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Improving terahertz-detection sensitivity of
8 x 8 FET arrays through liquid-nitrogen cooling in
a compact low-noise cryostat

Jakob Holstein @, Nicholas K. North
Mohammed Salih ®, Lianhe Li
Alexander Valavanis ©®, Alvydas Lisauskas

Abstract—We show that the sensitivity of antenna-
coupled field-effect transistors (FETs) to terahertz
(THz) radiation improves continuously with decreas-
ing temperature. The noise-equivalent power (NEP)
of 540 GHz patch-antenna-coupled FETs decreases as
temperature reduces to 20 K. We project NEP values
approaching 1-2 pW/\/ﬁz under efficient power coupling
conditions (e.g., using a superstrate Si-lens), which
is comparable to superconducting niobium transition-
edge sensors (TESs) at 4K. Building on these findings, a
compact, low-noise, liquid-nitrogen-cooled (77K) FET-
based direct (incoherent) THz-power sensing system
for spectroscopy applications was realized. Here, an
8x8 pixel-binned detector array fabricated in a com-
mercial 65-nm Si-CMOS process, was optimized for op-
eration in the 2.85-3.4 THz band. Characterization was
performed in the focal plane of a 2.85-THz quantum-
cascade laser delivering ~2 mW of THz power. A linear
dynamic range exceeding 67dB was achieved without
saturation (for 1 Hz-detection bandwidth). The system
provides a —3 dB readout bandwidth of 5 MHz, exceeding
that of conventional thermal detectors (typically 1kHz).
Combined with its broad temperature operability (20—
300K) and compact design, the system is particularly
well suited for space- and payload-constrained plat-
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forms such as balloon- and satellite-based missions,
where deep cryogenic cooling is impractical.

Index Terms—terahertz, detection, MOSFET, Gaus-
sian beam, power coupling, quantum-cascade lasers,
gas spectroscopy, cryogenic systems, carrier freeze-out
effect.

I. INTRODUCTION

HE terahertz (THz) frequency range of the electro-

magnetic spectrum (0.3—10 THz) has attracted grow-
ing attention over the past two decades, with potential
applications including high-speed wireless communication,
non-destructive testing, imaging, chemical or biological
sensing [1], and gas spectroscopy [2], [3]. However, the
~1-5THz band remains technologically challenging owing
to the limited availability of powerful THz sources and
sensitive detectors or mixers that can operate without
liquid-helium cooling. This is particularly important for
balloon-borne [4] and satellite-borne [5] instrumentation,
where the cooling infrastructure is constrained by strict
limitations on payload mass, volume, and power con-
sumption. Cryogenically-cooled bolometers are extensively
utilized for terahertz sensing applications, owing to their
high sensitivity (low Noise Equivalent Power, NEP) (see
the overview in Table I). However, the main limitation
of thermal detectors is their comparably slow detection
mechanism [6]. As such, the absence of fast and sen-
sitive detectors—especially those capable of continuous,
cryogen-free operation—remains a significant barrier to
the broader application and integration of THz systems
within this frequency range. In this context, we present
a compact, low-noise, liquid-nitrogen (LN,)-cooled power
detection system with a —3dB bandwidth of approx-
imately 5MHz (mainly limited by the chosen readout
electronics), capable of detecting THz radiation emitted
by a quantum-cascade laser (QCL) at 2.85THz. This
is enabled by the core element of the system: an 8 x 8
antenna-coupled field-effect transistor (FET) array em-
ploying a pixel binning technique, as reported in [7].
Over the past decades, THz detection using FETs has
evolved from fundamental research devices [8]-[10] into
high-performance detectors covering the entire terahertz
(THz) frequency range [11]-[13]. Applications range from
imaging [14]-[17], spectroscopy [7], [18]-[20], tracking of


https://orcid.org/0009-0001-8744-475X
https://orcid.org/0009-0002-8221-2893
https://orcid.org/0009-0001-8046-7377
https://orcid.org/0000-0003-3918-9472
https://orcid.org/0000-0002-0735-4608
https://orcid.org/0009-0001-6882-4642
https://orcid.org/0000-0003-4998-7259
https://orcid.org/0000-0001-6912-0535
https://orcid.org/0000-0002-1987-4846
https://orcid.org/0000-0002-5493-6352
https://orcid.org/0000-0001-5565-0463
https://orcid.org/0000-0002-1610-4221 
https://orcid.org/0000-0003-3980-0964

ultrashort pulses [21], [22] or passive detection of thermal
radiation [23], [24]. FETs can be employed either as di-
rect THz power detectors or as heterodyne mixers [25],
[26], operating effectively in both room temperature and
cryogenic environments [27], [28]. Owing to their electronic
detection mechanism—based on the excitation of plasma
waves in the two-dimensional electron gas (2DEG) of
the transistor channel—FETs exhibit an intrinsically high
detection speed, with response times reported down to
12ps [22] corresponding to 10s of GHz achievable mod-
ulation bandwidth.

A key advantage over established electronic THz detec-
tor technologies, such as commercially available Schottky-
diode technology, is their compatibility with widely
used semiconductor platforms including A1GaN/GaN [29],
AlGaAs/GaAs [12], or Si-CMOS [7], [10], [30]-[35].
Graphene-based FETs are also a currently-emerging tech-
nology [36]-[39]. This technological flexibility enables, for
example, the fabrication of Si-CMOS-based FETs using
mature commercial foundry processes, offering high scala-
bility and process reliability. In the detectors presented in
this work, the 65-nm CMOS technology node provided by
Taiwan Semiconductor Manufacturing Company (TSMC)
was utilized. This allows not only for the realization of
individual detectors, but also for the cost-efficient pro-
duction of large-scale detector arrays as e.g., required for
THz camera systems [7], [40]-[42]. These advantages make
FET-based terahertz detectors a promising candidate for
future scientific and industrial applications.

This work is structured in the following way. Before pre-
senting a detailed analysis of LN,-cooled FETs for THz-
QCL applications, we highlight the potential of cryogenic
cooling through a systematic study that quantitatively
investigates the NEP of a Si-CMOS FET coupled to a
patch antenna resonant at 540 GHz.

The optical NEP of this detector at room temperature,
when coupled to a superstrate Si-lens, can be as low
as 16pW/v/Hz [19]. In the presented experiment, no Si-
lens was applied. However, based on the experimental
beam conditions, cross-sectional NEP on the order of
~25pW/v/Hz was determined at room temperature for
the 540 GHz-detector, which in is in good agreement with
our previously published work [19] [Table 1: Case A (with-
out lens)]. We observe a continuous NEP-improvement
down to 20 K. Specifically, we report a fourfold improve-
ment at 77K, which is in close agreement with previ-
ously published study investigating TeraFETs fabricated
in 90nm Si-CMOS technology. Based on our results ob-
tained with the TeraFET detector resonant at 540 GHz
and operated at 20K, we observed up to a fifteenfold
improvement in NEP compared to room-temperature op-
eration, corresponding to an expected NEP in the range
of 1-2pW/ VHz, assuming efficient power coupling — for
instance, when using a superstrate silicon lens coupled
to the patch antenna. This performance is comparable
to that of state-of-the-art superconducting transition-edge
sensor (TES) bolometers operated at 4 K. In Table I, we
finally summarize the most important detector parameters

investigated here and compare with other state-of-the-art
power detector technologies available for the frequency
range around 3 THz.

II. FET-BASED THZ DETECTORS

Current TeraFET detectors reach optical NEPs! down
to 10-20pW/vHz in the frequency range up to 1THz
at room temperature [19], [43]-[45] — a sensitivity level
suitable for many practical applications. For applications
in the frequency range above ~2THz, where THz QCL
sources can be employed, the sensitivity of available
electronic detector (Schottky and FET) technologies de-
creases. However, while Schottky-based detectors experi-
ence strong frequency related roll-off due to large junction
capacitance, FET sensitivity is expected to show less
pronounced roll-off behavior [13], [46].

The effect of cooling TeraFET detectors to cryogenic
temperatures is twofold. First, the signal magnitude in-
creases due to a more efficient mixing process [27], which is
driven by the enhanced non-linearity of the gated channel’s
carrier density n(Vgg) around the transistor’s threshold
voltage. Second, thermal noise from the FET’s Ohmic
resistance is reduced, according to Eq. 3. Mathematically,
n(Vgg) can be described with the Unified Charge Control
Model (UCCM) [47]. In our implementation, electromag-
netic THz radiation is coupled to the transistor between
source and gate electrode? (see Fig. 1). This coupling
scheme excites strongly damped carrier-density modula-
tions (plasma waves) that propagate from the source into
the gated channel.

The nonlinear mixing of these plasma waves in the
channel results in a DC-signal between source and drain
electrodes that is proportional to the incident terahertz
power Pry,:

VT2Hz Oln[R,(Vgs)]

AVDS,THZ = 4 Wes f(wTHzan) X Pry,
(1)
V2. Oln[n(V,
AVDS,THZ = —THz [ ( GS)] f(wTHmTp) (2)

where f(w,7,) =1+ 2wr,/4/1+ (w7,)? is the channel’s
conversion ability relative to a low-frequency pure resistive
mixing process [30], and 7, is the momentum scattering
time.? The rectified signal (AVpg) is proportional to the
incident power Prpp, within a certain linear regime. At
higher power levels, this linear response transitions into

LOptical NEP refers to full available power in the experimental
beam focus. It is a rather conservative measure of detector sensi-
tivity, but is a good predictor for available sensitivity in real-world
applications. An overview and critical discussion of different NEP
calculations applied throughout the literature is given in [31], [34].

?Note that the gate to channel potential is a superposition of
applied DC-bias Vgg and Vi, - coswry,t, where Vipyy, is the THz-
radiation’s amplitude being fed to the transistor from the patch-
antenna element.

3From experimental I-V-characteristics, Tp(300K) ~ 20fs was
determined, which is in agreement with [48]. At 20 K, we determined
T, ~ 46fs.
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Fig. 1. a) Cross-sectional view of the patch-antenna implementation,
representing the unit cell of the 8 x 8 TeraFET array (not to scale;
graphic adapted from [48]). Relevant dimensions and permittivities
are indicated. b) Top view of the transistor layout. The strongly
doped pt-well region, shown in pink, was introduced to pin the
body potential to source ground (guard ring). The dimensions of the
square-shaped ring are dy ;, yen = 61m and dy ;o1 = 1 pm. Depth
of the pt-well is estimated as ~60nm and doping density around
2.5x 10" em™ (compare [50]).

a super-linear regime (AVpg o< Pdy,), within the sub-
threshold operation range before eventually going into
saturation. In contrast, above the threshold, the response
shifts directly from the linear regime into saturation with-
out exhibiting the intermediate super-linear behavior [22].

An unbiased source-drain condition (Vpg o =0V) has
been shown to yield the highest signal-to-noise ratio (SNR)
compared to actively biased operation [49]. In this unbi-
ased case, thermal Johnson—Nyquist noise is the dominant

noise source,
Vin = V4kpTpe Rps (3)

where kg is the Boltzmann constant, T, is detector
temperature and Rpg is the transistor’s source-drain re-
sistance, determined experimentally from -V characteri-
zation. Both the enhanced rectification efficiency and the
reduction of thermal noise contribute to an improved NEP
under cryogenic operation.

A. Detector implementation

Two FET-based THz detector designs were investi-
gated in this work, using TSMC’s 65-nm foundry process
(CLNG65LP, type 1.2VmLowVtMOS): a single-patch an-
tenna for 540 GHz operation, and an 8 x 8 patch-antenna
array for 2.85 THz operation. The 540-GHz detector used
a patch antenna area of (138 x 40) pm?, as visualized
in [48] and had a transistor channel width W, = 1pm, and
gated length L, = 60nm. The patch-antenna’s simulated
directivity is ~5.8 dBi. This leads to a low optical coupling
efficiency in the experimental work described later, as the
effective antenna area is small compared to the Gaussian
focal point of the off-axis parabolic (OAP) mirror with
a reflected focal length (RFL) of 3-inch (Full-Width-
at-Half-Maximum, FWHM = 1.3mm). Under these focal
conditions, we expect approximately 5% of the incident
power to be coupled into the antenna (technique presented
in [48]).

The 2.85THz detector used an 8 x 8 binned-element
configuration with active area (600 x 600) pm? as reported
in [7]. A cross-sectional view of the unit-cell element
is visualized in Fig. 1. Transistor channel parameters
W., = 0.2pm and gated length 60nm were used. Each
patch-antenna in the array had area (15 x 15) pm?, with
the active patch placed in layer M8 (height, h = 2.4pm
above the ground plane) as indicated in the diagram. A
smaller (13 x 13) pm? patch is placed in the M10-layer
(h = 8.41pm) to satisfy minimum metal fill-factor rules
for foundry processing, without significantly modifying the
(simulated) antenna field pattern. To ensure a consistent
electrostatic environment and to minimize noise contri-
butions from and to all rectifying transistors, a strongly
doped pt-well guard ring is implemented around each n-
MOSFET. This ring electrically connects both the source
and body terminals to the global ground potential. The
high doping concentration of the p™-well ensures suffi-
cient conductivity even at cryogenic temperatures, thereby
preserving effective grounding and suppressing latch-up
effects by inhibiting the formation of parasitic current
paths in the p-substrate. Furthermore, the guard ring
stabilizes the body potential and mitigates carrier freeze-
out in the inversion layer near the source junction—an
essential condition for reliable operation at low tempera-
tures. The dimensions of the applied square shaped ring
are dy, oy = 6pm and dy,_ o = 1pm.*

A summary of the detector element’s spectral response
is shown in Fig. 2, with continuous data obtained from
a thermal source using a Bruker interferometer and dis-
crete responsivity measurements taken using THz-QCLs
at four emission frequencies (2.5 THz, 2.85 THz, 3.4 THz
and 3.6 THz). Results at 2.85 THz, 3.4 THz and 3.6 THz
were acquired using THz QCLs in semi-insulating sur-
face plasmon waveguides, with the data at 2.85 THz and
3.4THz having been reproduced from [7]. The 2.5 THz-
QCL data-point was acquired using a frequency rescaled
design adapted from [52], and packaged into a double
metal waveguide. We attribute the relatively low signal
to poor beam quality in the focal plane resulting from
the double-metal waveguide. For all measurements shown
in Fig. 2, the respective detector element was operated
at room temperature. Nonetheless, the presented data
illustrate that the peak of spectral response qualitatively
agrees with model predictions. The quantitative and sta-
tistical analysis requires extensive modification of THz
sources, allowing formation of Gaussian beams (or a cali-
brated Black-Body high temperature sources, if measured
using FTIR spectrometry).

B. Packaging and readout electronics

The respective detectors were mounted on in-house
designed Al-based printed circuit boards (PCBs) with

4This technique is usually applied in the semiconductor design
community to reduces noise and protect active detector element from
external noise or variations in the local doping levels. The applied ring
structure was already implemented in previous publications [30], [48].
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Fig. 2. Experimental and simulated THz spectral response of the
patch-antenna coupled FET shown in Fig. 1 at Vg5 =0.55V. Stars:
Normalized responsivity taken from measurements with 8 x 8 detec-
tor using THz-QCLs at four frequencies (2.5 THz,2.85 THz,3.4 THz
and 3.6 THz). Data at 2.85THz and 3.4THz was reproduced
from [7]. Red Line: Spectral response of a single FET-detector (unit
cell of the 8 x 8-detector) coupled to a superstrate Si-lens as intro-
duced in [19]. Spectral response was determined using a Michelson in-
terferometer with a thermal (Globar) source (vendor: Bruker Corp.).
Blue: Simulated responsivity of the patch antenna element. The an-
tenna structure’s impedance and efficiency was simulated using CST
Studio Suite and the transistor’s terahertz response was modeled
using an in-house hydrodynamic model implemented in Keysight’s
Advanced Design System (ADS-HDM) as presented in [51] and [48].
All measurements presented within this graph were acquired, while
the detector element was operated at room-temperature.

high thermal conductivity (>2WmK ™", thickness 1.5 mm)
using a thermally curable, two-component epoxy adhe-
sive (EPO-TEK 353ND). Electrical connections between
the detector electrodes and the PCB were established
via Al-wire bonding. The resulting signals were then
routed via twisted pair cables from the detector PCB
to separate PCBs containing the subsequent amplifier
and buffer stage. The amplifier chain was operated at
room temperature, while the detector-element was actively
cooled by the cryostat coldfinger. In both configurations,
the electronic readout/buffer circuitry consists of junction
field-effect transistor (JFET)- and Operational Amplfier
(OPA)-based components (inset in Fig. 3), and was de-
signed to achieve low-noise operation and suppress 1/ f-
noise contributions. First, the rectified signal is fed into
a JFET-stage consisting of two JFETs, grown on the
same substrate for maximized similarity in their electronic
properties. These were biased at the lowest-noise operating
point (determined by the choice of the top resistors). For
the temperature-dependent measurements at 540 GHz, the
signal was buffered by a Source-follower stage as pre-
sented in [7], based on the LSK489 JFET-pair (SOT-23-6
package, vendor: Linear Systems). The buffer stage was
followed by two low-noise amplifier stages (Gain 10 each,
Texas Instruments OPA211/1611). In case of the com-
pact LN,-cooled cryostat, the first stage was implemented
as a low-noise, high-input impedance composite ampli-

2 \
mN 10-6, 77 K ||
~
=
~
. _7 L
2 10
g
<t
3
) -8 .
% 10 I Output
@ Binned TeraFET =
s 9 elements <
Z 10— 1 2 1 3 1 4 1 5 1 6 1 7 1 8
10 10 10 10 10 10 10
Frequency / Hz
Fig. 3. Experimental noise spectral amplitude of both room-

temperature and LNy-cooled 8 x 8 FET array operation at Vgg =
0.55V measured with a Tektronix DPO4104 oscilloscope. (In-
set) Schematic of the electronic amplifier circuitry (Low Noise, High
Input Impedance Composite Amplifer, adapted from [53]) consisting
of a JFET-input stage and a low-noise amplifier followed by a
second low-noise amplifier stage (total gain Gy, = 100). The complete
amplifier chain is not actively cooled, while the detector is operated
at 77 K. The amplifier chain is enclosed in a metal shielding box (see
Fig. 4).

fier, adapted from [53], visualized in Fig. 3. The input-
referred noise of our low-noise, high-input impedance
composite amplifier implementation was determined with
1.5nV/ \/E, which is below the thermal noise of about
1k resistance at room temperature of 4.05nV/v/Hz ex-
pected from Eq. 3. To realize the circuit, the JFET-pair
JFE2140 (SOIC- 8 package, vendor: Texas Instruments)
in combination with an OPA211 followed by a second
OPA211 stage was applied. In both implementations,
the second amplifier stage’s output was fed to a SMA
connector, which was connected to the respective lab
measurement equipment (compare Fig. 5). For 540 GHz-
characterizations, the total voltage gain was Gy, = 70
(compare [7]), while Gy, = 100 was determined for the LN,-
configuration.. All relevant electrical potentials, including
the GND/Source and Vg, were supplied from a common
in-house designed power supply PCB. The achievable
modulation bandwidth f ;5,5 ~ 5MHz of the detector and
amplifier electronics was estimated via measurement of
noise spectral amplitude density spectrum using a Tek-
tronix DPO4104 oscilloscope as shown in Fig. 3. Due to
the low input-referred noise of the amplifier chain, the
detector’s thermal noise contribution dominates to the
overall noise spectral amplitude at 77 K. We estimate the
stage to add less than 1dB to the final noise spectral
amplitude.

C. Implemented cryogenic systems

Two cryogenic systems were used for this work: a closed-
cycle cryostat for measurement of responsivity as a contin-
uous function of temperature, and a LN,-cooled cryostat
for QCL power measurements. The detector-PCB was
mechanically mounted onto the metallic coldfinger of the
respective cooling system. For the helium-based closed-
cycle cryostat (vendor: LakeShore Cryotronics), precise



Fig. 4. Photograph of the LNjy-cooled detector system and its
internal components. The first inset shows the aluminum-based PCB
mounted on the dewar’s cold finger, carrying the detector die. The
second inset provides a zoomed-in view of the 8 x 8 pixel binned
TeraFET detector array. The resulting effective active detector area
is approximately (600 x 600) pm? (introduced in [7]). The housing
provides access for liquid nitrogen cooling (top) and includes a
vacuum port compatible with external pumping systems (left). Buffer
and amplifier electronics (see Fig. 3) are housed in a shielded metal
enclosure to suppress electromagnetic interference from the labora-
tory environment. Power supply, on/off switch, and the SMA output
connector are located on the rear side of the shielding box.

control of the coldfinger temperature was achieved via
two independent thermal sensors and a heater element.
Temperature regulation was managed by a LakeShore Cry-
otronics Model 330 controller. Using a multiplexer circuit
(TMUX136, vendor: Texas Instruments), the drain output
could either be accessed directly, bypassing the amplifier
electronics to determine the temperature-dependent -V
characteristic, or routed through the low-noise amplifier
chain for terahertz detection experiments. The compact
LNy-cooled system, designed for QCL power measure-
ments, was based on a commercial dewar system (ven-
dor: PerkinElmer) providing both easy-access cooling and
vacuum capabilities and is shown in Fig. 4. To enable
optical terahertz transmissive access, the original CalF,
window was replaced by a 20 pm-thick THz-transmissive
polypropylene foil stretched within an in-house designed
holder to ensure proper vacuum sealing. The amplifier
electronics were housed in a metallic enclosure at the
rear of the dewar. We determined an approximate cooling
time of 1.5-2h for the detector system to reach thermal
equilibrium with the 77K coldfinger, as measured by
the stabilization time of Ipg under a constant bias of
Vs =1mV and Vg =0.55V.
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Fig. 5. Experimental setup used for FET detector characterization
at cryogenic temperatures at 540 GHz. Terahertz radiation generated
using an RPG ZTX750 multiplier (x36) (vendor: Radiometer Physics
GmbH, Germany) was guided through an optical system onto the
detector (without Si-lens) inside a closed cycle cryostat. For this mea-
surement, an OAP with RFL of 3inch was used as the final focusing
element due to space constraints. The biasing/readout scheme was
same for the 2.85 THz-QCL based setup, while the setup geometry
can be seen in Fig. 6.

III. LOW-TEMPERATURE RESPONSIVITY ANALYSIS

A comparable experimental apparatus was used for
FET-detector characterization at 540 GHz and 2.85 THz,
albeit with different THz sources in each case. 540 GHz-
radiation was generated by multiplying a 15GHz os-
cillator signal by (x36) using an RPG ZTX750 mul-
tiplier (vendor: Radiometer Physics GmbH, Germany).
The emitted signal was amplitude modulated us-
ing an input square-wave reference for lock-in de-
tection. The available Ppp, = 50pW was measured
using a pyroelectric detector (THz 10 HS, vendor:
SLT GmbH [54]), calibrated by Physikalisch-Technische-
Bundesanstalt (PTB,Braunschweig, Germany).

The 2.85THz measurements were performed using a
QCL adapted from the design in [52], as in our previ-
ous work [7]. The QCL was mounted in a helium flow
cryostat (vendor: Janis/LakeShore Cryotronics) equipped
with 3-mm-thick HDPE windows. The QCL temperature
was set at 20K, while being driven with either 700 mA
or 808 mA pulses, with 5 % and 50 % duty cycle
pulses generated by laboratory pulse generator (Agilent
8114A). The corresponding THz power was determined
using a calibrated photoacoustic power meter (vendor: TK
Instruments Ltd., UK) at the detector position shown
in Fig. 6. In case of 50% duty-cycle pulses, a QCL
output power of Prp,(808mA) =2.1mW was measured,
whereas for 5 %-duty-cycle operation, Prp,(700mA) =



0.36mW and Pry,(808mA) = 0.43mW were measured.’
The QCL’s emission spectrum was found to be a sin-
gle mode at 2.85 THz, using a commercial FTIR-system
(Bruker IFS/66). For the 540 GHz setup, the detector was
initially characterized as a function of temperature using
the closed-cycle cryocooler system apparatus described
in subsection II-C and shown in Fig. 5. The radiation
emitted by the respective THz-source was guided through
a quasi-optical system consisting of two 90° OAPs onto
the respective detector. For the 540 GHz-system, RFLs of
4inch/3inch and 2inch-diameter were used (see Fig. 5),
while the 2.85 THz-system used OAPs with a diameter
of 3inch and RFLs of 7inch/7inch (see Fig. 6). For
the 540 GHz system, the single patch-antenna coupled
detector was mounted within a continuously temper-
ature tunable closed-cycle cryostat. For the 2.85THz-
characterization, the 8 x 8 detector was operated inside
the liquid nitrogen cooled cryostat.

After passing the respective amplifier stage with voltage
gain Gy, the terahertz rectified voltage was demodulated
using an Ametek DSP 7265 lock-in amplifier and its
time-averaged amplitude Vpg 174 was recorded. Voltage-
responsivity Ry, ., was calculated via

QpIA - AVDS,LIA (4)

R e
V,opt P.
THz "~ CTVV

where aj;, = 7/v/2 accounts for the square-wave modu-
lated signal sensed via lock-in detection and Pryy, denotes
the total available THz power incident on the detector.

An alternative metric, the cross-sectional responsivity
Ry cs, relates the effective antenna area to the physical
dimensions of the focal spot as described in [31]. For
the single-patch antenna, the effective antenna area is
Ay = D3y, /(47), where D is the simulated antenna
directivity.® The experimental beam profile in the focal
plane of the 2.85 THz-setup is shown in Fig. 6. It was
acquired using an uncooled microbolometer camera (Swiss
Terahertz Rigi S2, (160 x 120) px at 25pm pitch). The
focal dimensions of the beam profile were measured as
FWHM, = 0.40mm, FWHM, = 0.41mm using a numeri-
cal fitting routine. The presented beam profile was mea-
sured at Iocp, = 700mA using 50 % duty-cycle pulses.”

The optical NEP was calculated from Eq. 4 and Eq. 3
via

Vin

RV,opt/CS RV,opt/CS

VN,exp

NEPopt/CS,JN/exp = (5)
In Eq. 5, Vy exp denotes the experimentally measured noise
spectral density under the given laboratory conditions.
Although we observe Vjy & Vy oy, at room temperature,
as suggested in [49], deviations from this expectation be-
come noticeable at LN, temperatures. We attribute these

5The corresponding peak-powers during the 5% on-time are
Pry, (700mA) = 3.6 mW and Pry, (808 mA) = 4.3mW as the power
meter is referenced to a 50 % duty cyle.

6D = 5.8dBi for the 540 GHz patch-antenna, in good agreement
with [19].

"Higher I qcr, caused saturation of the camera-pixels.

deviations to the fact that, in our experimental setup, the
readout electronics remain at room temperature while the
detector temperature Tp, is cooled to cryogenic tempera-
tures (e.g., 77 K). As it is common practice in the literature
to report NEP ., 5y, both values will be provided in the
following discussion. Another important Figure of Merit
is experimental signal-to-noise ratio (SNR) for a given
lock-in integration time Ty &~ 1/(4Af), where Af is the
equivalent noise bandwidth (ENBW),® calculated via

SNR — AVps LIA, THzon Pry, (©)

B AVDbs LIA, THzoff B NEP .- VAS

The respective dynamic range can be defined via:

(SNR) (7)

DNR(Tpe) = ., max

GS»4 THz»

0.8
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Fig. 6. (a) Normalized experimental beam profile data taken at the
focal position, determined using an uncooled microbolometer camera
(Swiss Terahertz Rigi S2, (160 x 120) px at 25um pitch). (b) Pic-
ture of the experimental setup used for detector characterization.
Emission from a THz-QCL mounted in a cryostat is guided through
off-axis parabolic mirror optics (Diameter: 3inch, RFL: 7inch). The
experimental beam focus is marked with an iris. The terahertz power
Pry, was measured at the focal position using a Thomas Keating
photoacoustic power meter.

IV. REsuULTS
A. Temperature dependent study at 540 GHz

Fig. 7 summarizes the results of a 7p-dependent
study of patch-antenna coupled detectors resonating at
540 GHz. Down to 20K, we do not see indications of
strong device degradation due to carrier freezeout-related
effects - which is often observed in Si-MOSFETs in this
temperature range - in both IV-characteristic and THz-
responsivity. We attribute this effect primarily to efficient
substrate potential-pinning by the strongly doped p*-well
placed in close proximity around the n-MOSFET (see
Fig. 1). In addition, the I-V-characteristic shows the Zero-
Temperature-Coefficient (ZTC) point (see [56]) at ap-
proximately 0.7 V. Above this bias point, a temperature-
independent Rpg can be observed. NEP continuously
improves (increases) as the temperature reduces, as a
result of decreasing (thermal) noise contributions and

8The previously stated formula holds true for 6dB/octave filter
slope, which was applied during the experiments. For different filter
slopes, A f can be read from [55].
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Rps(Vas, Tpet )-behavior, calculated from the I-V characteristics.
(c—d) Rectified raw terahertz signal measured with a LIA at focal
center position and corresponding optical responsivity at 540 GHz.
(e—f) Cross-sectional responsivity and corresponding NEP g jn-

increasing responsivity Ry cg. At 20K, a relative decrease
in NEPqg ;n by a factor of 11 to 15 compared to room-
temperature operation was observed in the characteriza-
tion of three independent detectors. At 77 K, we found a
relative decrease in NEP g jy by a factor of 4-6, compared
to room-temperature, which is consistent with previously
reported results for Si-CMOS TeraFETs implemented in
90-nm technology [28].7 One should note that the approx-
imately fourfold improvement in NEP around the boiling
temperature of LN, can be predicted by applying Eq. 1 to
the DC data presented in Fig. 7.!° For the 20K results,
Eq. 1 predicts an NEP reduction factor of ~8, while the
experimental reduction factor was ~14.

B. Nitrogen cooled system at 2.85 THz

Fig. 8 shows the detector’s optical responsivity and
NEP as function of Vyg at the focus of a 2.85 THz-QCL
(5% duty-cycle pulses). The NEP is shown to decrease
by a factor of 3.5 (950 pW/v/Hz vs. 270 pW/v/Hz) when
the detector is cooled from 300K and 77K. Fig. 8(b)
presents the results obtained using a 50% duty-cycle

9First indications of carrier freeze-out effects were found around
9K (dataset not shown here). At this temperature, quantization
effects of the two-dimensional electron gas (2DEG) become visible
in the IV-characteristics within the sub-threshold region.

10The temperature dependent scattering time 7 (T), relevant for
flwrhy,, Tp), Was determined by fitting Rpg(Vgg,T) within the
UCCM [47].

pulse. In addition to NEPy ..., we report the experi-
mental optical NEP (NEP,,,), calculated from the to-
tal system noise measured under laboratory conditions.
The minimum values are NEP_, ;5 ~ 190pW/ VHz and
NEP ¢ oxp ~420pW/ VHz. The minimum NEP ¢ exp COT-
responds to an experimental DNR of approximately 64 dB
(Pra, = 2.1mW, T = 100ms) and up to 67dB for a
detection bandwidth of Af = 1Hz. As shown in Fig. 9, a
DNR of approximately 70dB is expected under idealized
noise conditions for Af =1Hz. When directly comparing
the results presented in Fig. 7 and Fig. 8, an important
characteristic of the 8 x 8 pixel-binned detector must be
considered (see the derivation in [7]). For N = 64 pixels
combined in parallel, the voltage responsivity is reduced
by a factor of 64 relative to the cross-sectional responsivity
of a single pixel. In contrast, the NEP is expected to
increase only by a factor of v/N =8, due to the reduced
thermal noise contribution resulting from the parallel
network configuration.

A study of detector linearity as a function of Vg for
50 %-duty-cycle QCL pulses is presented in Fig. 9. The
THz power (Ppy, = 2.1mW) impinging on the detector
was attenuated in 6dB steps to a maximum of 42dB
attenuation (Ppy, ~ 125n1W). Due to the high experimen-
tal dynamic range exceeding the available dynamic range
of the lock-in amplifier (~40dB), AVpg 1A THz ot Was
determined using a lower sensitivity setting, which allowed
resolution of the corresponding noise level. The detector
shows a linear response for Vug > 0.2V, while a super-
linear response (AVpg o< P2y) occurs for Vg < 0.2V,
This super-linear response can occur in FET-based de-
tectors within the sub-threshold regime as a precursor
to saturation, whereas in the above-threshold regime,
the detector typically transitions directly into saturation.
Due to this nonlinear behavior, a FET operated in this
regime can, for example, be used as an autocorrelator [22],
[57], [58]. Extrapolation techniques can be employed to
determine the minimum detectable power level and the
corresponding SNR, which are in good agreement with
the prediction based on the experimentally derived NEP
(see Eq. 6). The results further indicate a linear detector
response at the recommended operating bias point, ap-
proximately 0.6 V, corresponding to the minimum NEP.

V. SUMMARY AND OUTLINE

We have demonstrated a compact, liquid-nitrogen-
cooled FET-based THz detector system with strong po-
tential for sensing applications in the 2.8-3.6 THz range.
Compared with helium-cooled systems, liquid-nitrogen
cooling introduces less operational overhead and is more
readily suited to both laboratory and field deployments.
Cooling at 77 K is also more readily achievable in satellite
instrumentation payloads than 4K stages. Furthermore,
the underlying detector technology can be adapted to
operation across a wide range of THz frequencies through
application-specific antenna designs. Our results confirm
reliable detector operation across a broad temperature



TABLE 1

OVERVIEW OF TERAHERTZ POWER DETECTOR SYSTEMS AROUND 3 THz.

Property/
THz-
detector

Frequency
range

fmod,73dB

DC opera-
tion

NEP,,

Linear
operation
range

Operation
Tempera-
ture

Coupling
op-
tics/polarisa

Detection
mechanism

Comment

References

FET 8x8 (65-nm
Si-CMOS)

here 2.8-3.6 THz
(Intrinsically  0.1-
30THz, adjustable
via different antenna
designs)

DC-5MHz (limited
by readout electron-
ics)

yes

190pW/vHz at 77K
exp. 420pW /vHz

0.4nW to
2mW >67dB,
superlinear response
available via Vgg-

variation (e.g. for
autocorrelation
methods)

Operable 9-300K
(RT), here 77K (we
expect  operability
towards lower

temperatures, 9K is
limitation of cooling
system)

None, Linear polari-
sation. Optical cou-
pling depends on op-
tical mode profile.
Optical elements can
be applied to in-
crease performance

Plasma wave

Detection speed
currently limited
by applied readout
electronics. Spectral

response mainly
depends on antenna
design. Intrinsic

effect on 10-20ps
timescale.

[7], This work

FET (Al-
GaAs/GaAs)

0.1-30 THz
covered by
broadband
antenna
spiral)

(log-

not stated (see
comment).

yes

453nW/VvHz at

3.08 THz

up to
(69 + 3)dB/1dB
compression
point at 0.6kW
at 1.3 THz.

RT, 20K opera-
tion shown in [27]

Si-lens/Horn-
antenna

Plasma wave

Implementations
mostly  applied
for high
power Free-
Electron-Laser
(FEL)  sensing
applications

mapping trace of
the pulse down to
TrwHM = 24ps
(limited
by 30GHz
oscilloscope).

113, [59]

Schottky
Diode

power
detection
below

1.5 THz,
above
applications
as mixers

up to 40 GHz

yes, strong
1/ f noise
10pW/vHz
below 1 THz.
Roll-off
above

around
60dB

RT

Waveguide
integra-
tion/Si lens
coupled to
antenna.
Polarisation
dependent.

Rectification
in Diode

Mostly
applied as
heterodyne
mixers above
1.5 THz.
NEP not
stated above
1.7 THz

[60], [61]

NbTES
bolome-
ter

0.1-

30 THz,
lowpass
filters
exist

1kHz

no

lpW/\/m

1pW  to
10 nW
(70dB)

4K

Winston
cone/no

polarisa-
tion

electro-
thermal
feedback
at SC-
transition
(8K)

commercial

[62]

InSb HEB

60GHz to
2.5THz
(>0.5THz
only with
magnetic
field)

0.5 MHz

no informa-
tion

1.5pW/VvHz

no informa-
tion

4K

Winston
cone/no
polarisation

Hot-electron
phenomenon

commercial

[63]

Pyroelectric
detector

up to IR
range

200 Hz

no

1nW/VHz

to
1uW/VHz
1uW to
5mW
(37dB)

RT

None/no po-
larisation

thermal

commercial,
absolute
power
calibration
available [54]

[54], [64]

Golay cell

GHz up to
IR range

20 Hz

no

200 pW/v/Hz

0.2nW to
100 pW
(60dB)

RT

None/no po-
larisation

thermal

commercial

[64], [65]
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Fig. 8. Optical voltage responsivity and NEP of detector system as a
function of Vizg, using a 2.85 THz-QCL source operating at Tqcr, =
20K. (a) Room-temperature vs. LN,-cooled detector operation, with
QCL parameters: 5 %-duty cycle, f,.q = 10kHz, Iqcr,on =700 mA).
(b) Cooled detector operation with QCL parameters: 50 % duty
cycle, fioqa = 2kHz, Igcr, on = 808mA). The experimental noise at
different Vgg-potentials was determined under the same laboratory
conditions.

range, from room temperature down to at least 20K,
without observable carrier freeze-out effects — phenomena
that are typically expected to limit or inhibit the operation
of semiconductor-based detectors at cryogenic tempera-
tures. This thermal robustness presents a key advantage
over many conventional THz detectors, which are mostly
restricted to narrow temperature windows. Moreover, the
detector exhibits continuous improvement in sensitivity
(in agreement with the literature) with decreasing temper-
ature, allowing the system to be tailored to the dynamic
range requirements of specific experimental conditions.
Although the noise-equivalent power (NEP) of the FET-
based system is higher than that of state-of-the-art bolo-
metric detectors, it achieves a comparable linear dynamic
range of approximately 67 dB (Af =1Hz) when used with
high-power THz QCL sources (Pry, = 2.1mW). The full
dynamic range at the operating point (Vgg =0.6V) could
be achieved with the available power, as the detector
was still operating linearly. In contrast, highly sensitive
bolometers such as Nb-TES typically require attenuation
when exposed to similar power levels (e.g., linear regimes
between 1pW and 10-20uW corresponding to approx
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Fig. 9. (a—b) Investigation of detector linearity behavior. Vgg-

dependent AVpg s (raw data, not corrected for amplifier gain
G) as function of power attenuation (QCL-operation parameters:
50 %-duty cycle, fioq = 2kHz, Iqcr on = 808mA, Tocr, = 20K).
(c) Rectified AVpg 114 for differing Vi;g indicating linear operation
AVps 11a X Py, for Vgg > 0.2V. For Vg < 0.2V, super-linear
AVpg ria X P24, -behavior occurs.

70dB linear dynamic range). In this context, we empha-
size that the reported detector sensitivity is reduced by
approximately a factor of 8 due to pixel binning -compared
to the respective single detector element under assumption
of full power coupling- which was applied to increase the
active detector area and achieve higher readout speeds.
This approach enables practical, real-world sensing appli-
cations without the need for additional coupling elements
such as silicon lenses or horn antennas. For resonant single-
element TeraFET detectors-typically used in combination
with silicon lenses-optical NEPs below 20 pW/ vHz have
been demonstrated at room temperature in the sub-1 THz
range. Based on the results previously presented for the
sub-1-THz range, we expect the optical NEP of deep-
cryogenically (down to 20 K) cooled TeraFETs to reach
values of approx. 1.8 pW/y/Hz, comparable to state-of-
the-art bolometers, while retaining the FET-detector’s
inherently fast detection speed, broad operational tem-
perature range and spectral specificity — properties that
are crucial for future terahertz (gas) spectroscopy appli-
cations. However, in the frequency range around 3 THz,
the NEP behavior at cryogenic temperatures approaching
20K remains to be investigated in future studies. In the
present work at 77 K, optimized for practical applications
we observed a relative NEP improvement by a factor of
3.5 compared to room-temperature operation, which is in
good agreement with the relative improvement reported
in the sub-1 THz range. Unlike conventional (mostly ther-
mal) detectors operating in the 3 THz range (see Table I),



which are typically limited to modulation frequencies in
the kilohertz range, the realized TeraFET-based system
supports significantly higher modulation speeds. In its cur-
rent implementation, the system bandwidth is primarily
limited by the low-noise readout electronics, which are
optimized for wideband operation up to several megahertz
and for effective suppression of 1/f noise (see Fig. 3).
On the one hand, this makes the system well suited
for DC-true terahertz detection, such as continuous-wave
(cw) power monitoring of unmodulated terahertz sources
(e.g., THz-QCLs [66] used as local oscillators (LOs) in
heterodyne receivers). A DC-true detection scheme refers
to reading out the DC rectified voltage (e.g., using a mul-
timeter), which is proportional to the incident terahertz
power. This approach reduces the overall instrumenta-
tion complexity because no lock-in amplifier is required
(compare [30]). On the other hand, the high bandwidth
enables time-resolved terahertz gas spectroscopy, capable
of tracking transient phenomena on sub-ps timescales. In
addition to its demonstrated high linear dynamic range
(>64 dB,T = 100ms), the detector can be switched be-
tween linear and super-linear (quadratic) response regimes
simply by adjusting the gate voltage. This operational
flexibility offers significant versatility, making the system
suitable for a wide range of experimental applications,
including autocorrelation measurements.
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