UNIVERSITY OF LEEDS

This is a repository copy of Real-Time Analysis Of THz Quantum-Cascade Laser Signals
Using A Field Effect Transistor Array.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/201956/

Version: Accepted Version

Proceedings Paper:

North, N.K, Holstein, J., Horbury, M.D. et al. (7 more authors) (2023) Real-Time Analysis
Of THz Quantum-Cascade Laser Signals Using A Field Effect Transistor Array. In: 2023
48th International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz).
48th International Conference on Infrared, Millimeter and Terahertz Waves, 17-22 Sep
2023, Montreal, Canada. IEEE . ISBN 979-8-3503-3661-0

https://doi.org/10.1109/IRMMW-THz57677.2023.10298938

This is an author produced version of a conference paper accepted for publication in
Journal of Infrared, Millimeter and Terahertz Waves, made available under the terms of the
Creative Commons Attribution License (CC-BY), which permits unrestricted use,
distribution and reproduction in any medium, provided the original work is properly cited.

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

| university consortium eprints@whiterose.ac.uk
WA Universities of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



Real-Time Analysis of THz Quantum-Cascade Laser Signals using a Field
Effect Transistor Array

N. K. North!, J. Holstein?, M. D. Horbury', H. Godden', L. H. Li', J. R. Freeman', E. H. Linfield',
H. Roskos?, A. Lisauskas?, and A. Valavanis®
!School of Electronic and Electrical Engineering, University of Leeds, Leeds UK LS2 9JT¢
Physikalisches Institut, Johan Wolfgang Goethe-Universitit, D-60438 Frankfurt am Main, Germany

Abstract — We demonstrate real-time analysis of the emission
from a 3.4-THz quantum-cascade laser (QCL) source, using an
array of nanoscale field-effect transistor devices. We show that
THz power can be detected directly up to a modulation bandwidth
of 500 kHz, and indirectly via a change in the device threshold, up
to a 100-MHz bandwidth.

I. INTRODUCTION

ERAHERTZ-FREQUENCY quantum-cascade lasers (THz

QCLs) are compact semiconductor sources of narrowband
radiation in the ~2—5-THz band. They have been shown to
allow high direct-modulation bandwidths, up to >35 GHz [1],
potentially underpinning their applications in high-speed
wireless communications, real-time gas sensing, or industrial
inspection. For example, numerous important atmospheric gas-
phase species have strong spectral features in the THz band
(e.g., atomic oxygen at ~4.7-THz), and fast tunable-laser
spectroscopy techniques could be used to analyze their reaction
kinetics on nanosecond-scale timescales. However, fast
analysis of THz QCL signals typically requires either complex
heterodyne techniques, or cryogenic detectors. THz field-effect
transistor (TeraFET) detectors have recently been shown to
offer low-noise room-temperature detection of THz QCL
signals over kHz bandwidths [2], but the use of a single-element
detector with a patch-antenna introduces very high sensitivity
to system alignment.

Here, we demonstrate that TeraFET detectors in an array
geometry allow real-time acquisition of THz QCL signals
directly up to 500-kHz modulation bandwidth, with more
relaxed alignment requirements. This can be extended to
100-MHz bandwidth by analyzing the shift in QCL threshold
current.

II. DETECTOR DESIGN

The TeraFET detector we applied in this work was fabricated
using a commercial 65-nm CMOS process conducted by TSMC
(Taiwan Semiconductor Manufacturing Company).

It consists of 64 identical resonant patch coupled TeraFETs
(pixels) in parallel readout circuitry, forming a square-shaped
array. The pixels’ patch antennas were optimized for best
performance at 3.4 THz using CST Microwave Studio.

For the experiments, the detector was packaged on a PCB
board using epoxy glue. Following this step, a wire-bonding
approach was applied to establish electronic connections. In the
final packaged assembly, the detector PCB is connected to a
second OPA stage. In addition to signal amplification, it enables
access to the experimental environment for final readout.
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Fig. 1. Frequency response of the TeraFET array (black) and a commercially
available helium-cooled silicon bolometer (red) for comparison.

III. QCL MODULATION ANALYSIS

A single-mode 3.4-THz QCL was used as the radiation
source in this work, which was processed into a semi-insulating
surface-plasmon waveguide structure. Although this
waveguide configuration limits the QCL modulation bandwidth
to <1 GHz, it provides superior far-field beam profile compared
with double-metal devices. The QCL was driven using a
Wavelength Electronics QCL1000 LAB current source, which
was modulated externally using an arbitrary waveform
generator. The QCL was mounted inside a ColdEdge closed-
cycle cryocooler at an operating temperature of 22 K.

A pair of off-axis parabolic mirrors collimated the QCL
output and focused the radiation into the detector, which was
mounted on a motorized XYZ stage for alignment. The detector
signal was recorded in the time-domain using an oscilloscope.
The direct-detection bandwidth of the detector was
characterized by applying a 200-mA current modulation to the
QCL bias and recording the amplitude of the detector signal as
a function of modulation frequency. Fig. 1 shows that an
approximately flat frequency response was observed up to a
3-dB cut-off frequency of 500 kHz, compared with the ~400 Hz
bandwidth achievable using a commercial helium-cooled
silicon bolometer.
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Fig. 2. Reduction in switch on time of the QCL plotted against the modulation
frequency.

An alternative measurement scheme was used to confirm that
the detected signal was not limited by the modulation
bandwidth of the QCL itself. Here, the laser driver output was
set slightly lower than the threshold current of the QCL. A slow
(230 Hz) current ramp was applied to the modulation input of
the driver, such that the QCL bias was swept periodically above
the lasing threshold, and the TeraFET array was used to record
the time at which THz emission occurred. An additional 1-V-
amplitude modulation was applied to the QCL using a Keysight
RF generator connected to a bias-T on the electrical input to the
cryocooler. This additional fast modulation shifted the time at
which the lasing threshold was exceeded.

Fig. 2 shows this effect as a function of the RF signal
frequency. At frequencies <300 kHz, the high-pass input to the
bias-T filters the RF signal, and the QCL switch-on is only
affected weakly. However, a strong modulation effect is seen
at higher frequencies, with a 3 dB cut-off at 200 MHz. This
confirms both that the single-metal QCL ridge is capable of
modulation well beyond the cut-off point seen in Fig. 1, and that
the TeraFET detector can provide an indirect means of
detecting fast QCL modulation through a change in the time-
averaged emission power.

IV. SUMMARY

A TeraFET detector array has been shown to provide a
significant improvement in THz signal bandwidth, compared
with a commercially available, cryogenically cooled bolometer.
Although a detector array, in principle, has poorer signal-to-
noise ratio than a single detector with a patch-antenna, it is far
more tolerant to shifts in system alignment and mechanical
vibrations. We have shown that a ~500 kHz detection
bandwidth is achievable at room temperature, which presents
significant advantages for future applications development. For
example, gas-phase reaction-kinetics studies become accessible
on the microsecond scale. Alternatively, large sample sizes
would be achievable within imaging or static spectroscopic
applications, which can be averaged to increase the SNR.
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