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8 x 8 Patch-Antenna-Coupled TeraFE'T' Detector

Array for Terahertz Quantum-Cascade-Laser
Applications

Jakob Holstein, Nicholas K. North, Michael D. Horbury, Sanchit Kondawar, Iman Kundu,
Mohammed Salih, Anastasiya Krysl, Lianhe Li, Edmund H. Linfield, Joshua R. Freeman,
Alexander Valavanis, Alvydas Lisauskas, and Hartmut G. Roskos

Abstract—Monolithically integrated, antenna-coupled field-
effect transistors (TeraFETs) are rapid and sensitive detectors
for the terahertz range (0.3-10THz) that can operate at room
temperature. We conducted experimental characterizations of
a single patch-antenna coupled TeraFET optimized for 3.4 THz
operation and its integration into an 8 x8 multi-element detec-
tor configuration. In this configuration, the entire TeraFET
array operates as a unified detector element, combining the
output signals of all detector elements. Both detectors were
realized using a mature commercial Si-CMOS 65-nm process
node. Our experimental characterization employed single-mode
Quantum-Cascade Lasers (QCLs) emitting at 2.85 THz and
3.4 THz. The 8 x 8 multi-element detector yields two major
improvements for sensitive power detection experiments. First,
the larger detector area simplifies alignment and enhances sig-
nal stability. Second, the reduced detector impedance enabled
the implementation of a TeraFET+QCL system capable of
providing a —3 dB modulation bandwidth up to 21 MHz, which
is currently limited primarily by the chosen readout circuitry.
Finally, we validate the system’s performance by providing high
resolution gas spectroscopy data for methanol vapor around
3.4 THz, where a detection limit of 1.6 x 10~> absorbance, or
2.6 x 10'! molecules/cm® was estimated.

Index Terms—terahertz, detection, MOSFET, Gaussian
beam, power coupling, quantum-cascade lasers, gas spec-
troscopy, high-bandwidth
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8x8 parallel circuit

i

\fj s

Fig. 1. a) Photograph of the detector package. b) Microscope
image of the multi-element detector consisting of 8 x 8 identical
patch-antenna coupled TeraFETs connected in a parallel readout-
circuitry. Inset 1: expanded view of individual antenna element. Inset
2: Visualization of the 8 x 8 array configuration transposed onto an
analytically calculated Gaussian beam focus providing 1/e>-diameter
of 520pm. ¢) Schematic diagram of the 8 x 8 rectifying n-channel
MOSFET elements in a parallel configuration. The rectified THz-
signal Vps amTH, is fed into an amplifier circuit providing a gain of
approx. 70.

I. Introduction

ONTINUOUSLY growing research activities are evi-

dent in the terahertz frequency range of the electro-
magnetic spectrum (0.3—-10 THz). Promising technologies
and applications span from high-bandwidth communica-
tions to spectroscopy of gases and solids, which exhibit
characteristic spectroscopic absorption lines in the THz
band [1]. For narrow-band THz applications, a combina-
tion of powerful coherent sources, and fast low-noise de-
tectors is typically required. Significant progress has been
made in recent years in source technology with the intro-



duction of terahertz quantum-cascade-lasers (QCL). These
serve as powerful terahertz sources, achieving continuous
wave (cw) power levels on the order of milliwatts or peak
power up to the watt-level in pulsed operation [2], through
intersubband transitions in a semiconductor heterostruc-
ture [3]. QCLs offer high spectral purity, and are tunable
over a range of several GHz and their design frequencies
can be selected across the entire ~2-5THz range. QCLs
have been applied in a wide range of applications include
gas-phase molecular spectroscopy [1], [4]-[6], imaging [7],
metrology, and numerous other applications [8], [9]. In
addition to powerful terahertz sources, advancements in
terahertz detectors, such as those in the field of antenna-
coupled field-effect transistors (TeraFETs), have demon-
strated significant progress in recent years. TeraFETs are
fast and sensitive terahertz detectors, achieving optical,
non-area normalized noise equivalent power (NEP) val-
ues on the order of 20pW/ VHz in the frequency range
below 1 THz [10]. They have also been shown to detect
radiation up to 30 THz [11]. In contrast to competing
room-temperature terahertz detector technologies, such as
Schottky diodes [12], TeraFETs provide NEP well below
500pW/v/Hz above 3 THz [13]. They have been utilized
as sensitive power detectors in conjunction with QCLs for
power detection at 4.75 THz [13], or as efficient detec-
tors for pulsed QCL emission at 3 THz [14]. Moreover,
they have been employed in terahertz scanning near-field
optical microscopy (s-SNOM) applications [15], and for
passive detection of thermal radiation [16]. TeraFETs are
realized in a variety of material technologies [10] such as
graphene [17]-[19], AlGaN/GaN [20], AlGaAs/GaAs [11]
or Si-CMOS [21]-[23]. In addition to sensitive room-
temperature operation, they are frequency selective within
the terahertz range. This selectivity, directed towards
specific regions of the terahertz range, can be effectively
modulated through the utilization of either broadband
antennas [24] or narrow-band antennas such as patch-
antennas [22], [25]. Additionally, their fabrication process
is compatible with standard foundry processes, leading to
lower production costs and increased reproducibility due to
the available process maturity. Among the available tech-
nologies, process maturity of Si-CMOS is most advanced.
In this work, we present a study of a TeraFET design
leveraging the advanced process maturity of the Taiwan
Semiconductor Manufacturing Company (TSMC) 65-nm
process node. We present our advancements in developing
a highly sensitive single patch antenna-coupled TeraFET
tailored for 3.4 THz spectroscopy applications, alongside
its incorporation into an array geometry, comprising 8 x 8
TeraFET elements. Both the individual component and
the array configuration underwent experimental charac-
terization employing terahertz Quantum Cascade Lasers
(QCLs). Our multi-element detector approach is strategi-
cally optimized to achieve a sufficiently expansive active
detector area, coupled with high readout bandwidth, while
maintaining a low noise level. This design addresses a
critical challenge within the realm of gas spectroscopy ap-
plications, where conventional thermal detectors, such as

bolometers, often exhibit slow response times. Currently,
this limitation typically restricts applications, such as gas
sensing or communications, to modulation rates not ex-
ceeding 1kHz, as recently addressed in Ref. [5]. In contrast,
the rapid intrinsic electronic detection mechanism in Ter-
aFETs, involving plasmon excitation/distributed resistive
mixing within a 2D-electron-gas (2DEG) coupled to asym-
metric antenna elements [26], [27], enables modulation
bandwidths spanning from the low Hz-regime to the GHz-
range [11]. In Fig. 1, the detector system implemented
in this study is shown. It offers a -3 dB modulation
bandwidth of 15 MHz around the most sensitive bias
point, with the potential to extend up to 21 MHz at the
expense of sensitivity (c.f. Fig. 7). Presently, the mod-
ulation bandwidth is primarily constrained by the chosen
amplifier circuit. Nevertheless, it has facilitated time-
resolved gas spectroscopy experiments, as demonstrated in
[28]. Moreover, its applicability for high-bandwidth QCL-
characterization experiments has been validated through
the direct observation of the RF-modulation induced
threshold-shift [29].
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Fig. 2. Experimental Rpgs(Vgs)-characteristic determined for single
TeraFET and 8x8 array detector.

In a previous study [13], patch-antennas for spec-
troscopy applications from 3-4.7 THz reached a minimum
area normalized NEP of 404 pW/v/Hz at 4.75 THz. Here,
we present experimental studies conducted on both single
element detector and a detector array, utilizing parallel
readout circuitry to combine signals from all rectifying
detector elements. Our experimental results were char-
acterized using 2.85THz and 3.4 THz single mode QCLs
to provide measurements both close to and far from the
expected antenna resonance.

II. Detector Implementation

Two detectors, namely the single-patch antenna coupled
TeraFET and the 8x8 detector array, were developed
and investigated for this study. The single-patch antenna
coupled TeraFET serves as the unit cell of the 8x8 array
detector. Therefore, meticulous attention was paid to the



design of the single element. In the unit cell element,
the rectifying transistor was linked to a square patch
antenna measuring 15 x 15pm?. For this purpose, the
patch-antenna was simulated within the environment of
the commercial 65-nm stack applied for fabrication to de-
termine frequency-dependent antenna impedances. During
the simulations, the impedance was optimized for best
performance at 3.5 THz with an expected typical spectral
width FWHM =~ . 8 —10% - fies. © Following the simu-
lation of antenna impedances, the transistor dimensions
(gate length 60 nm, transistor channel width 200 nm) were
chosen. This selection process, conducted using Keysight
PathWave Advanced Design System (ADS) software 2,
aimed to achieve lowest NEP performance. 3

Fig. 2 illustrates the electrical IV characteristics of both
the single TeraFET element and the 8x8 array detector.

The individual transistors were linked to a square patch
antenna measuring 15 x 15 pm?. This dimension was found
to provide best performance at the design frequency, while
embedded in the commercial 65-nm foundry fabrication.

The first detector configuration comprised a single
patch-antenna coupled transistor, while the second con-
figuration featured an array of 8 x 8 transistors connected
in parallel, with a pitch of 75um between neighboring
antenna centers, as shown in Fig. 1. To account for the
anticipated low detector noise, the drain-output signal
from each transistor is routed into a low-noise buffer stage
(Source-Follower with JFET Current Source). This stage
comprises an N-Channel JFET transistor pair selected
for their combination of low voltage-noise and low input
capacitance (25 pF). The specific transistor model used for
this purpose is the Linear Systems LSK 389B [31]. This
configuration is expected to provide unity gain. However,
an amplitude ratio of approx. 0.7 was determined. The
buffer stage’s output voltage is directed into an inverting
voltage amplifier circuit featuring a high gain-bandwidth
product of 1.5GHz. The specific model used for this
amplifier is the Texas Instruments LMH-6624. We chose
Ry /Ry = 100, resulting in a system voltage amplification

LA spectral bandwidth of FWHM ~ 8-10 % of the resonant
frequency fres is consistent with our results on previous designs
with resonant frequencies up to 2.5 THz. However, preliminary data
obtained by Dmytro B. But at CENTERA Laboratories, Warsaw,
Poland, examining the antenna characteristics of the single-patch
detector coupled to a superstrate Si-lens [30], using thermal interfer-
ometry, indicates discrepancies for our detector. In this dataset, we
observe a FWHM of approximately 1 THz, as well as a maximum
signal at 3.0 THz. This preliminary finding could support the results
presented in the results chapter. However, direct comparisons are not
feasible as the resonant frequency shifts to lower frequencies due to
the use of the superstrate lens. In the case of the presented detector,
we expect this effect to be less pronounced compared to [30] as the
patch is placed in a lower metal layer M8 (groundplane-to-patch
distance 5.4 um).

2Link to Keysight PathWave Advanced Design System (ADS)
2023: https://www.keysight.com/de/de/products/software/
pathwave-design-software/pathwave-advanced-design-system.html

3A detailed overview on our design and modeling procedure is
given in [23].

ratio (Gain) Voyu/Vip = —70. 4

The gate-bias-dependent source-drain resistance,
Rps(Ves) was measured experimentally for both detectors
by sweeping the gate-source voltage while maintaining a
fixed Vps = £10mV. The recorded values are depicted in
Fig. 2. As anticipated from fundamental principles such
as Kirchhoff’s law, the resistance of the multi-element
detector decreases from approximately Rpssp ~ 16kQ
(single element) to Rpsar =~ 300Q at the expected bias
operational point around Vgs = 0.6V (see Section IV). This
reduction in output impedance simplifies the connection
of the multi-element detector to an external amplifier
network, rendering it more compatible than a single-
element detector and obviating the need for special-
ized impedance matching techniques. In addition to the
reduced impedance previously discussed, the presented
detector features an increased sensitive area, significantly
simplifying the alignment procedure in the experimental
beam focus.

ITI. Theoretical background
A. Figure of merit - Noise-Equivalent-Power (NEP)

The most pertinent figure of merit for detectors is the
noise equivalent power (NEP), which characterizes the
minimum optical power required to produce a detector sig-
nal surpassing the noise level within a specified measure-
ment bandwidth, Af. For TeraFETs, under an unbiased
drain-source condition®, the primary noise contribution
arises from thermal Johnson-Nyquist noise [22]. The noise
voltage spectral density can thus be determined using

<VN> = 4kBTRDS (Vgs) (1)

where kg is the Boltzmann constant and T = 293K is
the temperature of the detector (here operated at room-
temperature). Following Eq. 1, the detector’s noise con-
tribution is directly proportional to the square-root of the
drain—source resistance of the channel, Rps(Vgs), which is
controlled by the applied gate—source voltage (cf. Fig. 2).

However, since the detector is included in an amplifier
circuit, statistically independent noise contributions (vy)
must be taken into consideration [32]

™M=

<Vges>2 = 4kBTRDS (VGS) + <Vk>2 (2)
K

While Eq. 1 is valid for the single TeraFET element,
where the experimental noise spectral density agrees well
with the predicted value, the 8x8 detector network’s Vgs-
dependent noise-spectral density cannot fully be described
by Eq. 1. Due to the strongly reduced Rps of the 8x8
network (cf. Fig. 2). In Fig. 3, the detector system’s (8x8
TeraFET + readout circuit) experimental noise spectral
density is shown as a function of Vgs. As visible in

1

4The single patch detector’s amplifier circuit did not use the buffer
stage. Therefore, a voltage amplification ratio of —100 was taken into
account.

5Unbiased drain-source condition: No external DC-biasing over the
transistor channel during rectification process.
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Fig. 3 the Johnson Nyquist prediction is underestimating
experimental noise spectral density for Vgg > 0.5V as
noise contributions such as the applied buffer or amplifier
elements add Vgs-independent noise becoming dominant
contribution in this regime, which can be explained via
Eq. 2.

A Exp. Noise
—thermal Noise
Noise model

(vn) / nV- Hz 99

Fig. 3. Experimental Noise-spectral density for 8x8 array detector
integrated in an amplifier circuit determined at fioq=50kHz using
AMETEK 7265 lock-in amplifier. Here, it is shown corrected for
the amplifier circuits voltage-gain to allow comparison with thermal
Johnson-Nyquist noise contribution calculated from Eq. 1 (red). In
addition, yellow curve models total system noise contributions by
consideration of a first order low pass-filter and an offset resulting
from the applied amplifier circuitry.”

Noise-Equivalent-Power (NEP) is then obtained via

_ <VgCS> P
NEP = %y SNRy/AS

3)

where %y denotes the detector’s voltage responsivity.
It directly relates incident terahertz power Prg, to the
signal-to-noise-ratio (SNR), weighted by the applicable
measurement bandwidth, here determined by the applied
lock-in amplifier integration time. Given that effective
antenna area Aep in case of a single patch-antenna is
small compared to the focused beam, a valid measure to
compare performance between differing antennas is the
cross-sectional responsivity (Zvcs) (cf. [25]). This can
be determined experimentally by integrating the THz-
rectified drain—source voltage as the detector is scanned
across the beam focal plane:

1

[/ AVps(x,y)dxd 4
AeffPFHz/ s (x.y) dvdy )

Ry cs =

"The simple model considered here assumes a noise sgectral

%J Here
1-+(@wRpsC)

(VAmp) ~ 4.7nV/v/Hz summarizes amplifier plus buffer plus back-
ground noise. Second term summarizes network Johnson-Nyquist
contribution passing a Vgs-dependent RC-lowpass, where we use
the detector resistance Rps(Vgs) and C = 25pF, which is the input
capacitance of the JFET buffer cp. Fig. 1.

density transfer-function via (Vges)> = <VAmp>2 + <

We approximate the effective antenna area, based on
antenna simulations [13] with
DA
At = Tﬂ? (5)
where D= 5.6 dBi represents simulated antenna direc-
tivity and A9(3.4THz) = 88um is the wavelength of the
incident radiation in free-space. The resulting effective
antenna area is 2250 pm? .

B. Performance parameters of detector network

The overall THz rectified voltage AVps arr in the parallel
network is obtained from 64 identical, rectifying elements.
Due to the non-homogeneous intensity distribution in
the experimental focus, the incoming THz power Pru,x
coupled to the array’s k™ element varies considerably. In
the general case of N identical rectifying elements arranged
in a parallel circuit, Thévenin’s theorem provides the
overall rectified voltage signal as

R v N
AVDS,Arr = M Z PTHZ,k (6)
k=1

N

where Zv sp is the cross-sectional responsivity of a single-
patch-antenna device. We can determine the optical re-
sponsivity of the detector array by employing the assump-
tion that Pry, is approximately equal to the summation of
individual THz powers Pry, x for all elements in the array,
i.e. Pry, ~ YN | Prugx. It therefore follows that the respon-
sivity of an N-element array is reduced by N compared to
the single detector’s cross-sectional responsivity:

RV sp
v ™

where Zv amopt denotes the N-element array detector’s
optical responsivity.® Following Eq. 1, the optical NEP
for the array device is given by:

NEPArr,opt = NEPSP,CS . \/N (8)

In summary, the implementation of the described array
detector leads to reduced sensitivity, manifested in an
increased NEP py; op. However, this configuration can be
optimized to achieve high readout speed and a larger effec-
tive antenna area. In addition to performance parameters,
the enlarged detector area simplifies detector handling and
enhances signal stability concerning vibrations or beam
jitter.

%V,Arr,opt =

IV. Experimental Results

Terahertz response of each detector was characterized
using the measurement apparatus illustrated in Fig. 4.
For each measurement, a QCL was mounted in a closed-
cycle ColdEdge™ CH204N cryocooler at a temperature of
20K, and driven electronically in continuous-wave mode

8In the literature, optical responsivity simply relates rectified
signal to the incident terahertz power without further normaliza-
tion [10].



TeraFET

gas cell

Fig. 4. Sketch of experimental measurement setup applied for
TeraFET detector characterizations and as well as gas spectroscopy
experiments. For spectroscopy experiments (compare Fig. 8), a 95 cm-
gas cell was is placed in the collimated beam path.

using a Wavelength Electronics™ QCL1000 LAB current
source. The THz output from the QCL was collected and
collimated using an off-axis paraboloidal gold mirror (27,
f/1.5) and focused onto the detector element using a
second identical mirror.

The detectors under test were mounted on a motor-
ized three-dimensional linear translation stage to enable
accurate positioning in the experimental beam focus,
and automated beam scanning. A sinusoidal modulation
(fimoda = 150kHz, 2 Vp,) was applied to the QCL via a bias-
T, utilizing an RF sweeper. Subsequently, the detector
signal was demodulated and recorded using a Signal
Recovery™ 7265 lock-in amplifier.

A. THz QCL beam analysis

The THz beam profile shown in Fig. 5 was obtained
using single patch-antenna coupled TeraFET (Vgs =
0.6V). Experimentally, the detector was scanned with
a step-size of 20 um across the focal plane of a 3.4-THz
QCL adapted from hybrid bound-to-continuum/resonant-
phonon design [33], which was chosen to approximately
match the resonance frequency of the patch antenna. As
visualized in Fig. 5, our results follow a Gaussian intensity
distribution showing an experimental 1/e? diameter of
520 pm. The area covered within the 1/¢*> beam diameter
is approximately 54 times greater than the effective single-
patch antenna area calculated using Eq. 5, and hence
only a small fraction of the beam power is incident upon
the detector at a given time. Although optical coupling
to the single-patch antenna could be improved using a
superstrate Si lens as introduced in Ref. [30] the increased
directivity would introduce very high sensitivity to system
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Fig. 5. Experimental 3.4 THz QCL beam intensity imaged across
the focal plane using single patch coupled TeraFET mounted on a
motorized three-dimensional linear translation stage. The increment
in both x and y direction is 20 pm.

alignment.? As such, mechanical vibrations, or small drifts
in optical alignment result in large changes in detector
signal. By contrast, Fig. 1(b) provides a visualization of
the focused THz beam spot, transposed onto the 8 x 8
multi-element detector, showing that the full beam spot
is captured directly by the array without the requirement
for additional optical elements.

Based on the beam profile data shown in Fig. 5,
and the total focused power, Pry,(3.4THz) = 3.6mW, the
achievable cross-sectional responsivity of the single-patch
detector was estimated according to Eq. 4 as Zv spcs =
285VW~!. This corresponds to a cross-sectional Noise-
Equivalent-Power NEPgpcs = 57pW/\/ﬁZ, which is a
state-of-the-art sensitivity for room-temperature elec-
tronic detectors at 3.4 THz (cp. [13]). For the 8x8 array
configuration, we can estimate performance parameters
according to Eq. 6 and Eq. 8 with Zv awopt = 4VW! and
NEP arr opt = 500pW/ VHz. This illustrates that although
the array geometry leads to a reduced effective respon-
sivity, the optical NEP is expected to remain well below

an/\/ﬁz.

B. Responsivity and NEP at 2.85 THz and 3.4 THz

The performance of the array was measured directly,
both close to resonance (3.4 THz, available power 1.5 mW)
and away from resonance, using a second QCL with
2.85 THz emission frequency, and Pry, = 0.75mW, which
was adapted from the active-region design in Ref. [34].

The values of responsivity and NEP were determined
as a function of gate bias, as shown in Fig. 6. The
responsivity, at Vgs = 0.6V, was found to be 3.2 V/W
for 3.4 THz and 3.3 V/W for 2.85 THz. The former result
is close to the estimate in the previous section, but the
higher responsivity at 2.85 THz is contrary to expectations
regarding the resonance frequency.

9The additional permittive load introduced by a superstrate lens
also leads to a shift in the resonant towards smaller frequencies [30].
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Fig. 6. Performance characteristics of the detector array as a

function of the applied Vgs at 2.85THz (black) and 3.4 THz (red).
Top: Optical (non-area normalized) voltage responsivity Zy.
Bottom: Optical Noise-Equivalent-Power (NEPg). Here, we distin-
guish between NEPg, (Calculated based on measured system noise
Fig. 3) and NEP)y calculated via thermal Johnson-Nyquist prediction
according to Eq. 1.

The experimentally determined noise also deviates from
a pure thermal Johnson-Nyquist noise prediction. If the
NEP is calculated solely on the basis of thermal Johnson-
Nyquist noise (cp. Eq. 1), which conforms to the literature,
the minimum optical NEP is found at Vgs =~ 0.57V.
At 2.85 THz it shows 650pW/vHz and 680pW/v/Hz
for the 3.4 THz measurement. However, the minimum
experimental optical NEP is found at 0.45V and is
1.03nW/+/Hz at 2.85 THz and 1.15nW/v/Hz at 3.4 THz.
Due to the amplifier-noise offset indicated in Fig. 3, the
NEP at the previously predicted operating point (approx.
0.6 V) is therefore approximately 1.6nW/v/Hz for both
frequencies.

C. Modulation bandwidth

Prior to testing the modulation bandwidth of the
detector, it was necessary to determine the bandwidth
limit of the measurement apparatus, which in this case
was set by the QCL source. The gain dynamics of
QCLs are intrinsically very fast, enabling modulation at
frequencies up to 35GHz [35]. However, in practice, this
requires careful impedance matching between the drive
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Fig. 7. Experimentally determined normalized output voltage Vims
response of the TeraFET array as a function of QCL modulation
frequency. Results are shown for three Vs levels.

electronics and the QCL ridge. To characterize the QCL
bandwidth, a modulation was applied using a Keysight™
RF sweeper, via a bias-T. At low modulation frequencies,
this has the effect of periodically raising the QCL above
its lasing threshold. As such, an apparent reduction in the
threshold current of the laser is observed in time-averaged
THz power measurements [29]. Using this approach, the
modulation bandwidth of the 2.85 THz QCL was deter-
mined to be f_3gp qcL ~ 100MHz, thus enabling accurate
detector characterization within this limit. The bandwidth
of the TeraFET detector array was analyzed by recording
the modulated QCL emission in the time-domain using
a 100MHz Keysight DSOX2014A oscilloscope. Fig. 7
shows the normalized Viys-signal as a function of the
modulation frequency for three different Vgs-potentials.
Experimentally, we found f_345(Vgs =0.55V) = 15.5MHz,
which is consistent with the expected RC-limitations. For
Vgs =0.7V and 0.8V, we found f_ 338 =~ 21 MHz. Here, the
maximum modulation bandwidth is no longer primarily
limited by the detector resistance as Rps decreases with
increasing Vgs (c.f. Fig. 1), but is instead limited by the
available amplifier bandwidth.0

A close comparison of Fig. 6 with Fig. 7 reveals that
the most sensitive operating point differs from the Vgg-bias
providing fastest operating point.

D. Gas spectroscopy application

To illustrate the suitability of the detector for lab-
based gas spectroscopy applications, we investigated the
transmission spectrum of the 3.4 THz QCL through
methanol (CH30H) vapor. For these measurements, a
0.95m glass gas cell with 3-mm-thick poly-methyl-pentene
Brewster-angle windows was placed in the terahertz beam

0Due to the chosen gain factor of 70, we expect approx. 21.4 MHz.
Transfer characteristics of the detector circuit simulated using TINA-
TI™ gsoftware closely approximate the experimentally determined
f3a8 bandwidths for all three cases.



path of the experimental setup (cf. Fig. 4). The gas
cell was purged with nitrogen, evacuated using a scroll-
pump, and methanol vapor (99.8%, Sigma-Aldrich) was
evaporated from a glass storage tube into the gas cell using
an automated mass-flow controller (MKS, GE50A) to a
pressure of 0.5 Torr (66.6 Pa). The QCL emission frequency
was chirped by applying a sawtooth modulation from
350 mA to 1000 mA to the laser bias at a 230-Hz repetition
rate. The THz power transmitted through the gas cell
was sampled at a rate of 150kHz using the 8 x 8 detector
array, and a National Instruments data acquisition board.
This provided measurements of the QCL power at 1 mA
bias-steps across a sweep time of 4.5ms. Signal-to-noise
ratio of the resulting spectrum was improved by averaging
over 13800 acquired spectra (i.e., a total measurement
time of 1minute), resulting in an effective measurement
bandwidth of 10.9 Hz and an equivalent optical noise-level
of NEP-/Af =5.3nW for each spectral sampling point.

Measurements were repeated at QCL-temperatures
from 20 K to 55 K, to provide additional tuning of
the laser emission, and results were stitched numerically
to provide a continuous spectrum. Finally, the results
were normalized to transmission through the empty gas
cell, and the observed methanol absorption features were
referenced to cataloged data [36] to provide a frequency
calibration. Fig. 8 shows the final transmission data, over
a spectroscopic bandwidth of 3.402-3.405 THz at ~ 5MHz
resolution. The low detector noise potentially enables a
very low molecular detection limit. Taking the exemplar
absorption line at 3402.477 GHz, a transmission of 36%
was observed. The Beer—Lambert law,

T = L exp(—onL) (9)
Py
then provides an equivalent absorption cross-section of
o = 6.5 x 107" cm?/molecule for this absorption line,
where L = 95cm is the gas-cell length, and n = 1.6 x
10'®molecules/cm? is the numerical density of gas in the
cell. The latter is determined from the ideal gas law, using
p

n= ioT (10)
where p is the gas pressure (in Pa), kg is the Boltzmann
constant and 7 = 293K is the gas temperature set by
the laboratory climate control. Pressure p inside the gas-
cell was determined by a MKS a-Baratron™ capacitance
manometer specified for the range below 10 Torr (1333 Pa).
As a pressure controller, we used a MKS 946 vacuum sys-
tem controller. At the lower detection limit (i.e., with very
low absorbance) the Beer-Lambert law is approximated
well using a first-order MacLaurin expansion, such that:

AP = —onLP, (11)

where AP is the small drop in THz power transmitted
through the cell, resulting from molecular absorption.
The detector noise sets a practical limit on the lowest
measurable AP. We approximate this as three times the
noise standard deviation, such that APy, ~3- NEP - /Af.
For the integration time used in this work, this results
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Fig. 8. Experimental Methanol transmission spectrum around 3.402—
3.405 THz measured with the 8 x8 detector array. The methanol vapor
was stored in a 0.95m gas cell at a pressure of 0.5 Torr (66.6Pa).
Corresponding simulated NASA JPL catalogue data available for
methanol vapor is shown for comparison. Inset: expanded view of
noise-floor of measurement.

in a minimum a minimum detectable absorbance Apin ~
3NEP+/Af/Py = 1.6 x 107, For the selected methanol
absorption line, this corresponds to a minimum molecular
concentration ng, = 2.6 x 10! molecule/cm37 or a partial
pressure of 1.0 mPa methanol vapor within an inert 66.6 Pa
balance gas.

V. Summary and Conclusion

In this article, we have presented a fast and sensi-
tive room-temperature detector for the terahertz range
3THz and above, which is of major interest for gas
spectroscopy applications in combination with powerful
terahertz QCLs. We demonstrated the significant poten-
tial of this combination (TeraFET+QCL) through experi-
mental gas spectroscopy data shown in Fig. 8 investigating
methanol vapor. Our current results show good agreement
with simulated NASA Jet Propulsion Laboratory (JPL)
catalogue data. Since JPL data is purely simulation-based,
the strength of the absorption lines is associated with
uncertainties. Therefore, greater attention should be paid
to their spectral positions, where we find good agreement.
On closer inspection, additional weak absorption lines
were observed in the experimental spectra within two
independent measurement runs. Their origin will be the
focus of our future research activities. Besides further
enhancing data quality by fully utilizing the detector mod-
ulation bandwidth now available, we aim to examine other
important gas species (e.g. ammonium). Employing faster
sampling rates could decrease measurement duration or
enhance spectral resolution by implementing smaller step
widths in the present QCL-current biasing technique. We
intend to leverage our advancements in experimental ca-
pabilities to expand our dataset to include other important
gases such as atomic oxygen or ammonia. All of these ex-
periments benefit from the currently available modulation
bandwidth, ranging from the low Hz-range, enabling real-
time QCL analysis [29], up to f_3qg &~ 21 MHz, which can



be utilized, in combination with the high sensitivity for
future time-resolved gas tracing experiments. A minimum
detectable absorbance of 1.6 x 107> was estimated. In case
of the methanol vapor lines studied in this work, this
corresponds to a minimum molecular concentration of
2.6 x 10! molecule/cm?, or a partial pressure of 1.0 mPa
within an inert balance gas at 66.6Pa. It is important
to note that this molecular detection limit relates to the
complete system, rather than just the detector. This is
influenced by factors including the THz source power
and stability, detector NEP, measurement bandwidth,
gas cell length, balance pressure, and the absorption
cross-section of the spectroscopic line under study. In
practice, therefore, better molecular sensitivity could be
achieved with the detector arrays described in this work,
through the use of multi-pass spectroscopy techniques, or
improvements in THz source performance.
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