomes superior and the ZBD detectors fall behind even in comparison with the
broadband TeraFET of Fig. 3. While the TeraFET devices exhibit a sensitivity decrease
of approximately a factor of two between 1 and 2.5 THz, the loss in performance is
significantly more pronounced for the Schottky-based detectors.

In the frequency range above 1.6 THz, literature on Schottky-based power detectors
is extremely limited, as these devices are predominantly employed as heterodyne
mixers in combination with powerful local oscillators. While occasionally the optical
responsivity is reported [55–57, 61], more commonly the sensitivity of a detector is
characterized by the noise temperature, which strongly depends on the local oscillator
power and the overall system’s noise performance. An exception is the Schottky power
detectors reported in [62, 63]. They are both operated in quasi-optical mode. The
former reference reports about a GaAs ZBD detector of ACST GmbH with optical NEP
values of 10 pW/

√
Hz at 0.2 − 0.6 THz, 17 pW/

√
Hz at 1.2 THz, and 900 nW/

√
Hz

at 5.56 THz. The latter describes an antenna-coupled CMOS Schottky diode, which
achieved an optical NEP of 430 pW/

√
Hz at 4.92 THz and 1.1 nW/

√
Hz at 9.74 THz.

4.2 Measurements with Thermal Radiation

Thermal radiation emitted by the ceramic membrane-type black-body emitter, period-
ically heated at a repetition rate of 11 Hz, could be sensed with sufficient SNR, despite
the narrow spectral width �νFWHM

res of the respective patch-antenna’s resonance. The
respective detector’s �νFWHM

res are listed in Table 1 (as �νFWHM
res ). Here, full width at

half maximum (FWHM) was determined from the voltage responsivity curves shown
in Fig. 3. Results of the measurements and data processing following Sect. 3.3 are
displayed in Fig. 4. In the left panel, the experimentally determined SNR is displayed
for detectors A01 to A08 and A10.6 The data were recorded with a LIA integration
time of 1 s. Also, the effective linewidth �νEq.8 of the detectors, calculated with Eq. 8,
is displayed. The values are also listed in Table 1. The values are in a reasonable

6 For detectors A09 and B05, no thermal experiments were performed.
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Fig. 4 Left panel: Experimentally determined SNR for the patch-antenna-coupled TeraFETs A01-A08 and
A10, all with superstrate lens (blue data points). The measurements were performed with the beam path
purged with dry N2 gas. Spectral width �νFWHM

res represents the antenna’s FWHM (red data points). The
spectral bandwidth calculated via Eq. 8 is shown in Table 1. Right panel: Comparison of the minimum
optical NEP values determined with tunable narrow-band radiation (blue data points, with and without
averaging over the standing-wave modulations) and with thermal radiation (red data points with error bars)

relationship to each other which supports the validity of the analytical approach of
Sect. 3.3. The main result of the thermal measurements is displayed on the right side
of Fig. 4. The red symbols show the values of the minimum optical NEP as determined
with Eq. 10. They are compared with the corresponding values extracted from Fig. 3
(with and without averaging over the standing-wave modulations). There is a good
agreement between the two datasets. Both show the weak spectral dependence of the
minimum NEP with the slight increase above 1.5 THz (A07 onwards). The comparison
also leads to the conclusion that measurements with thermal radiation can provide a
reliable way for the determination of NEPopt,min of a detector, provided the detector’s
effective absorption bandwidth is known. Finally, we present in Table 1 the values of
the corresponding noise-equivalent temperature difference (NETD) calculated by the
expression NETD = NEP · √�f/(〈ε〉kB�ν) [35] for detectors A01–A08 and A10.
Values are given for both the equivalent noise bandwidth (ENBW) of � f = 0.25 Hz of
our experiments (listed as “NETD (exp)”) and for a hypothetical bandwidth of 1 Hz.
The latter values vary between 15 and 34.2 K. These are to be compared with the
5.1 K obtained in [35] with a broadband TeraFET detector (log-spiral antenna) from
[20]. The patch-TeraFETs are clearly inferior to the broadband device of [35], and
their superior responsivity at the resonance peaks cannot compensate for the limited
detection bandwidth. Despite uncertainties, such as exact knowledge of the emitter’s
frequency-dependent emissivity, a relatively good comparability between the detec-
tor’s NEP being calculated from two different measurements can be reported. The
presented comparison can be useful for metrology techniques to verify experimental
optical NEP obtained with cw-systems in combination with a well-known black-body
emitter.
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5 Summary

We have investigated the improvement of the performance of patch-antenna-coupled
TeraFET power detectors by the application of silicon superstrate lenses. The reso-
nance peaks of the detectors (with the lenses) span the frequency range from 525 GHz
to 2.45 THz. The Si-lens improves the responsivity and the minimum optical noise-
equivalent power by 8 to 10 dB by improving the antenna’s effective area and coupling
efficiency. This study has allowed us to investigate in detail the frequency dependence
of the sensitivity of patch-TeraFETs, which were fabricated with the same 65-nm
CMOS foundry technology. The design of each detector has been optimized for max-
imal sensitivity at its respective resonance frequency. It is found that (i) the sensitivity
at resonance does not change much from detector to detector. Over the entire fre-
quency range, the performance only decreases by a factor of two, which may be rather
a consequence of the lens alignment, which becomes more difficult at higher frequen-
cies, than of intrinsic reasons. It is also found (ii) that the detectors achieve record
sensitivity, with the best NEP as low as 16 pW/

√
Hz.

The comparison with literature values of power detectors based on Schottky diodes
indicates that the latter are superior up to roughly 1.0 THz, but become inferior above.
It is interesting to note that the Schottky detectors are waveguide-coupled, which
is commonly thought to lead to better performance than quasi-optical operation of
detector devices, as in the case of our TeraFETs. This raises the question of whether
this benefit only holds for low frequencies (if at all). It would be interesting to perform
a comparison of the two types of devices on equal footing regarding power coupling.

Finally, we point out specific application options for the patch-TeraFETs. Due
to the narrow spectral width of the patch antenna, they are well suited for multi-
spectral sensing techniques as suggested in [32]. Detector A10, for example, with its
resonance at 2.0 THz, appears to be well-suited for experiments investigating the 2.06-
THz neutral oxygen transition 3P0 →3 P1 in the atmosphere [64]. Another use case is
telecommunication. The detector with the highest resonance frequency at 2.45 THz
could be useful for future wireless communication applications currently investigated
with quantum cascade lasers operating around 2.4 THz [65]. We conclude with the
reminder that the TeraFETs, with their ultra-high speed of response, lend themselves
to heterodyne operation and other coherent modes of detection.
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