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Abstract

Terahertz (THz) technology is an emerging field that considers the radiation between
microwave and far-infrared regions where the electronic and photonic technologies merge.
THz generation and THz sensing technologies should fill the gap between photonics and
electronics which is defined as a region where THz generation power and THz sensing
capabilities are at a low technology readiness level (TRL). As one of the options for THz
detection technology, field-effect transistors with integrated antennae were suggested to be
used as THz detectors in the 1990s by M. Dyakonov and M. Shur from where the development
of field-effect transistor-based detector began. In this work, various FET technologies are
presented, such as CMOS, AlGaN/GaN, and graphene-based material systems and their
further sensitivity enhancement in order to reach the performance of well-developed
Schottky diode-based THz sensing technology. Here presented FET-based detectors were
explored in a wide frequency range from 0.1 THz up to 5 THz in narrowband and broadband
configurations.

For proper implementation of THz detectors, the well-defined characterization is of high
importance. Therefore, this work overviews the characterization methods, establishes
various definitions of detector parameters, and summarizes the state-of-the-art THz
detectors. The electrical, optical, and cryogenic characterization techniques are also
presented here, as well as the best results obtained by the development of the
characterization methods, namely graphene FET stabilization, low-power THz source
characterization for detector calibration, and technology development for cryogenic
detection.

Following the discussion about the detector characterization, a wide range of THz
applications, which were tested during the last four years of Ph.D. and conducted under the
ITN CELTA project from HORIZON2020 program, are presented in this work. The studies
began with spectroscopy applications and imaging and later developed towards
hyperspectral imaging and even passive imaging of human body THz radiation. As various
options for THz applications, single-pixel detectors as well as multi-pixel arrays are also
covered in this work.

The conducted research shows that FET-based detectors can be used for spectroscopy
applications or be easily adapted for the relevant frequency range. State-of-the-art detectors
considered in this work reach the resonant performance below 20 pW/VHz at 0.3 THz and
0.5 THz, as well as 404 pW/VHz cross-sectional NEP at 4.75 THz. The broadband detectors
show NEP as low as 25 pW/VHz at around 0.6 THz for the best AlGaN/GaN design and
25 pW/VHz around 1 THz for the best CMOS design. As one of the most promising
applications, metamaterial characterization was tested using the most sensitive devices.
Furthermore, one of the single-pixel devices and a multi-pixel array were tested as an
engineering solution for a radio astronomy system called GREAT in a stratosphere
observatory named SOFIA. The exploration of the autocorrelation technique using FET-based



devices shows the opportunity to employ such detectors for direct detection of THz pulses
without an interferometric measurement setup.

This work also considers imaging applications, which include near-field and far-field
visualization solutions. A considerable milestone for the theory of FET technology was
achieved when scanning near-field microscopy led to the visualization of plasma (or carrier
density) waves in a graphene FET channel. Whereas another important milestone for the THz
technology was achieved when a 3D scan of a mobile phone was performed under the far-
field imaging mode. Even though the imaging was done through the phone’s plastic cover,
the image displayed high accuracy and good feature recognition of the smartphone, inching
the FET-based detector technology ever so close to practical security applications. In parallel,
the multi-pixel array testing was carried out on 6x7 pixel arrays that have been implemented
in configurable-size aperture and imaging configurations. The configurable aperture size
allowed the easier detector focusing procedure and a better fit for the beam size of the
incident radiation. The imaging has been tested on various THz sources and compared to the
TeraSense 16x16 pixel array. The experimental results show the big advantage of the
developed multi-pixel array against the used commercial technology.

Furthermore, two ultra-low-power applications have been successfully tested. The
application on hyper-frequency THz imaging tested in the specially developed dual frequency
comb and our detector system for 300 GHz radiation with 9 spectral lines led to outstanding
imaging results on various materials. The passive imaging of human body radiation was
conducted using the most sensitive broadband CMOS detector with a log-spiral antenna
working in the 0.1 — 1.5 THz range and reaching the optical NEP of 42 pW/VHz. The NETD of
this device reaches 2.1 K and overcomes the performance limit of passive room-temperature
imaging of the human body radiation, which was less than 10 K above the room temperature.
This experiment opened a completely new field that was explored before only by the
multiplier chain-based or thermal detectors.

To summarize, it was shown in this work that field-effect transistor-based THz detectors
can be used as universal power detectors for various room-temperature broadband and
narrow-band applications: short-pulse detection, time-domain or frequency-domain
spectroscopy, active near-field but mainly far-field imaging in various optical configurations.
The detectors can be easily produced as multi-pixel arrays and be cooled for sensitivity
enhancement. The development of the detectors reached the sensitivity performance
needed for the completely passive room-temperature THz imaging which is a higher
readiness level of the FET-based THz detector technology now reaching TRL 4-5.



Kurze Zusammenfassung

Mikrowellen- und IR-technologien verschmelzen miteinander bei der Entwicklung der
elektronischen und photonischen Technologien im terahertz (THz) Bereich. Die Quellen- und
Sensortechnologien sollten die Liicke zwischen Photonik und Elektronik schlieBen, wo die
Strehlungsleistung und die Empfindlichkeit von Sensoren schwach sind. Als eine der Optionen
fir die THz-Detektionstechnologie schlagen wir Feldeffekttransistoren vor, die mit
integrierten Antennen erforscht werden sollen, um hochempfindliche Bauelemente fiir den
THz Bereich bereitzustellen. Die Transistoren wurden theoretisch in den 1990er Jahren von
M. Dyakonov und M. Shur als THz-Detektoren vorgeschlagen. In dieser Arbeit werden wir
verschiedene FET-Technologien, wie CMOS, AlGaN/GaN und graphenbasierte
Materialsysteme, untersuchen. Die Detektoren werden in einem breiten Frequenzbereich
von 0,1 bis 5 THz in Schmalband- und Breitbandkonfigurationen erforscht.

Fir die richtige Implementierung von THz-Detektoren ist die gut definierte
Charakterisierung von groRBer Bedeutung. Deshalb werden in dieser Arbeit die
Charakterisierungsmethoden und verschiedene Definitionen von Detektorparametern
vorgestellt. Wir werden den Stand der Technik von THz-Detektoren und unsere neuesten
Entwicklungen zusammenfassen. Von der Seite der Charakterisierung werden wir die
elektrischen, optischen und kryogenen Charakterisierungstechniken verwenden und die
besten Ergebnisse prasentieren. Manche neue Techniken wurden durch die Entwicklung der
Charakterisierungsmethoden entwickelt, namlich Graphen-FET-Stabilisierung,
Charakterisierung von THz Quellen mit niedriger Leistung fir die Detektorkalibrierung, und
Technologieentwicklung fiir den kryogene Messungen. Diese Techniken werden hier auch
prasentiert.

In dieser Arbeit wird ein breites Spektrum von THz-Anwendungen untersucht. Angefangen
bei den spektroskopischen Anwendungen und der Bildgebung bis hin zur hyperspektralen
Bildgebung und sogar zur passiven Bildgebung der THz-Strahlung des menschlichen Korpers.
In dieser Arbeit werden sowohl Einzel-Pixel-Detektoren als auch Multi-Pixel-Arrays
vorgestellt.

Die untersuchte Autokorrelationstechnik zeigt die Moglichkeit, solche Detektoren fiir die
direkte Detektion von THz Pulsen ohne interferometrischen Messaufbau einzusetzen. Unsere
hochmodernen Detektoren erreichen eine schmalbandige Sensitivitdt unter 20 pW/VHz bei
0,3 THz und 0,5 THz, sowie 404 pW/VHz Querschnitts-NEP bei 4,75 THz. Die breitbandige
Detektoren zeigen ein NEP von nur 25 pW/VHz bei etwa 0,6 THz fir das beste AlGaN/GaN-
HEMT Design und 25 pW/VHz bei etwa 1 THz fiur das beste CMOS FET Design. Diese
Detektoren konnen fiir Spektroskopie angewendet werden und einfach fiir den relevanten
Frequenzbereich angepasst werden. Als eine der vielversprechendsten Anwendungen wurde
die Charakterisierung von Metamaterialien mit den entwickelten Geraten getestet. Eines der
Ein-Pixel-Gerdte und ein Multi-Pixel-Array wurden als technische Losung fir ein



Radioastronomiesystem namens GREAT im Stratosphdren-Observatorium namens SOFIA
getestet.

Zu den vorgestellten Bildgebungsanwendungen gehéren Nahfeld- und Fernfeldlésungen.
Die rasternde Nahfeldmikroskopie fiihrte zur Visualisierung von Plasmawellen in einem
Graphen-FET-Kanal. Die Fernfeld-Bildgebung hingegen machte einen 3D-Scan eines
Mobiltelefons durch dessen Kunststoffabdeckung hindurch und zeigte eine hohe Genauigkeit
und eine gute Erkennung der Merkmale des Smartphones. Fiir die Multi-Pixel-Array-Tests
verwendeten wir 6x7-Pixel-Arrays, die in Konfigurationen von konfigurierbarer GroRRe der
Apertur oder Bildgebung implementiert wurden. Die konfigurierbare GroBe der Apertur
ermoglicht eine einfachere Detektorfokussierung und eine bessere Anpassung an die
StrahlgrofRe der einfallenden Strahlung. Die Bildgebung wurde an verschiedenen THz-Quellen
getestet und mit TeraSense 16x16 Pixel-Arrays verglichen. Die experimentellen Ergebnisse
zeigen den hohen Vorteil unserer Entwicklung gegeniliber der verwendeten kommerziellen
Technologie.

Zwei Anwendungen unter sehr niedrigem THz Leistung wurden erfolgreich getestet. Die
Anwendung auf Hyperfrequenz-THz-Bildgebung, die im speziell entwickelten
Doppelfrequenzkamm getestet wurde, und unser Detektorsystem fiir 300 GHz-Strahlung mit
9 Spektrallinien flihrten zu hervorragenden Bildgebungsergebnissen auf verschiedenen
Materialien. Die passive Bildgebung der Strahlung des menschlichen Korpers, die mit dem
vorgestellten Breitband-CMOS-Detektor mit Log-Spiral-Antenne erreicht wurde, der im
Bereich von 0,1 - 1,5 THz arbeitet und die optische NEP von 42 pW/VHz und NETD von 2,1 K
erreicht, Ubertrifft die Leistungsgrenze der passiven Raumtemperatur-Bildgebung der
Strahlung des menschlichen Korpers, die weniger als 10 K Gber der Raumtemperatur lag.
Dieses Experiment eroffnete ein vollig neues Feld, das zuvor nur von den elektronischen
Vervielfacherketten oder thermischen Detektoren erforscht wurde.

Zusammenfassend wurde in dieser Arbeit gezeigt, dass Feldeffekt-Transistoren dienen als
universelle Leistungsdetektoren im THz Bereich und kénnen fiir verschiedene Breitband- und
Schmalbandanwendungen Anwendungen bei Raumtemperatur eingesetzt werden, wie zum
Beispiel, Kurzpulserkennung, Spektroskopie im Zeit- oder Frequenzbereich, aktive Nahfeld-
und hauptsachlich Fernfeldabbildung in verschiedenen optischen Konfigurationen. Die
Detektoren lassen sich leicht als Multi-Pixel-Arrays herstellen und kénnen zur Erhéhung der
Empfindlichkeit gekiihlt werden.
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1. Introduction to THz detectors

1.1 Introduction to THz applications

Terahertz (THz) radiation range is between the infrared (IR) and millimeter-wave. It is the
range where electronics and photonics fields merge [1]. Until now, it has not been well
defined what is the exact frequency range for THz radiation. Usually, it depends on the
author’s preferences for the lower and upper limits [2—4]. In this work, the lower part of THz
radiation range of the 0.1 — 5 THz frequency range is considered where the focus is on the
frequency range — between 0.1 and 2.5 THz (later also called low THz).

This year’s Nobel Prize in Physics was given for the discovery of a supermassive object at
our galaxy‘s center [5]. A key result of the research was the image of the shadow of a black
hole which was not possible to obtain without the biggest telescope array in the world —
ALMA (the Atacama Large Millimeter/submillimeter Array) which works in various bands
from 31 GHz up to 950 GHz frequency and assures high-fidelity imaging. However, radio
astronomy applications have a long history dating from 1932 when the radiation from our
galaxy was observed for the first time by Karl Jansky [6]. The development of radio astronomy
was assured using Schottky diode technology described by Schottky and Spenke in 1939 [7]
which extended the operating range to shorter wavelengths. Later, there were many other
cooled supersensitive photon (or quantum) detectors developed [7-9] for radio astronomy
applications reaching the sensitivities in the attowatt scale [9, 10]. However, this work
focuses on less sensitive, but technologically more favorable room-temperature detectors.
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From room-temperature detectors, the well-known Schottky diode technology has the
longest development history as it is one of the first THz detectors developed in the 1980s as
shown in Fig. 1.1. This development opened new perspectives for radio astronomy as well as
other research fields. Later, photonic systems were introduced for THz detection which had
also an impact on a new field of applications [4, 12] depicted in Fig. 1.2, such as research,
security, or telecommunications. With the further development of THz sources and
detectors, new application fields occurred, such as security screening, robotic vision, art
conservation, or quality control, etc. This seems to be only the beginning of the list for the
possible future applications which are defined under the exploration of future technologies
[10].
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Fig. 1.2. Fields of interest for THz applications and their development in time.



For the generation of THz radiation in the aforementioned lower THz frequency range,
various THz sources can be used, such as electronic [13] or optoelectronic [14] emitters,
semiconductor [15] or molecular gas lasers [16], for high-power generation also gyrotrons
[17] and free-electron lasers (FELs) [18]. The useful detectors for specific applications
depending on the power level and frequency of the generated signal. Nowadays, a wide range
of thermal [19-22], electronic [23, 24], as well as optoelectronic [14] detectors is available.
However, for practical room-temperature applications, the limitation of the dynamic range
close to the THz gap is still an issue. High room-temperature sensitivity, as well as short
detector response time at low cost, is a desirable combination of the features for THz
detectors [1, 15]. In this work, we propose field-effect transistor-based THz detectors with
integrated antennae (TeraFETs) which serve as THz detectors meeting the mentioned
requirements.

1.2 Present TeraFET development stage

The most common detector technology up to now in the lower THz range is the Schottky
barrier diode-based solution [23, 24]. However, the performance of these detectors is limited
due to the parasitic effects, high shot noise in biased operation condition, or 1/f noise [24—
26]. For now, the frequencies above 1 THz are usually covered by bulky cryogenic systems
used in bolometer detection [10]. For this reason, it is convenient to explore other promising
room-temperature technologies for the frequencies in the less-explored THz gap region.

The TeraFET as THz detector concept is fairly new, as it was first suggested by Dyakonov
and Shurin the 1990s [27]. According to Dyakonov and Shur's theory, the TeraFETs can exploit
plasma-wave mixing [28] extending the available detection bandwidth above the cut-off
frequency of a transistor. The actual operation frequency can be defined by the design of the
integrated antenna. The cut-off frequency of the TeraFET is described as a reciprocal to a
time interval which is equal to antenna resistance multiplied by parasitic capacitance.
However, due to plasma (or carrier density) wave mixing, the detection bandwidth can be
extended to even higher frequencies [29].

Opposite to the coherent detectors which are limited by the quantum noise, the
incoherent detection is limited by the background noise [10]. However, the simplicity and
possibility of the production of large-format arrays is a big advantage for room-temperature
operation. Even though the TeraFETs work as rectifying detectors [28], they can also be used
for real-time thermal radiation detection. This feature for the detection of human-body
radiation is presented in this work for the first time. Thermal as well as rectifying state-of-
the-art power detectors are presented in Table 1.1 and Fig. 1.3.

Table 1.1 presents the most sensitive detectors for the room-temperature operation
which could be found to be characterized for optical NEP (see section 3.2 State-of-the-art THz
detectors for other characterization methods). The table is subdivided into thermal and



electronic detectors and sorted along ascending optical NEP values. As it can be seen, the
most sensitive thermal detectors are above 1 THz, whereas electronic detectors reach the
highest sensitivity in the sub-THz range. The references in bold show the published author’s
work. All CMOS and AlGaN/GaN FET-based detectors, presented in the table, show the best
sensitivity in all targeted frequency ranges reaching the performance of commercial Schottky
diode-based THz detectors.

Table 1.1. State-of-the-art THz detectors up to 5 THz for room-temperature operation.

Type/Technology Frequency [THz] Optical NEP Reference
[PW/VHz]
Thermal
a-Si uBolometer 2.5 6 [30]°
Vox uBolometer 2.54, 4.25 16.5,14.4 [20]?
Nb5N6
0.24 30.8h [31]
puBolometer
Golay cell 140 100 - 1000 [22]2
YBCO pBolometer 0.4 200 @ 0.5 mA [32]
Pyroelectric <20 440 [21]°
Pyroelectric 0.1-3 1.40E+05 [19]@
Thomas Keating 0.03 -3+ 5.00E+06 [33]2
Electronic
SBDs 0.1-1 7 -100 [34]°
0.06-0.09, 0.09-0.14, 0.14- 9.5, 11, 11,
SBDs 0.22,0.22-0.33, 0.33-0.5, 12,7.2,11.4, [23]°
0.5-0.75,0.75-1.1, 1.1-1.7 15.2,113.7
90-nm CMOS 0.3 19 [35, 36]°
AlGaN/GaN HEMT 0.5-0.6 25-31 [371°
65-nm CMOS 1,0.84 —1.29; 25, <50; [38]°
AlGaN/GaN HEMT 0.7-0.9 30-50 [39]
90-nm CMOS 0.6-15 48 -70 [401®
InGaAs SBD 0.25 106.6 [41]
GFET 0.4 130 [42]
GFET 0.6 515 [43]
HBD 0.6-1 850 @ 0.7 THz [44]

@ Commercially available

b This work



Fig. 1.3 visually presents detectors from Table 1.1 and their optical NEP. The least sensitive
are the thermal detectors, such as Thomas Keating [33] or Golay cell [22], however, they
provide the biggest aperture for radiation coupling from single-pixel devices. More sensitive
solutions, with the antenna aperture comparable to the focused beam spot size, are based
on quasi-optical detectors with a substrate lens that account for microbolometer [20, 30, 31],
TeraFET [29, 36, 45], and Schottky-diode [23, 34] technologies. The last and the most
sensitive detectors are based on Schottky-diodes coupled using waveguides. This type of
radiation coupling is the most efficient, however, the bandwidth is limited by the bandwidth
of the waveguide. The dash-dot line in Fig. 1.3 connects the optical NEP values provided by
the manufacturer [23] at corresponding waveguide frequency ranges.

107 E LI I I I LI II I I I ? _
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Fig. 1.3. Room-temperature state-of-the-art detectors based on thermal and rectifying
technologies.

This work focuses on the quasi-optical devices with the radiation coupling using hyper-
hemispherical silicon lens as this radiation coupling option is most promising to be
implemented for the camera operation, whereas the waveguide coupling method is bulky
and needs a better fabrication precision for higher frequencies. A few years ago, FET
technology-based detectors were a few times less sensitive than the Schottky diode-based
detectors which are the best quasi-optical detectors up to now [24, 26]. Therefore, this work
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aimed to reach the performance of the TeraFETs comparable to Schottky diode-based THz
detectors (as shown in Fig. 1.3) and explore the possible range of the TeraFET application
field.

This work shows that TeraFETs can be used for various applications, such as spectroscopy
[15, 35, 38, 40, 46, 47], imaging [35, 37, 48], technical vision [15, 18, 35, 37, 47] as well as
research-related applications [18, 47, 49]. The intended aim of this work was to explore and
present the direct detection schemes. Where the benefits on the detector performance using
heterodyne detection [50] as well as cryogenic cooling [51] are open for future work.

1.3 Aim and structure of the thesis

This work is structured in such a way that it answers the main scientific questions relevant
for the development of TeraFET devices:

e Isthe choice of FET technology important for the TeraFET performance?

e What is the best way to define the TeraFET performance?

e s it enough to assume the thermal noise to be the limiting aspect of the sensitivity
for the practical devices?

e What are the possible TeraFET applications?

Detailed investigation of these questions leads to the proof of the hypothesis of this work:

TeraFET sensitivity can reach the room-temperature performance necessary for passive
imaging of human-body radiation.

To answer the main questions and show the results on the experimental proof of the
hypothesis, this work is structured in the following way. Firstly, various THz detectors and
systems are overviewed. Secondly, the main work principle of a TeraFET is presented. Thirdly,
device characterization procedure and challenges are discussed. Fourthly, the TeraFET
applications are demonstrated, which were conducted during the last four years. Lastly, the
proof of concept for the passive room-temperature imaging of the human body THz radiation
using TeraFETs is shown.

The detailed theory on field-effect transistor-based THz detection has been presented in
[45]. Therefore, the focus of this work is on the choice of the technology and in-depth
characterization methodology which is still under development for quasi-optical devices.
Therefore, an improved quasi-optical detector characterization method for trustful NEP
comparison is offered in this work. And a wide range of various TeraFET applications in their
early testing stage is presented.

From various applications of TeraFET detectors presented in this work, the focus is on
spectroscopy and imaging applications. The spectroscopy can be conducted with various THz

sources in continuous wave (CW) and time-domain (TD) modes. Therefore, femtosecond
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lasers, electronic and optoelectronic CW systems, as well as free-electro laser (FEL), or a
guantum-cascade laser (QCL) can be used providing a wide spectral range for future
applications. The broadband detection using TD and CW systems, as well as a possibility for
narrowband spectroscopy application, is shown together with the characterization technique
of metamaterials which is possible to be conducted using TeraFETs.

Later, the visualization of objects and plasma wave phenomena are shown. First, the
plasma wave in a FET channel is demonstrated. It provides fundamental knowledge about
the plasmon-polariton interaction in the FET channel. Second, a reconfigurable array is
presented which can be used for the reconfigurable aperture option in the laboratory and
imaging applications and practical application of THz source imaging is shown. Third, single-
pixel in-depth photography on a mobile phone is demonstrated opening the practical
applications for security screening and industrial quality control.

In the last two sections of this work, the two most promising applications are detailed. The
first achievement is the simultaneous hyperspectral imaging demonstrated using dual-
frequency comb-based THz source and a FET-based THz detector specially developed for the
used THz source. The second achievement is the passive THz imaging of human-hand
radiation. To the author’s knowledge, these two applications are presented for the first time
for room-temperature TeraFET operation.



2. THz systems aspects
2.1 THz sources

For the mentioned imaging and spectroscopy applications, THz radiation is generated by
various THz sources. For imaging applications, the most important parameter of a THz source
is the output power, while spectroscopic systems need high output power as well as wide
bandwidth and frequency resolution. Due to insufficient detection sensitivity, up until now,
all the applications are based on the active THz sources. However, this work aims for the
TeraFET imaging using black-body or even human-body radiation as a passive THz source.
This idea and the active THz sources are presented in this section.

Taking into account the applications where the active THz sources are used, it is worth to
mention, a time-domain system (TDS) assuring a wide frequency bandwidth with the
resolution of a few GHz of a pulsed signal [52]. Photoconductive antenna concept-based
systems [14], can work in both modes (pulsed and CW) reaching 1 GHz resolution, but at
lower output power. Higher power CW sources are usually based on electronic solutions [53]
for lower THz frequencies and QCL sources for higher THz frequencies. However, bandwidth
and tunability might be of an issue to employ these THz sources for wide bandwidth
spectroscopy.

2.1.1 Passive THz sources
2.1.1.1 Blackbody

Before going into the details of active THz sources, it is worth looking at the natural
radiation sources. Every black body of temperature T radiates electromagnetic radiation in a
wide spectral range with the radiation maximum at A,,,5, = 2.898 - 1073 /T m. Therefore,
hot black bodies radiate much higher spectral power in the IR range whereas the maximum
of the radiation power of colder black bodies shifts towards the sub-THz frequency.
Therefore, one of the passive imaging applications in the sub-THz and THz range is used for
observation of cold universe background.

Spectral radiance L(f,T) of such a black body can be defined using the Planck’s law:

2P 1
L =2
eksT — 1

where h is Plank’s constant, ¢ — light velocity, ks — Boltzmann’s constant. The spectral
radiance for five common temperatures is depicted in Fig. 2.1 (a). It shows indoor and
outdoor background compared to human palm, 400 K temperature radiator used in [54] and
773.15 K radiator used in [55], both for the detection with TeraFETs. The calculated power
spectral density focused on the antenna is depicted in Fig. 2.1 (b). The power spectral density
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is flat over a very wide frequency range. Therefore, the radiation can be only detected using
an ultra-broadband and highly sensitive detector which must be more sensitive than the
integrated power over the detector’s bandwidth. If 1 THz bandwidth of an antenna coupled
detector is assumed, 773.15 K black body radiates 10 nW, 400 K -5 nW, and human palm —
3.9 nW power (see Fig. 2.1, b) into the detector. To detect this radiation, one possibility is to
use a cooled background. However, this work is focused on exploration of passive room-
temperature detection limits of temperature difference between two black bodies where
room temperature radiates 3.77 nW in 1 THz bandwidth. This means that the detection of
human palm radiation without accounting for palm emissivity is possible only with a detector
reaching constant NEP of the detector over the frequency range up to 1 THz with sensitivity
sufficient for detection of the 130-pW power difference.
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Fig. 2.1. (a) Spectral radiance of various black body radiators: 773 K [55] and 400 K [54]
black bodies, 306 K temperature palm, laboratory (room of 297 K) background radiance, as
well as outdoor background radiance of around 60 K [56]. (b) Power spectral density of
analogous radiators. Author’s work, reprinted from MDPI Sensors [48] under © CC BY 4.0.

2.1.1.2 Human body radiation

Human skin can be assumed to be a gray body, which means that the emissivity of the skin
is not equal to 1. It is well known that the skin emissivity in the IR range is around 0.97 - 0.99
[57]. However, until now there is not so much research done on the emissivity of human skin,
as well as palm, in the low THz range. Therefore, this section overviews the main studies on
human palm emissivity up to date.
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Fig. 2.2. Reported human palm/skin emissivity (various lines) and human palm power
density (solid line).

At lower THz frequencies (0.3 — 300 GHz) the human skin emissivity rises from 0.4 to 0.8
[58]. This behavior was related to the fall of water dielectric permittivity. A follow-up
publication describing 90 GHz human skin emissivity measured with calibrated radiometer
on 60 healthy participants [59] (36 male and 24 female) shows the quantitative variations of
the skin emissivity between individuals as well as gender and locations they come from, or
even body mass index. The mean emissivity of the male palms was 0.451 with a standard
deviation of 0.0997. Female palm emissivity was measured to be 0.430 and a standard
deviation of 0.0951. According to the research, the emissivity is higher at higher body mass
index and thicker skin. Another study [60] shows a higher emission of the human palm skin
at around 0.5 THz under mental and physiological activity compared to the rest state.
Appleby [61] reports three values for emissivity at 0.1 THz, 0.5 THz, and 1 THz. The summary
of published values is depicted in Fig. 2.2. A slight mismatch between the data points of
various authors may occur due to differences in human skin emissivity in various body
locations [59], as well as different measurement techniques [57]. However, the emissivity
studies above 1 THz are still missing.

To detect the black body or even human body radiation, one has to consider the extension
of the detection bandwidth, cooling of the detector, reduction of possible noise sources, and
effective implementation of the optical setup. Successful detection of human-body radiation
using a TeraFET is the main goal of this work.

2.1.2 Active THz sources
2.1.2.1 Electronic CW source

Electronic sources include electronic oscillators (such as Schottky or IMPATT diodes),
power amplifiers with a frequency multiplier (so-called amplifier/multiplier chain (AMC)), and
transmitters. These elements deliver the oscillating frequency up to 200 GHz which must be
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amplified in order to increase the radiation frequency even further. Such solutions can reach
up to 1 THz frequency with 1 mW output power and around 10 % tunable bandwidth around
the central frequency [13, 62]. Higher frequency solutions are already commercially available,
however, with much lower power and only at discrete frequency ranges [13].

This type of THz source is comparably powerful as they provide around 200 mW output
power around 0.1 THz [62] and 0.05 mW power at around 1 THz [13] in tunable operation.
The output power for a fixed frequency might be even higher. However, the tunable
frequency range for some spectroscopy applications might be too narrow and the users might
need multiple sources for different frequency ranges.

2.1.2.2 Quantum Cascade Laser (QCL)

For high-sensitivity high-resolution spectroscopy measurements, a quantum cascade laser
(QCL) can be employed [63, 64]. QCL is a sandwiched semiconductor structure with formed
guantum wells inside the structure. Photon emission occurs between electron subbands.

QCLs can provide 1 —100 mW power in the range of approx. 2 -10 THz, however, the higher
output power tends to be at the higher THz frequencies [4]. They are very fast devices and
can be used in gas spectroscopy due to the wide tunability and high precision of the emitted
radiation frequency.

2.1.2.3 Femtosecond laser

Laser is a coherent radiation source that can be used for the generation of fs THz pulses.
For example, the bandwidth of the 15-fs THz pulse excited with an interdigitated
photoconductive antenna can reach 20 THz where the spectra maximum is at few THz [65].
The signal-to-noise ratio (SNR) can reach 105 [46] of such a THz source. The system can be
used for simultaneous wide frequency detection, however with lower resolution than other
THz sources.

In our experiments, we used a Ti:sapphire laser generating 15-47 fs IR pulses with a pulse
energy of around 4 nJ. The pulse was used to generate THz radiation via interdigitated
photoconductive antenna. More details about the pulsed system used in this work can be
found in [46].

2.1.2.4 Dual-comb system

THz frequency comb systems are based on telecom lasers (or other CW radiation sources)
and non-linear elements with an antenna [66]. A narrow-linewidth diode laser, strongly
driven phase modulators, and electro-optical modulators are employed for master optical
frequency comb generation, phase coherence, and exact line separation by modulation
frequency of the optical comb teeth. The chosen lines are filtered out and mixed. The
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difference between any two lines corresponds to the wanted THz beat frequency which is
mixed in a nonlinear element and radiated into the air.

Dual-comb interferometer

PD

74

Master optical

frequency comb

Fig. 2.3. THz frequency comb schematics.

Such systems are of very high precision due to very low phase noise and extremely high
resolution reaching the separation of a few kilohertz between THz lines. The lines can be
tuned shifting the laser lines. The signal power per comb tooth gets lower when more lines
and/or wider spectrum are generated.

In collaboration with UC3M, a THz frequency comb system was extended up to 300 GHz.
Due to the very high sensitivity and fast response of a TeraFET, hyperspectral imaging is
possible. The first experiment with the THz frequency comb and a TeraFET system is
presented in the last chapter of the thesis.

2.2 THz detector technologies

This chapter overviews the main IR and THz technologies used for the detection of THz
radiation. The brief descriptions of the technologies give useful information for the following
chapters, where more details about most of the described technologies can be found in [67].

In general, there are two direct detection methods: thermal and electronic detection.
Thermal detection is involved in photoacoustic detectors, such as Golay Cell and pyroelectric
detectors, as well as bolometers and microbolometers. Schottky barrier diodes,
photoconductors, radiometers, and field-effect transistor-based detectors can be defined as
electronic THz detectors. The differences between these technologies are overviewed in this
section.
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2.2.1 Thermal detectors

The development of thermal radiation detection in the THz range comes from the know-
how or even the same technology of thermal detection in the IR frequency range. Thermal
detectors usually have an aperture in the range of few or tens of centimeters. They respond
to the power change of the incident radiation in seconds or few milliseconds. They are power
detectors and should be usually optically or electrically chopped to obtain the difference
between ON/OFF radiation.

2.2.1.1 Photoacoustic detectors

The two main detectors using the photoacoustic principle in IR and THz range are Thomas
Keating power meter [33] and Golay Cell [22]. Both are based on a gas-filled chamber where
thermal expansion of the gas under incident radiation takes place. Thomas Keating measures
the expansion with a pressure sensor where the Golay Cell measures the expansion of the
gas membrane with a photodiode.

Photoacoustic detectors are broadband, detecting IR-THz radiation from 0.1 THz up to
20 THz. They are suitable for power calibration or monitoring of slow power changes, as they
have a comparably big aperture and wide operation range. One of the limitations for these
detectors is the detectable power range which is from 100 nW to a few mW for Golay Cell.
Whereas Thomas Keating needs an even higher incident radiation power.

Since photoacoustic detectors depend on the thermal processes, the THz signal should be
chopped at the rate of a few tens of Hz which is a slow modulation rate in comparison with
other detector technologies.

2.2.1.2 Bolometers and microbolometers

Bolometers and microbolometers detect thermal radiation due to a change of electrical
resistance. They can be also called (IR) radiometers and should not be mixed up with the mm-
wave radiometers which are presented later.

The bolometers are extremely sensitive detectors but they need a bulky cryogenic cooling
system whereas microbolometers are less sensitive room-temperature detectors but
extremely small and therefore are often used for IR cameras [9, 20, 68]. The main materials
for microbolometers are amorphous Silicon and vanadium oxide.

Although microbolometers are based on a thermal process, they are much faster and more
sensitive than photoacoustic power meters. However, for the microbolometer technology
itself, there is a trade-off between the sensitivity and the detection speed [69]. The
microbolometers are suitable for the detection of frequencies from few THz going as low as
hundreds of GHz [20, 69].
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2.2.1.3 Pyroelectric detector

Polar crystals (e.g., Lithium tantalate) can be used for broadband IR, MM-wave, or THz
detection due to a pyroelectric effect. The crystal tries to compensate for the net polarization
change caused by the applied electromagnetic field where the potential difference is induced
along the crystal.

Pyroelectric detectors [21, 70, 71] can measure from 100 nW to a few mW of mean power
and need a slow modulation frequency of a few Hz. The usual aperture size is from a few mm.
They are suitable for the pyroelectric arrays which can be used for beam profiling down to
1 THz with a pixel pitch of 80 um.

2.2.2 Electronic detectors

All electronic detectors can be optically coupled to the device using a lens or a waveguide.
There are few types of electronic systems used for THz detection: mm-wave radiometers,
photoconductors, Schottky detectors, and field-effect transistors.

2.2.2.1 Millimeter-wave (mm-wave) radiometers

A radiometer is usually an IR or UV radiant flux measuring device, therefore here the
radiometers working below the classical cut-off frequency, namely mm-wave radiometers,
are described. The main concept is based on the radiation coupling through the horn antenna
and amplification of the THz signal before the transfer to a rectifying element. They have the
best performance below 0.5 THz, where the sensitivity of the diodes and preamplifiers’ gain
has the best performance. However, these parameters drop drastically at higher frequencies.
These devices are developed based on mm-wave technologies and reach the lower THz
frequency limit.

There are two mm-wave radiometer configurations for direct detection mode: total power
and Dicke radiometers. The received power over the whole receiver bandwidth is integrated
and the total received power is measured with total power radiometers. The Dicke receiver
switches between the incoming signal and the reference resistor, each half of the integration
period. This technique makes the radiometer less sensitive to various instrumental drifts [56].

For decades, the mm-wave radiometer technology has been developed and reached an
impressive sensitivity. A state-of-the-art NEP level for W-band (75 - 100 GHz) reaches
10 fW/VHz [72] or even to 0.28 fW/VHz [73] for a super-pixel design. The performance of the
radiometer can be further improved by implementing a heterodyne detection scheme.

As well as IR radiometer, the mm-wave radiometers can detect thermal radiation but
usually in W-band and have a relatively narrow bandwidth of 5-40 GHz. They are used for
human body radiation imaging, security imaging, technical vision, such as cars or airplanes,
remote atmosphere sensing, and radio astronomy.
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2.2.2.2 Photoconductors

Photoconductor technology is based on a highly resistive direct semiconductor which is
usually an llI/V group material. A photon with energy larger than the energy gap of a
semiconductor is coupled through an antenna into a photoconductor. The absorbed photon
energy creates an electron-hole pair which makes the semiconductor conductive for a short
period. The free carriers move along the semiconductor to opposite directions along the
applied electric field and create a photocurrent. To avoid radiative recombination, defects
should be implanted into the semiconductor as they reduce the carrier lifetime to less than
1 ps.

The photoconductive antenna can be used as a THz receiver, as well as a THz transmitter.
Detection is sensitive to the amplitude and phase of the electric field and can be obtained by
modulating the applied voltage between the antenna electrodes. Such a kind of detector is a
coherent detector. It can be used for spectroscopy applications where the information of
amplitude and phase is needed.

2.2.2.3 Schottky detectors

Schottky barrier diode work principle is based on a potential energy barrier between a
metal and a semiconductor which has a parabolic shape of the band edges in junction
proximity. The difference between the Fermi level and the conduction band edge for n-type
semiconductor (and valence band edge for p-type) is called the Schottky barrier. A part of
electrons cannot cross the barrier without an external field applied along the barrier, namely
those which cannot tunnel through the barrier and do not have enough energy to cross the
barrier.

The detectors are usually based on high-frequency electronics technologies, such as InP,
SiGe, or GaAs, and can reach sensitivities down to 5-10 pW/VHz [24, 26, 74] for quasi-static
detectors where radiation is coupled through a high-resistivity silicon lens, or even less, if the
radiation is coupled via narrower frequency band horn antenna [26]. The response time is
measured to be less than 25 ps [26]. These detectors show the detection up to 5 THz or even
higher frequencies [75, 76].

Schottky diodes can be employed for THz generation as well as direct and heterodyne
detection, or signal mixing. They are highly sensitive and can work either at room or at
cryogenic temperature providing a quick response time. However, the noise limits the
performance, as Schottky diodes must be modulated with high-frequency modulation to
avoid high 1/f (flicker) noise and have shot noise additionally to the thermal noise. Cooling
these devices is, therefore, a useful method to decrease the noise level.
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2.2.2.4 TeraFET

There are three operation modes for FET-based THz detection [28]: resistive mixing,
distributed resistive mixing, and plasma (carrier density) wave mixing which enable TeraFET
detection up to 4.3 THz and higher frequencies [28, 29]. The frequency response of the
detector depends on the chosen antenna and impedance matching.

The reason for resistive mixing is the kinetic inductivity of free carriers under the applied
THz field. This is due to retardation meaning that the applied field changes faster than the
electrons can respond to the change. For even higher frequencies, the plasmonic mixing
regime can be exploited. For this, one has to create an antenna, coupling the radiation into
the transistor channel, and make the coupling conditions asymmetric, as the asymmetry
creates an electric field gradient resulting in the induced current.

The main technologies used for TeraFET are based on III/V group materials such as GaN
and GaAs, as well as commercially available CMOS technology or even the novel materials,
such as graphene. All three groups of FET technologies are briefly discussed in this work.

The major advantage of transistor-based detectors is the possibility to use a close-to-zero
current for detection with a high dynamic range. Whereas, diodes need either some voltage
and/or have considerable leakage current. The low 1/f noise in FETs enables the use of
TeraFETs for the THz power monitoring in real-time. Due to the wide possible detection
range, they can be used for spectroscopy applications using a tunable THz source or an
autocorrelation technique in time-domain spectroscopy (TDS) system, or dual-frequency
comb-based THz source. As their response time is much faster than of the thermal detectors,
they can be modulated at high frequency which is usually limited by the readout circuit. The
noise of TeraFETs is limited mainly by the thermal noise [77], therefore, they can be also used
for DC detection.

The reproducibility of TeraFETs in CMOS technology and the small pixel size makes TeraFET
technology suitable for multi-pixel arrays. Therefore, the TeraFET is a comprehensive
technology for the future mobile THz cameras below 2 THz at the frequency range where
microbolometers are less sensitive. Uncooled TeraFETs report the broadband optical (optical
losses excluded) NEP around 25 pW/VHz [37, 40], and below [35] 20 pW/VHz for the resonant
detector design which is much better than the widely used thermal Golay Cell detector. The
enhanced detection can be reached via cooling and heterodyning techniques.

2.2.3 Multi-pixel array

Described detectors are single-pixel detectors and find their applications in all the possible
fields. However, imaging applications, security screening, fast scanning, or beam steering
applications need a higher number of pixels, either distributed along a line or a plane. Such
configurations can increase detection speed, the field of view, or be of practical use for
scientific laboratory use.
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Multi-pixel arrays can be based on pyroelectric, microbolometer, or TeraFET technology,
even on mm-wave radiometers or Schottky diodes. However, the diode-based technologies
have a higher dispersion of the electrical parameters and therefore are more difficult to
implement for bigger multi-pixel arrays. Horn-antenna coupling is more effective for resonant
detectors, however, less usual for big multi-pixel arrays as they are bulkier and need high-
precision micromachining making them difficult to produce.

Therefore below 2 THz, the solutions based on CMOS technology are the most common
as they use well-developed technology and the dispersion of the electrical parameters is
comparably small. This means that one needs a good antenna scalable to high frequencies
and a good detector. The easiest way to couple the radiation is through a high resistivity
silicon lens. However, optical losses are much higher than the coupling through a horn
antenna. On the other hand, for higher frequencies, microbolometer-based camera solutions
are already well known, and therefore, commercially available solutions became very
affordable [78].

While microbolometer technology has been known for a long time, the fully integrated
CMOS technology-based 3x5 pixel focal-plane array (FPA) for 0.6 THz radiation has been
presented for the first time only in 2019 [79]. TeraFET detectors are still under development
and slowly reach their theoretical sensitivity limit. And probably will soon become
commercially available and cover the lower THz detection range for commercially available
camera technologies.

2.3 THz systems used in this work
2.3.1 Photomixer-based frequency domain spectroscopy system

Continuous THz wave can be generated using two InGaAs lasers and a photomixer. A
photomixer is a metal-semiconductor-metal structure with a broadband antenna. Incoming
optical radiation from two lasers with adjacent frequencies creates charge carriers in the
semiconductor which causes the photocurrent due to applied bias voltage on the metal
electrodes of the photomixer. The photocurrent oscillates at the beat frequency equal to the
difference frequency of the two lasers. Generated THz power is radiated to the ambient via
an antenna and a silicon lens.

The opposite mechanism works from the receiver side. The incoming THz wave generates
the potential difference on the antenna. The conductivity of the photomixer is modulated by
the same beat signal as on the transmitter side. The photocurrent (/r) is induced in the
photomixer which is proportional to the amplitude of the THz electric field (Etn.) and depends
on the phase difference (A@) between these signals:

Igr X Epy, cos(Ap)
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The detection mechanism of the Toptica system is based on a coherent detection scheme.
Therefore, it shows a very high dynamic range of 80 dB (and 40 dB for the power detection).
Toptica TeraScan 1550 system used in this work includes three 1550-nm lasers which have a
bit different central frequency. This leads to three configurations of two lasers providing a
continuous frequency range from 50 GHz to 2.7 THz with the reachable maximum power of
only 10 uW. Absolute frequency accuracy in the low-frequency range (0 — 1.2 THz) is limited
to a few GHz and the relative accuracy is less than 10 MHz.

2.3.2 Free-electron laser

Free-electron laser (FEL) THz source is based on relativistic electron beam which is
accelerated using electron accelerators. They can radiate coherent radiation in 333 THz down
to 30 GHz depending on the configuration [80]. Most of them are widely tunable. FELs can
deliver pulses of various duration at various repetition rates. These are high power THz
sources, where the average power is from milliwatts up to 0.5 kW for the NovoFEL1 source
[80]. The peak power can reach 2 GW for the FELICE source. This type of THz source is very
complex and needs big facilities with special personnel, as it operates in continuous mode
with the research organized in shifts.

In this work, a FELBE laser with a pulse width of 10 ps at 2 THz at a repetition rate of 13
MHz was used. The pulse energy was equal to 3.5 nJ and peak power was 346 W. The s-SNOM
operation with FEL laser is presented in [18].

2.3.3 Scattering-type Scanning Near-field Optical Microscope (s-SNOM)

Looking at the near-field of a material, one can overcome the standard wavelength
resolution limit using the scattering-type Scanning Near-field Optical Microscope (s-SNOM)
technique. This technique can be used for the detection of complex optical properties in a
nanoscale area under a SNOM tip. The optical amplitude and phase of scattered light and
some harmonics of it can be measured. Surface plasmon polaritons can be observed using
this technique as well as carrier density changes change the local optical properties of the
material surface. As it is based on Atomic Force Microscope (AFM) technique, simultaneously
a picture of surface roughness can be measured [18]. This technique can be used for hard
materials with high dielectric constants, reflectivity, or strong optical resonances.

We have used this technique for imaging of the plasma waves in a field-effect transistor
channel with a high-power THz FEL laser which is presented in the last chapter.
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3. FET transistor as THz detector: TeraFET

This chapter describes an unusual phenomenon of FETs. It is commonly known that FET
devices have their electronic limits: the maximum operation frequency fmax for stable unity
gain and the cut-off frequency fi. However, some features which are not considered by the
classical FET theory can enable additional functionality of FETs which is above the frequencies
described by frand fmax. In this chapter, the FET function to detect THz radiation and necessary
conditions are considered.

3.1 TeraFET concept and operation above cut off frequency

Here the main concept of TeraFETs as THz detectors is presented. As the name suggests,
the main part of a TeraFET detector is a field-effect transistor (FET). The difference between
the classical transistor and the TeraFETs is an asymmetric radiation coupling into the
transistor channel [27, 28]. The classical mixing at GHz frequencies evolves to resistive and
plasma (carrier density) wave mixing in the channel at higher frequencies. Carrier density
wave in a two-dimensional electron gas (2DEG) channel is induced because the carriers react
to the electric field change with some delay. The rectified signal depends on the radiation
frequency and amplitude, the carrier density along the channel, as well as the speed of the
carrier density (or plasma) wave.

The coupled radiation excites the plasma wave in the channel. Therefore, it is important
to optimize the radiation coupling between the free space and the transistor. The first
detection experiments were conducted coupling the radiation through the bond wires of the
transistor which act as an antenna for the linear polarization. The most usual radiation
coupling methods nowadays include a horn antenna [13] or a planar antenna coupling [28],
whereas a more expensive solution would be using a Winston cone [15]. Another well-known
solution for the optical broadband radiation coupling is monolithically integrated antennae
with a hyper hemispherical Si lens coupling the incident THz radiation from the backside of
the detector chip [37, 38, 40]. This arrangement assures the best power transfer from the
free space for a wide frequency range and removes the Fabry-Perot interference in the
detector’s substrate. Therefore, this kind of power coupling configuration is used for most of
our detectors.

3.1.1 Hydrodynamic model

Device modeling using a physics-based model was developed at Goethe University in
collaboration with Vilnius University. It is based on the hydrodynamic model combined with
the electrical and optical losses in the THz coupling path. This path contains the optical losses
on the Si lens, antenna, as well as the electrical losses from the antenna contact towards the
active region of the channel. Fig. 3.1 depicts the transistor channel (dashed) for AIGaN/GaN
HEMT transistor where Cyim is MIM capacitance formed via antenna between the source and
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the gate. Here, Zgis a gated channel impedance, whereas the Ry, accounts for the ungated
channel. Due to Cwim, all the radiation is coupled via antenna impedance Zan: to the drain
terminal and transferred to the gated channel part responsible for the mixing of the radiation.

The calculation of either rectified current responsivity R; or voltage responsivity Ry, (both
are related via Ohms law, Ry, = R; - R4, with R, being a quasi-static resistance) starts with
the simplified hydrodynamic transport model which omits carrier diffusion and carrier
heating [27]. Furthermore, the rectification can be modeled using the concept of an
equivalent current (as was described previously in [28]) or voltage source. The model
considers the radiation losses on the lens, radiation coupling through the antenna into the
transistors channel, its transfer to the active region, and conversion to the DC signal in the
active region which was described by Dyakonov and Shur theory [27]. Here we will follow the
calculation presented in [28].

|
I

Fig. 3.1. TeraFET scheme.

Therefore, the calculated voltage responsivity can be calculated as follows:
2 [IV _ Vresponse [V] 1v?
law] [1V2] 1w

- Delivered power I n Eq. 1

Where n — efficiency factor accounting for optical coupling losses and antenna efficiency.
The plasma wave velocity in the gated transistor part can be described as:

S:\/i.n.<a_n)_1 Eq2
m U,

And the impedance of the gated part is calculated as follows:
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where k = % /1 + i and the conversion efficiency ratio between low-frequency resistive

mixing and plasma wave enhanced non-resonant mixing

fnon—res(w; T) = [1 + Eq. 4

20T ]
V1 + w?1?
Here q is the elementary charge, m = 0.2m, is an effective electron mass in AlGaN/GaN
(m = 0.26m, for Si), w is THz frequency and t carrier relaxation time. According to the

mentioned relationship, the intrinsic voltage swing in the gated (or active) channel region to
the unity power is:

V response ifnon—res(w; T) q 1 [ ] Eq.5
[1V2] m 452 " m4s? \/1 T w272 '
The power delivered from the antenna to the active transistor area is
1 [11/2] - 1Z,| -
; = ant T .2 qg.
Delivered power | 1W |Z5 + Run|

This accounts for the relation between the generator (antenna) and the load (transistor)
matching derived in [82](p. 77) as well as power delivery to the active transistor area.
Therefore, the optical responsivity of the detector equals to:

2
LA

Eq.7
| gt Runl

v
Ry [W m452[ m]

Where Z is the complex gated channel impedance, R, ungated channel resistance of one
side of the gate.

Accounting for a voltage source, we can calculate the responsivity from the voltage
response g/m - f(w,t)/(4s?) to a unity amplitude of excitation voltage which is multiplied
by a factor 8R,,,;H? corresponding to the squared voltage amplitude for a 1 W power
delivered by the antenna. Considering the current responsivity R; = R, /R4, we get the
following expression:

|Zg|2 Al
Rdc

2WT
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The calculated optical responsivity can be expressed by the macroscopic detector
parameters, momentum relaxation time, and optical coupling efficiency as follows:

_ 208 1Z,|”

2wT
Ry = 1+ ] : *Rane M
4 Rg an /—1 T a)ZTZ |Zg + Run|2 ant

Intrinsic Dyakonov&Shur  Power delivery  Optical
responsivity from antenna  coupling

Fig. 3.2. Modeling formula and explanation of the main parameters.
3.1.2 Modeling of TeraFET device

The formula presented in Fig. 3.2 can be applied for the detector measurements depicted
in Fig. 3.3. The left graph shows the measured DC resistance of the AIGaN/GaN transistor
with a log-spiral antenna at 130 K and room temperature. The resistance fitting routine was
described in [45]. It determines external device parameters ungated-channel resistance Run,
gated-channel impedance Z;, and gated-channel resistance gradient aRg/al/;,, as well as
internal parameters: effective electron mass m and momentum relaxation time t. Once the
device parameters are obtained, the model can be experimentally verified using the
measured optical responsivity data. The Fig. 3.3 shows the modeled and measured DC
resistance and optical current responsivity. The only unknown parameter for optical
responsivity calculation is the antenna coupling factor n. From the practical experience, it is
assumed to be around 0.025. This includes antenna efficiency =0.4, Gaussian beam coupling

efficiency =0.7-0.8, transmission at the Si surface =0.7 [83], and scattering factor 0.5.
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Fig. 3.3. Application of the model for two measurements.

This means that due to optical coupling and antenna matching, the total responsivity for
the TeraFET under real operation conditions is almost 100 times lower than the intrinsic
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responsivity of the active region of the FET channel, which is the parameter often given in
the literature. The intrinsic responsivity is proportional to the power absorbed by the gated
channel Z; region [82]. This ideal intrinsic responsivity could be approached by reducing the
power losses in optical and electronic parts of the quasi-optical TeraFET detector. The main
radiation losses are shown in Fig. 3.4 which also shows the different definitions of the
responsivity (intrinsic, electrical, optical, etc.) depending on the reference power and the
previously described extrinsic loss factors included in the calculation, e.g. the optical
responsivity can be calculated assuming that all incident radiation power is available for
detection. However, along the way of the radiation coupling into the intrinsic device, the
power is lost due to reflection and attenuation in the lens, later, on the chip substrate,
antenna metals, and the mismatch between the beam and antenna pattern, where the rest
power can be assumed for the calculation of the antenna de-embedded detector parameters.
When all the losses are assumed, including antenna-transistor impedance mismatch and
power transfer loss from the antenna terminal to the gated region of the transistor channel,
then one accounts for the intrinsic detector parameters. These differences are considered in
the next section.

Power Power loss Power losses Power losses
transfer loss due to due to: due to:
(8} from o anter?na' . eantenna eReflection at = Toul
‘% antenna O transistor @ © pattern . O lens surface © Toul
£ terminal to £ impedance © g mismatch g & eAttenuationin 5 INcomMing
+ the active O mismatch 8 <5 Withincident T o5 lens o radiation
< region Q c o beam pattern «»y @ power
g L @ L2 -echipsubstrate 8 o]
"E & eantenna =
< QO metals Q

Fig. 3.4. Responsivity definitions and respective power losses along the coupling path.

In conclusion, the formula derived from the hydrodynamic model under the assumption
of the power loss on the lens, antenna, and in the transistor channel, can be used for the
modeling of device responsivity and extraction of the intrinsic device parameters from the
measured channel resistance characteristics. However, in presence of any additional effects,
such as carrier heating effects, they have to be considered additionally. The more explicit
theoretical description of TeraFETs and the additional thermoelectric effect is given in [45]
and its follow-up work [84].

3.2 State-of-the-art THz detectors

This chapter concentrates on various methods to describe the detector’s parameters,
namely responsivity R and noise-equivalent power (NEP). Depending on the used
characterization technique as well as the goal of the experiment itself, the responsivity and
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the NEP can be defined in various ways. This chapter is dedicated to the newcomers in the
THz detection field as it intentionally summarizes various methods of responsivity and NEP
measurement and calculation. It also shows state-of-the-art THz detector performance
overviewed for various THz detector technologies and categorized for the types of
characterization techniques.

First, to calculate the responsivity one needs to know an incoming THz power and a
detected signal (current or voltage):

Detected signal

= Eq. 9
Radiation power a

Second, the NEP is the ratio between the detector's noise and its responsivity:
Noise density

NEP = Eq. 10
) q

These parameters can be described in various ways and therefore, for the comparison of

detector parameters, the differences in the description must be considered where possible
[85]. Therefore, particular care should be taken for the detailed characterization description.

3.2.1 Proposed NEP definitions

To better understand the differences, let us first investigate Fig. 3.5. The right figure shows
a ring antenna and various ways to describe the antenna area. Physical antenna area Ay, is
defined by the size of the antenna and depicted with the black solid line. The effective
antenna area A = A2D/4m (also called antenna aperture of antenna cross-section) is
smaller than the physical antenna area [76, 86] and describes the area which couples the
radiation the best. Here, D is the antenna directivity and A corresponds to the wavelength.
For the ideal antenna, the effective antenna area equals the physical antenna area Aq =
Aph-

Usually, both the physical as well as effective antenna areas are smaller than the incoming
beam size. The NEP calculation using the total beam size (or the total power) of the used
system is called optical NEP. If the total power is coupled into the detector, the total NEP
definition is used, mostly for the multi-pixel arrays. The total NEP and especially the optical
NEP are the most upper limits of the NEP describing the performance of the complete
detector device before implementation of the read-out electronics.

Optical NEP can be improved by the optimization of two aspects: the detection system as
well as the detector performance. Other parameters, however, do not depend on the setup
as they are normalized to the incoming radiation power on the specified antenna area. The
lower limit of the device NEP performance is the intrinsic NEP which accounts only for the
radiation power coupled into the active detector part (described by Dyakonov and Shur for
the TeraFETs [27]). This parameter is a useful parameter for the comparison of the Dyakonov
and Shur contribution between the electronic devices, however, it is less common for
practical devices, as it excludes the power coupling through the antenna and optical losses

which influence the optical device performance a lot. It should be considered, that some
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devices can also be defined by the electrical NEP which accounts for the power coupled into
the electronic element and in the ideal device it should approach the intrinsic NEP. Table 5.2
describes the summarized description methods:

Table 3.1. Summary of various definitions for NEP calculation.

Name of the characterization | Accounted detector | Accounted power

method area

Intrinsic NEP N/A Power coupled into the active
region of the rectifying
element

Electrical NEP N/A Power coupled into transistor
terminals

De-embedded NEP N/A Power after accounting for

(here includes from optical loss optical and radiation losses

de-embedding to gain de- For gain de-embedding: power

embedding [38]) available at transistor
terminals
Cross-sectional NEP [87] Effective antenna area | Average power or total

(also comparable to pattern
de-embedded NEP in [38])

= Antenna cross-section
= Antenna aperture Aggr

intensity on the area

Cross-sectional NEP

Physical antenna area

Average power or total

(ideal antenna case) Apn intensity on the area
Optical NEP N/A Total power
Total NEP Total beam size or focal | Total power

spot size

The methods shown in Table 3.1 are the most usual characterization methods for the
responsivity and NEP calculation of quasi-optical devices. Considering this, the total NEP is
used in focal plane array (FPA) characterization, where the beam diameter is smaller than the
array size and the total signal is the integral of all the pixels receiving the power. This method
is optimal, as it accounts for the optical NEP with the optimal detector area. Optical NEP
calculation for the single-pixel devices usually accounts for a higher radiation power than the
one which is coupled into the device as the beam diameter is bigger than the diameter of the
antenna (see Fig. 3.5, right).
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Fig. 3.5. Beam profile comparison to the antenna area.

When performing the calculation of the radiation power on the physical and effective
antenna area, the precise calibration of the beam must be assured. The main Gaussian beam
parameters are depicted in Fig. 3.5, left. However, depending on the measurement setup and
simulation tools, various groups use either average radiation power or the integrated power
on the specific detector area which also can give slightly different results. Despite this, it is
still challenging to simulate the directivity of the antenna, especially for the higher THz
frequencies and multi-pixel detectors cases, due to differences in the antenna pattern
between a single pixel and a multi-pixel detector [88]. However, the author would assume
this detector characterization method for the early research stage.

3.2.2 De-embedding procedure for detector comparison

To eliminate the issues associated with the detector performance comparison, the de-
embedding procedure has been introduced [38]. This method is useful for the detector
comparison, as it accounts for the various stages of the radiation coupling into the detector:
incident radiation on the lens, antenna plane, and transistor terminals, etc. Up to now, there
are some uncertainties due to limitations of lens simulation and antenna pattern, or
challenging measurement routines, but some simulation and laboratory-experience-based
de-embedding coefficients can be already considered.
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Despite some uncertainties of the de-embedding procedure, the relevant development
shows it as a promising tool for the easier comparison of the performance of various
detectors which will be helpful for future THz detector development and decision making.

Up to now, the defined gain de-embedding procedure [38] accounts for optical losses,
such as reflection (r5) on the lens-air interface, described by the Fresnel losses

n— 1\2
= ~ 0.3 Eq. 11
s (n+1)

as well as cross-polarization and Gaussicity of the antenna radiation pattern (assuming
Gaussian beam); and antenna radiation efficiency, accounting for the losses on the antenna
and lossy substrate. Additionally, one could account for transistor-antenna impedance
matching to calculate the electrical NEP and electrical losses in the transistor which would
lead to the prediction of the intrinsic NEP. A detailed example of the de-embedding
procedure is described in [38].

3.2.3 State-of-the-art THz detector comparison

The mentioned device parameters are summarized in Table 3.2 and Table 3.3 which show
the room-temperature state-of-the-art detectors for the comparison taken from multiple
review sources [10, 15, 37, 89] as well as other scientific references and commercial web
pages. The reference [90] of Table 3.2 mentions the differences in circuit level of the reported
FET-based detector responsivity and NEP values in various references: biased and unbiased
detector channel, active amplification as well as the video-rate camera operation. For
simplicity only unbiased (or biased at very low bias/current) detectors are included, the
amplification and video-rate operation are explicitly described. All the shown devices work
in uncooled conditions, however, most of them (especially electronic devices) can be
additionally cooled to improve the detector’s sensitivity. References in bold show the
author’s work included in the thesis.

The following Tables Table 3.2 and

Table 3.2 summarizes all the broadband detectors which have the best sensitivity for each
of the technologies, which are divided into thermal (photoacoustic, pyroelectric, and
microbolometer technologies), electronic (FET-based and zero-bias Schottky diode-based
technologies), and others which are less common. The classification of characterization
methods shows some common use of characterization methods for particular technologies.
For example, microbolometer technology provides the characterization of total optical NEP.
The SBDs and FETs use all possible definitions from intrinsic to optical NEP. Pyroelectric
technology shows only optical NEP, whereas other novel technologies presented in the table
usually apply cross-sectional NEP calculation.

The most sensitive broadband technologies are microbolometer, field-effect transistor,

and Schottky-barrier diode technologies. The presented optical NEP was 200 pW/VHz @
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0.5 mA at 0.4 THz for microbolometer detector [32], and 7-100 pW/VHz at 0.1 — 1 THz,
respectively, for zero-bias SBD technology [34]. The presented results on FET technology
were 25-31 pW/VHz at 0.5 — 0.6 THz [37], respectively, and <50 pW/VHz at 0.84 — 1.29 THz
reaching 25 pW/VHz at 1 THz [38]. The graphical representation of state-of-the-art THz
detectors based on the optical NEP characterization method is shown in Fig. 1.3.

As one can see, only the detectors based on the same characterization method can be
used for comparison. However, for some definitions, such as cross-sectional NEP, the values
can differ by a few times between the presented values, depending on the chosen detector
area [76]. One example of the publication which can be the most useful for detector
comparison is [38], showing optical, gain de-embedded, and electrical NEP of the detector.

Table 3.3 show the main THz detector technologies and the published state-of-the-art
values which were obtained using various characterization methods. Table 3.2 and Table 3.3
were summarized only into a few relevant cases for comparison purposes. Both tables aim:

e to summarize state-of-the-art THz detectors,

e to classify the characterization methods of THz detectors,

e to show the most common methods for the main technologies,

e to compare the performance of detectors presented in this work with other THz
detectors of the same or different detector technology,

e to compare resonant and broadband detectors in separate tables, as resonant
detectors are usually more sensitive due to a better antenna matching for
narrowband frequency range (discussed in Section 6.1.2),

e to raise the importance of the description of used methods leading to proper
detector comparison.

Table 3.2. Broadband room-temperature THz detectors and their state-of-the-art

performance.
_— . ... |Modu-

Refe- Type/ Radiation | Frequency NEP Responsivity| Characterization lation
rence| Technology coupling [THz] [PW/VHz] | [kV/W] method [Hz]

Thermal

Photo-

acoustic

Thomas D>30 mm 5E6 8.6E-44 Ohmic heating®; |10 —
[33]¢ |[Keating aperture 0.03 —3+ |(typical) [(internal); |Optical NEP 50

¢ Commercially available device
¢ Ohmic heating of an internal metal film for the calibration of internal responsivity [91].
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Refe- Type/ Radiation | Frequency NEP Responsivity| Characterization l::::):-
rence| Technology coupling [THz] [PW/VHz] | [kV/W] method [Hz]
3.7E-4¢
(optical)
D=6mm 100 - Optical NEP, 10-
[22]¢ |Golay cell |aperture 0.04-20 (1000 100 incl. amplifier |20
Pyroelectric
Winston
cone
Pyro- D=15mm 440- 18.3-5.6"  |Optical NEP, 10—
[21]¢ |electric <20 1250f G = 20-200f 320
Pyro- D=10 mm Optical NEP,
[19]¢ |electric aperture 01-3 1.4E5 N/A8 incl. amplifier  |<50
uBolo-
meters
HRFZ-Si
window film 16.5, Total NEP of the
and optical 14.40i integrated
[20]¢ [Vox objective 2.54,4.25 |(30fr./s) |N/A system! 30
A/4 cavity
with crossed Total NEP of the
bow-tie 6 integrated
[30]¢ |a-Si antenna 2.5 (25 fr./s) |12.6 system! 25
Spiral Cross-sectional
[92] |AlGaN/GaN |antenna 2.55 5000k N/AX NEP 1E3
Spiral
antenna + 200 @ 0.1 5E3 -
[32] |YBCO lens 0.4 0.5mA |@ 0.5mA |Optical NEP 7E3
Spiral
antenna + 50@1 [|005@1
[93] |YBCO lens 0.4 mA mA Intrinsic NEP 1E5

4 GUF data: internal responsivity was calibrated, optical responsivity — calculated at 0.5 THz
fCorresponding the given modulation frequency range

& =1.5E-3 mA/W

" Estimated: NEP = MDP/./frrame

i Corresponding the given THz frequency
j Pixel, ROIC, electronics, etc.
k Noise estimated at Vds = 2 mA, responsivity estimated to be 40 mA/W at Vds = 8 mA

29




Modu-

Refe- Type/ Radiation | Frequency NEP Responsivity| Characterization lation
rence| Technology coupling [THz] [PW/VHz] | [kV/W] method [Hz]
Log-spiral + 1.6E-3 Optical
[94] |PBCO lens 0.65 N/A @ 0.5 mA |responsivity 1E4
Log-spiral + 152 @ 0.033 Measured
[94] |PBCO lens 0.65 0.5mA |@ 0.5 mA |[intrinsic NEP 1E4
Electronic
Zero-bias
SBDs
Measured
intrinsic NEP;
Embedded
ErAs: Log-periodic 0.88; antenna loss to
[25] |InAlGaAs +lens + LNA |0.104 1.4 6.8' intrinsic NEP N/A
Log-spiral
antenna with 8E3,
amplifier + max.
[34]° |N/A lens 01-1 7-100 |25-2 Optical NEP 1E6
0.1-0.45 THz
with lens;
0.6-0.9 THz Max.
[23]° [N/A with horn 01-1 45-115 (0.1-0.25 |N/A 4E10
FETs
Bow-tie
AlGaN/GaN |antenna + 790.4 DC-
[37]1° HEMT lens 0.5-0.6 [25—-31 |@ 0.5THz |Optical NEP 12.2+
AlGaN/GaN |Differential
[39] |HEMT dipole + lens [0.7—-0.9 [30-50 |N/A Optical NEP N/A
Differential
65-nm ring antenna [0.79 — 100 @ 140 Cross-sectional
[90] |CMOS +lens 0.96 0.86 THz |@ 0.86 THz |NEP 1E3
65-nm Folded 66 @ Cross-sectional
[95] |CMOS dipole 0.66-1 |1THz N/A NEP 1E3
Bow-tie
90-nm antenna + 0.22 DC-
[40]° |[CMOS lens 06-1.5 [48-70 |@ 0.6 THz |Optical NEP 888+

| Calculated from published data
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Modu-

Refe- Type/ Radiation | Frequency NEP Responsivity| Characterization lation
rence| Technology coupling [THz] [PW/VHz] | [kV/W] method [Hz]
1, Optical NEP;
Biquad 0.85-1.3;(25,<50; |0.46,0.76; |Gain de-
65-nm antenna + 1; 9.6; N/A; embedded NEP;
[38]° |ICMOS lens 1 6.2 N/A Electrical NEP  |7777
Bow-tie
antenna + 33 -
[43] |GFET lens 0.6 515 0.014 Optical NEP 33E3
Bow-tie
antenna +
[42] |GFET lens 0.4 130 0.074 Optical NEP 333
Others
Thermo- Full-wave Cross-sectional
[96] |couple dipole 0.812 130 N/A NEP 1E3
Diode in
130-nm Patch Cross-sectional
[97] |CMOS antenna 0.823 36.2 2.56 NEP 1E6
NW-based |Bow-tie Cross-sectional
[98] |[FET antenna 1.63 629 0.11 NEP™" N/A
Butterfly- 0.5-0.25°
shaped slot 850 @ 0.6 Total optical
[44] |HBD antenna 06-1 0.7THz |@ 0.7 THz |NEP N/A
Ballistic Bow-tie Cross-sectional
[85] |rectifier antenna 0.1 35 (50°) |0.4° NEP° N/A

Table 3.2 summarizes all the broadband detectors which have the best sensitivity for each

of the technologies, which are divided into thermal (photoacoustic, pyroelectric, and

microbolometer technologies), electronic (FET-based and zero-bias Schottky diode-based

technologies), and others which are less common. The classification of characterization

methods shows some common use of characterization methods for particular technologies.

For example, microbolometer technology provides the characterization of total optical NEP.

The SBDs and FETs use all possible definitions from intrinsic to optical NEP. Pyroelectric

™ Partially de-embedded NEP

" Small Vas is applied

° Approximate values are taken from the presented graphs as the nominal value is doubtful due to standing
wave pattern in the setup
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technology shows only optical NEP, whereas other novel technologies presented in the table
usually apply cross-sectional NEP calculation.

The most sensitive broadband technologies are microbolometer, field-effect transistor,
and Schottky-barrier diode technologies. The presented optical NEP was 200 pW/VHz @
0.5 mA at 0.4 THz for microbolometer detector [32], and 7-100 pW/VHz at 0.1 — 1 THz,
respectively, for zero-bias SBD technology [34]. The presented results on FET technology
were 25-31 pW/VHz at 0.5 — 0.6 THz [37], respectively, and <50 pW/VHz at 0.84 — 1.29 THz
reaching 25 pW/VHz at 1 THz [38]. The graphical representation of state-of-the-art THz
detectors based on the optical NEP characterization method is shown in Fig. 1.3.

As one can see, only the detectors based on the same characterization method can be
used for comparison. However, for some definitions, such as cross-sectional NEP, the values
can differ by a few times between the presented values, depending on the chosen detector
area [76]. One example of the publication which can be the most useful for detector
comparison is [38], showing optical, gain de-embedded, and electrical NEP of the detector.

Table 3.3. Narrow-band room-temperature THz detectors and their state-of-the-art

performance.
Type/ Respon- Modu-
Refe-| Techno- | Antenna | Frequency NEP sivity Characterization| lation
rence| logy type [THz] [pPW/VHz] [kv/W] method [Hz]
FETs
Slot with Optical NEP;
[35, |90-nm dipoles + |0.3; 19; 0.5; Optical NEP, incl.|DC —
36]° |CMOS lens 0.3 20.8 55 LNA G =40.8 dB |2E5
Cross-sectional
250-nm |Slot NEP, incl. LNA of |75 —
[99] |CMOS antenna 0.3 320 2.3 G=46dB 2025
65-nm Dipole Cross-sectional
[87] |CMOS antenna 0.63 13.6 2.8 NEP N/A
90-nm Patch Cross-sectional
[87] |CMOS antenna 0.63 10 2.55 NEP N/A
90-nm Patch Cross-sectional
[15]° |CMOS antenna 4.75 404 0.075 NEP 331
63, 0.336,
90-nm Patch 2.52,3.11, |85, 0.308, Cross-sectional
[100] |ICMOS antenna 4.25 110 0.230 NEP ~1E3
P This work
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Type/ Respon- Modu-
Refe-| Techno- | Antenna | Frequency NEP sivity Characterization| lation
rence| logy type [THz] [pW/VHz] [kv/W] method [Hz]
Folded-
65-nm dipole
SOl antenna + Cross-sectional
[86] |[NMOS |lens 0.65 17 1.93 NEP 1E3
Power on a
physical 3-mm
lens area
Ring excluding the
65-nm  |antenna + power loss on
[101] |CMOS lens 0.724 14 2.2 lens-air interface|200
Bipolar
transistor
Octagonal Cross-sectional |5E3
130-nm |loop NEP, incl. LNA of |(up to
[102] |SiGe antenna 0.26 7.9-8.8 2.6 G=37-55.7dB |1E5)
Dipole
130-nm |antenna + Measured
[89] |[SiGe WR3.4 0.315 21.2 6.1 electrical NEP  |2E4
Folded-
dipole
[1] |SiGe antenna 0.645 30 0.85 N/A 1E3
HBDs4
Folded-
dipole De-embedded
antenna + NEP for optical
[103] |SiGe lens 0.170 2.14 ~3.5 losses N/A
Folded-
dipole
antenna + Measured
[104] |Sb lens 0.1 0.18 9.8 electrical NEP N/A
SBDs
9.5, 2.8,
0.06 - 0.09,[11, 2.4, Optical (total)
[23]° [N/A Waveguide [0.09 —0.14, 11, 2.4, NEP N/A

9 Heterostructure Backward Diodes
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Type/ Respon- Modu-
Refe-| Techno- | Antenna | Frequency NEP sivity Characterization| lation
rence| logy type [THz] [pW/VHz] [kv/W] method [Hz]
0.14 - 0.22,/12, 2.2,
0.22-0.33,|7.2, 1.6,
0.33 - 0.5,/11.4, 1
0.5-0.75, |15.2, 0.75,
0.75-1.1, |113.7 0.1
1.1-1.7
130-nm |Patch 0.283, 29, 0.323, Cross-sectional
[41] |CMOS antenna 0.86 32 0.355 NEP 1E6
430 @ 10— |0.383 @ 10
130-nm |Patch 20 nA; —20nA; Cross-sectional
[76] |CMOS antenna 4.92 4920 as ZBD|0.38 as ZBD |NEP 300
Square
spiral +
cylindrical
[105] |InGaAs |lens 0.25 106.6 0.0985 Optical NEP' <3E4
Long-wire
[75] |GaAs antenna 2.54 N/A 0.06 Optical NEP 1E5
Others
NbsNe Dipole
uBolo- antenna + 320 @
[31] |meter lens 0.24 30.8' 0.19 mA Optical NEP 4E3
Wires +
contact 0.026 @ Optical
[106] |InP HEMT |pads 0.292 N/A Vgs=2 mV |responsivity N/A
Asymmetric
metal
grating Cross-sectional
[106] |InP HEMT |gate 1 15 2.2 NEP 117
Thermo- |Dipole Cross-sectional |40 —
[107] |couple |antenna 0.812 170 0.026 NEP 12.5E3

The narrowband devices are mainly based on electronic technologies, such as SBDs,

Heterostructure Backward Diodes (HBDs), FETs, and bipolar transistors. However, there are

also thermal and electrical devices using rather unusual radiation coupling. All the devices

" Characterized at single frequency
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use either a narrowband antenna or a waveguide coupling, which limits the detector
bandwidth. The main characterization methods for the narrowband devices are cross-
sectional and optical NEP. However, the mismatch in the frequency range between detectors
can be anissue for the comparison of the detector performance, as the detector performance
depends on frequency.

Comparison of the NEP performance between Table 3.2 and Table 3.3 shows that the
narrowband detectors are expected to be a few times better than any broadband detector.
Therefore, it is a good practice to compare broadband detectors with broadband ones, and
resonant detectors with resonant ones. For comparison, this aspect will be graphically
addressed in Section 6.1.2. The HBDs showed in Table 3.3 present outstanding NEP
performance values, however, they cannot be compared to any other technology as both
HBDs use completely different characterization methods than the most common ones.

However, for the precise comparison, one has to take it into account, that e.g. cross-
sectional NEP definition here accounts for both, effective as well as physical antenna areas
that are not equal [76]. The optical NEP can be comparable to the total NEP, as the total NEP
is the ideal case of the setup optimization for the optical NEP characterization. The details on
the characterization of the best optical NEP values for the TeraFET detectors are presented
in Section 6.1.2. The comparison to other THz detector technologies using a comparable
characterization method is given in Section 1.2.
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4. From design to the functioning device
4.1 TeraFET technologies

The previous chapter showed many TeraFET technologies used for THz detection. This
chapter summarizes the pros and cons of each TeraFET technology used in this work. It is
important to point out that each technology has its usage depending on the application.

4.1.1 Novel graphene FET technology

Considering the applied technologies, a graphene monolayer transistor as a laboratory-
developed FET technology was used for THz sensors (GFETs). The GFETs were fabricated at
Chalmers University of Technology [43]. They are based on a single-carbon-atom-thick
monolayer which theoretically provides a very high carrier velocity up to 1/300 of the speed
of light. However, in practice, the carrier velocity depends on the materials supporting the
monolayer and how the electronic device is designed. The technology is relatively new: the
first publication on graphene exfoliation was presented in 2004 [108], the first integrated
circuit solution —in 2011 [109].

However, considering the novelty of graphene flakes, it is either expensive or cannot
provide a high material quality for a high rate of repeatability of electrical parameters
between the fabricated electronic elements. Therefore, this technology is less useful for
multi-pixel array production. It is also very sensitive to electrostatic discharge and therefore
lacks robustness. However, due to the simplicity of the epitaxy and unique material
properties, this technology is of use for theoretical predictions and a better understanding of
physical phenomena [18, 84].

This work presents plasma (or carrier density) wave microscopy using an s-SNOM
technique on graphene-based FET that was specifically designed with the plane graphene
layer on top of the gate oxide [18, 110]. This design enabled us to scope the electrical features
on the transistor channel (graphene layer) under incident THz radiation which is presented
in the last chapter of this Thesis. Our standard approach for THz detectors based on graphene
monolayers has been presented earlier in [77, 111, 112] and showed the influence of
thermoelectric effects on TeraFET detection as well as various stability issues of the novel
technology transistors.

4.1.2 AlGaN/GaN HEMT technology for high power electronics

AlGaN/GaN HEMTs are fabricated using a commercial 1ll/V group semiconductor
technology based on MMIC (monolithic microwave integrated circuit) process on SiC
substrate, which is a well-developed technology at Ferdinand Braun Institute, Leibniz-Institut
flr Hochstfrequenztechnik (FBH) in Berlin [113].

36



This technology overcomes some technological challenges of a well-known commercial
CMOS process. The AlIGaN/GaN HEMT technology is IlI/V group semiconductor technology
which has a higher carrier saturation velocity, mobility, and breakdown voltage than the
CMOS technology. It is also robust in harsh environments such as space applications where
ionizing radiation can break the semiconductor structure [114]. The lower sheet resistance
(400 — 600 Q/sq) allows a better impedance matching to the antenna. However, this
technology does not reach the physical node limit of the CMOS technology, which could
assure a better plasma wave screening by the gate electrode which influences free carriers
in the channel [115]. AIGaN/GaN HEMT technology can also be used for multi-pixel array
fabrication and assure a wide range of variable parameters to choose from in order to
optimize the detector performance.

4.1.3 Commercial CMOS technology

CMOS — complementary metal-oxide-silicon technology is a commercially available and
most usual semiconductor technology used for computer components based on various
integrated circuits (ICs) and digital logic circuits as well as analog circuits, for example,
communication systems, data converters, image sensors, or radio-frequency (RF) circuits.

Due to various applications and high-volume factory production, the important
technological parameters are well defined and therefore the functionality of the elements
can be easily modeled for standard applications. This commercial technology reaches low
node numbers as the lower is the node, the faster is the functional element which is
important for further computer development. This technology also provides high functional
integration possibility which is important for future prototyping and mass production [21,
42]. However, due to a low breakdown voltage, it is sensitive to a high electrostatic discharge.
Furthermore, the modeling in the THz domain, above the transistor cut-off frequency, is still
challenging. The foundry models do not necessarily agree with some physical models
specified for the frequency range of interest [40] far beyond the fr and fmax of the transistor.

For the experiments presented in this work, mainly NMOS transistors on 65-nm and 90-
nm technologies were used which were mostly fabricated by TSMC (Taiwan Semiconductor
Manufacturing Company) process. Detector design was developed by colleagues at J.W.
Goethe University Frankfurt in collaboration with Vilnius University and Universidad
Politecnica de Madrid.

4.2 Detector chip implementation for THz detection

Once the design according to the simulation tools and modeling is fulfilled in the chosen
TeraFET technology, it has to be built-in into a detector module and characterized. Therefore,
this section presents the common assembling method of a single-pixel detector and its
configuration for the cryogenic and multi-pixel detector design.
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4.2.1 Single-pixel detector module

The produced chip with TeraFETs must be first fixed to the PCB and connected electrically.
It can be done either using flip-chip technology or simply using a carrier substrate that can
be glued to the PCB and carry the chip and then bonded. For the latter method, the epoxy
glue from EPO-TEK® is used. The PCB contains the electrical contacts for the input and output
signals which are used for electrical characterization. This set can be already used for the
electrical characterization, however, for better noise characteristics an additional electrical
shielding is preferred.

For the optical characterization, the lens is placed in a conical lens holder assuring the lens
position to be along the optical axis of the setup. For this purpose, the lens holder is adapted
to the Thorlabs 60-mm-cage or 30-mm-cage system. For detector alignment along the optical
axis and precise focusing of the antenna into the beam, the detector PCB is built into the
optomechanical x-y translation stage. Depending on the system requirements, various types
of PCB holders were designed. In such a configuration, the detector chip can be moved along
the plane of the silicon lens and therefore various detectors can be exploited on a single chip.

For the small-signal detection, the detector is enclosed in a metal case which protects the
detection signal from the ambient noise sources. The complete detector module is depicted
in Fig. 4.1. From right to left you can see the metallic lens holder, the lens, the PCB with
electrical contacts, PCB holder, and x-y translation stage which are all fixed in the 30-mm-
cage system and enclosed in a metallic box. The electrical connections can be easily installed
at the back cover of the enclosure (not shown).

Fig. 4.1. Detector module.

Once the detector is characterized, it can be used for specific applications either as it is or
after additional readout implementation. For example, a low-noise amplifier stage can be
implemented to reduce the influence of the measurement system noise or increase the
amplitude of the detected signal [15, 35, 46]. The characterized design can be also
implemented for a multi-pixel array application by simply repeating the detector’s design in
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a suitable-size matrix. Both readout implementations, for single-pixel signal amplification as
well for the multi-pixel array readout, are discussed in Section 6.2.2 Reconfigurable aperture
multi-pixel array.

From 2016 to 2020, various implementations of the detector module were created
starting with the 60-mm-cage system presented in [37], followed by the 30-mm-cage system
which was suitable for the cryogenic characterization. Later, the detector module has been
made even smaller so that the detectors reach the compact size suitable for applications with
space constraints as well as commercialization. All the configurations have four degrees of
freedom (x, y, z axes, and rotation in the polarization plane) which assures the optimal
alignment in each optical setup.

4.2.2 Cryogenic system

Due to space limitations and the requirement of a good thermal conductivity towards the
sample, a cryogenic system was built. The detector module was reconfigured to fit the cooling
setup. The laboratory-built setup was based on an Oxford Instruments system which was
reconfigured for the measurements of TeraFET based detector. The cooling rod of the original
cryostat was cut off. Therefore, the cryogenic finger extension suitable for the experiment
was designed. The outer shield was replaced by the designed parts with more space available
for the detector module. The electrical wires were replaced to measure the temperature at
two points of the cryogenic system and to characterize the tree-terminal device.

Fig. 4.2. In-house-made cryogenic system for TeraFET characterization. Left: dimensions
of the system. Center: thermo-optomechanical system. Right: two designs of cryogenic finger
extension. The dots show the temperature monitoring spots.
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Fig. 4.2 shows the implemented cryogenic system. The optical cryostat design is shown at
the left. The optomechanical system in contact with the cryogenic finger through the
cryogenic finger extension is shown in the center of Fig. 4.2. The heat transfer proceeds
through the designed cooper cold-finger adapter (depicted on the right top picture) goes
towards the cooper lens holder (the only available thermal connection) which is designed
with a special cone, repeating the lens surface curvature to assure a better thermal contact.
Through the lens, heat is transferred to the Si wafer on which TeraFETs are glued. The THz
beam goes through a Teflon window containing an 8-deg difference between the inner and
outer planes to avoid the Fabry-Perot effect in the window. The sample holder is fixed to the
front cryostat wall. Total space for the detector in the cryogenic chamber is enclosed in a
space of 80 mm in diameter and 66.4 mm in length along the optical axes of a detector.

The focusing procedure is the same as in the room-temperature experiments. The sample
is focused in ambient conditions and then the cryogenic system is closed to create a vacuum
environment and later cool down the system to liquid nitrogen temperature (77 K).

As the detector must be cooled down, two designs of cryogenic finger extension were
fabricated. Both are shown on the right of Fig. 4.2. The upper one assures perfect mechanical
stability, as the lens holder moves in the plane parallel to the extension and keeps the lens in
the same position assuring a good thermal contact between the lens holder and cryogenic
finger extension. The lower one is made for an optimized thermal capacity and volume of the
detector module. In this case, the lens must be glued to the optical axis on the detector PCB
before the experiment and inserted into the cryogenic finger extension. In both cases, the
optomechanical system, except for the cryogenic finger extension, is fixed to the front wall
of the cryostat via thermally isolating rods to keep the detector and the lens in the optical
axis during the whole experiment. The temperature is measured in real-time with PT100
thermal resistors built into the cold finger at two spots shown with the dots in the center
picture of Fig. 4.2.

4.2.3 Multiple-pixel design with readout

To explore the camera applications, two reconfigurable arrays were designed and built:
one on CMOS (designed by A. Lisauskas) and another one on AlGaN/GaN HEMT technology
(designed by A. Ramer). CMOS detector is targeted to 4.75 THz frequency and AlGaN/GaN
was designed for a broadband performance below 1 THz. The design of a multi-pixel array is
rather simple: the chosen pixel design is repeated in the desired matrix and all the transistors
of one column are connected in parallel and are pinched off for OFF condition. The rows share
the same gate. Therefore, it is possible to turn on single pixels one by one, or a matrix of the
preferred size. The use of both options is presented in section 6.2.2 Reconfigurable aperture
multi-pixel array.

The implemented readout circuit is presented in Fig. 4.3. All the source contacts are
connected to the ground. Gates and drains are controlled by the Arduino Nano via
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Multiplexers/Demultiplexers. Two gate voltages are provided —the working point voltage and
the pinch-off voltage. The induced camera output signal is amplified using a low-noise
amplifier and then recorded in the computer via the LabView program.
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Fig. 4.3. Multi-pixel camera array read-out scheme.

To reduce the ambient noise, the chip with the readout electronics is placed in a shielding
box, shown in Fig. 4.4. The customized enclosure contains a hyper-hemispherical lens holder
and a USB connection for data communication. The camera can be placed in the optical axis
due to the adapter ring which is designed for Thorlabs x-y translation stage and 60-mm or
30-mm cage system. This device design is optimized for simple laboratory use and due to
serial-peripheral interface (SPI), it can be easily adapted for a higher number of pixels.
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Fig. 4.4. Camera enclosure with a lens holder and USB connection.

The developed multi-pixel array-based THz camera has a broadband performance of up to
1 THz. The same readout circuit is also implemented for a 6x7 pixel CMOS camera designed
to meet 4.25 THz frequency. The camera was used for testing purposes of a multi-pixel array
design, whereas further implementation assures a higher number of pixels and a faster
readout scheme.

This implementation of the camera reaches better sensitivity than a commercial
TeraSense camera, however, it is still inferior to the commercial solutions in the number of
pixels. Despite this, the camera can be used for THz source imaging and other applications
which are shown in Section 6.2.2.
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5. NEP calibration and enhancement of TeraFET detectors

This chapter is dedicated to a brief description of the techniques used to characterize the
FET-based THz detectors. As usual for TeraFETs, the main characteristics of interest were the
electrical transistor characterization [15, 47] and the optical device characterization [45, 46]
at room and cold temperatures [51, 116]. However, this chapter additionally overviews the
detector resistance stability issues for various technologies and gives a detailed study on
electrical noise fluctuations in TeraFETs which was briefly presented in [77].

The optical detector calibration technique presented in [37] was recently extended for a
broadband FET optical calibration over a spectral range of TeraScan 1550 transmitter which
is also presented in this chapter as well as in [38]. This technique was proven using another
calibration technique of passive black body detection (presented in Chapter 6.4 and in [48]).

The cryogenic optical characterization on long-term AlGaN/GaN HEMT detector
development shows the NEP performance enhancement at cryogenic temperatures. It
depends on various epitaxies which were implemented during the development of FET-based
THz detectors.

5.1 Electrical characterization

Electrical characterization shows the quality of the production, issues with the material
system, or differences between the simulated and produced electronic element and the
limitation by noise sources [98]. During the development of TeraFET detectors, all these
conditions were experienced showing the importance to prove the repeatability of trivial
measurements, such as noise or channel resistance measurement. An overseen
measurement information might lead to a wrong conclusion for the more complex
measurements as well.

The most important characteristics for TeraFETs would be the channel resistance or
current I4(Vg), the gate leakage current Ig(V;), and the noise. As it was discussed before, the
resistance shows the expected optical responsivity behavior. It is also a measure of the
thermal noise which is the main noise source limiting the best detector performance where
the second might be the leak current caused shot noise. The resistance measurements show
the stability of the detector behavior as the resistance might change depending on the
ambient conditions. Realization of these changes can help to further develop TeraFET
technologies.

The described aspects are discussed in this section for three different material systems:
(a) foundry CMOS technology; (b) GaN HEMT technology for high power electronics, and (c)
research-facility fabrication of graphene TeraFETs. All the presented know-how gained via
electrical characterization was used in this and the following chapters, especially for the
optical calibration, cooling experiments, reconfigurable array, and near field imaging of
TeraFETs.
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5.1.1 Resistance measurements and stability issues

During the development of this work, electrical characterization was undertaken for
hundreds of transistors. This section overviews the main differences of the electrical
characteristics of various transistors and some important methods for it developed during
the last years.

—
o
[}
T

—
o
&,
T

104 F

Channel resistance, Q

10%

2 1 1 1
10 -3 -2 -1 0 1

Gate voltage, V

Fig. 5.1. Channel resistances of used detectors.

Fig. 5.1. shows the usual resistances of transistors in the used AlGaN/GaN and CMOS
technologies. The CMOS technology is stable and therefore the resistances of the same
technology are in good agreement. Therefore, this graph depicts 65-nm and 90-nm
technology low-threshold-voltage transistor channel resistance. AIGaN/GaN HEMTs do differ
between various technologies as well as within the same technology. The graph shows three
resistances of the transistors which are presented in this work in most detail as they reach
the best optical performance. GNQ transistors had lower threshold voltage whereas the GMX
technology runs have the threshold voltage lower than -1.5 V. For AlGaN/GaN detectors
slight variations in the resistance are expected even between the same technology transistors
as shown in Fig. 5.2.

The resistance measurements presented in this work use an average of the channel
current /4(Vg) measurements at Vg = £10 mV as shown in Fig. 5.2., left. GNQ B2 device shows
a good resistance agreement between the two lines expressing positive and negative channel
bias conditions. In opposite, the resistance curves of the device GNQ C4 indicate unusual
transistor behavior. It can be proven via gate leakage measurements /4(Vg) as shown in Fig.
5.2, right. The GNQ C4 device has three orders of magnitude higher gate leakage current than
the GNQ B2 and therefore shows the need for design reconsideration. For some technologies,
such as GFET or AlGaN/GaN, technological parameters are very important as they change the
behavior of transistor channel resistance or gate leak current. As an example, the leakage
current of GMX 23 epitaxy is depicted which shows a different dependency on gate voltage
than the epitaxy called GNQ.
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Fig. 5.2. Channel resistances (left) and gate current (right) at various technologies.

Since the resistance curve directly relates to the thermal noise and the optical responsivity
of the detector, two aspects should be considered, namely, the stability of the channel
resistance and the possible issues caused by resistance instability for the studied material
system. Here are some important aspects presented which had to be considered before the
detector performance analysis of the detectors used in this work.

GM¥23-03 GMX23-03
s Al U =26V, U=5nv — V=26V
" ?ﬁ'ww 107 ————___Q
U226V, U =5my %
s G247
)Fﬂ_ﬂ__,_;—__w
& il g [T 022 ——
9, 10¢ —— U =E5mV| =, B L1 &%M‘
X ST U =M =8 R L
Us24V N Tedortug
S| iU =20V M
10™
U=22v NWW
T=20v e e
10° = - _ _ _
10?2 10" 10° 10' 10° 10% 10" 10° 10' 10°
t(s) t(s)
10° =15V PR S~ ] UTEV
e o i R 107 ] ERTIS 1 e e S
U=18v T o e e
_ | e Eﬁ T
%ﬂ sy -~
10 e —
s i
GNQ-02-04 — U0V iy
= Ad _ Uesisv 0 =10V it
G =T A e e e o
x g =08y e e Ly
10¢ b= ' EW%W
10° ] =
W12V L yeae
Yty L5V GNQ-02-04
i e e _ —u=05v| A
102 107 10° 10’ 10° " 107 10° 10" 107

t(s) t(s)

Fig. 5.3. Comparison of the carrier trapping effect in GMX23 and GNQ runs.
45



The first aspect is transient effects caused by charge trapping-like mechanisms which
caused time-dependent resistance change in AlIGaN/GaN HEMTs and graphene FETs [117,
118]. The second aspect refers to the gate leakage currents leading to some AlGaN/GaN
transistor designs which led to a misleading result of the resistance measurement as well as
the access noise additionally to the thermal noise [77]. The third is based on carrier
generation in an indirect CMOS semiconductor at laboratory ambient illumination.

All these issues can be solved as soon as they are recognized. For example, with the
changes in AlIGaN/GaN HEMT epitaxy or design, e.g. the issues on gate leakage current and
carrier trapping on Fe doping layer of the GaN buffer were solved. This can be done only due
to the tight collaboration with Ferdinand-Braun Institute for high-frequency electronics (FBH)
which has developed the AIGaN/GaN HEMT technology and can make some changes on it as
well. The comparison of the difference of the trapping effect in GMX23 and GNQ runs is
shown in Fig. 5.3.

The resistance instability issues found in CMOS-based detectors can be easily solved by
enclosing the detector in a box which is the case for any out of the laboratory application.
However, not all CMOS technologies show this issue. The latter issue on carrier absorption
by the 17 nm thick Al,O3 gate oxide layer of graphene FETs was solved by the implementation
of a vacuum chamber for current annealing and heating of a FET. The study used comparably
low current and temperature up to 80 °C and was presented in [111]. The annealing
procedure enables comparably good control of the resistance stability [111], however, only
for the time until GFETs are again exposed to ambient conditions.
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Fig. 5.4. Graphene FET resistance hysteresis stabilization by current annealing at 353 K
temperature in vacuum conditions. Author’s work, adapted from [77] IEEE Xplore under ©
2017, IEEE.
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The GFET characterization setup is based on the vacuum chamber with a transparent high-
density polyethylene (HDPE) window for optical characterization. The setup uses a standard
optical characterization module [37] with two 16 W Peltier elements next to the lens holder
applying the considered temperature on the detector. The experiments show good GFET
resistance stability after heating up to 80 °C and current annealing with 0.3 mA current for at
least 5 minutes.

The stability of the GFET plays an important role in the better understanding of the
fundamental laws. Therefore, this know-how was used in the s-SNOM experiment in the
FELBE facility [18], however, without the possibility to implement an annealing procedure on
site.

5.1.2 Noise characterization in various material systems

In the publications on FET-based detectors, most of the time it is assumed that the
unbiased transistor channel noise is limited only by the thermal noise of channel resistance.
However, the noise measurements must be conducted for each new technology to make sure
that the theory is valid for that material system and used technology run. To this end, the
noise experiments were conducted on all three material systems. Most of the conducted
experiments were presented in [77] as well as [15, 38, 46, 48, 119, 120]. This section presents
the experimental noise study in more detail.

5.1.2.1 Noise measurements using noise measurement setup

To support the statements of the introduction of section 5.1.2, the noise experiments
were conducted at Vilnius University in the Noise laboratory which has been built in a Faraday
cage, and therefore, it is shielded from the electromagnetic radiation coming from outside
the laboratory. Additionally, the noise measurement setup is shielded as well. And the
measurement equipment used in the setup (especially, a self-made low-noise amplifier
providing <4 nV/VHz input voltage noise) is specifically designed for the low noise
characterization of various electronics devices.

The setup for the channel noise measurements is described in Fig. 1 of [121]. The only
difference in our experiment was an additional gate bias provided by an external power
source for the tuning of the channel resistance as FET is a three-terminal device. All the
characterized transistors were unbiased — there was no drain-source bias applied on the
channel. The resistance of the channel was shifted applying gate-source voltage. Fig. 5.5
shows the spectral voltage noise density. The thermal noise is dominant over the whole
frequency range. It can be seen that well above the threshold voltage, at -2.9 V and more,
where the resistance of the channel is the highest, 1/f noise starts dominating. All the peaks
in the spectrum correspond to 50 Hz signal harmonics from the utility power network supply.
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Fig. 5.5. Spectral voltage noise density of the GMX23 run of AlIGaN/GaN HEMT.

To explore the difference of AlIGaN/GaN HEMT epitaxy variations, noise spectral density
was measured also for GNQ epitaxy. The experiment resolves that the 1/f noise does not
show up in the whole gate voltage range for the GNQ technology run. From the measured
data, the values corresponding to the thermal noise were collected, in this case, at
frequencies before the roll-off. The right graph shows the measured voltage noise density at
the corresponding channel resistance of the same gate-source voltage. All the values spread
along the dashed line depicting the thermal noise calculation.

10 : 101 T T
GNQ_B4 — 39 GNQO02-04

10 b 10°1°
3 <
= =
o %)
(%]
107 | 107
. i
100 10»17 ml | |
10° 104 10°
R(Q)

Fig. 5.6. Spectral voltage noise density of the GNQ run of AlGaN/GaN HEMT (left) and
comparison with the resistance of all the detectors on the chip (right).

This experiment led to the observation of the carrier trapping effects in AlIGaN/GaN HEMTs
which were shown in the previous section 5.1.1 and presented in [77]. The analogous
experiment has been conducted on GFETs which is presented in the same publication and
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shows the need to measure the resistance hysteresis before and after the measurement
which took only a couple of minutes in this case. This was enough time under applied bias
voltage to shift the resistance curve (the experiment was conducted in a shielded-laboratory
environment). The graph at the right shows the noise spectral density dependency on the
channel resistance, which agrees well with the thermal noise approximation.

The summary of all the technologies based on the same measurement procedure is shown
in the following graph. All the data points are lined up along the thermal noise approximation.
The data excludes the data points which show the changes of the transistor resistance
(hysteresis), as for AlIGaN/GaN HEMTs [77].
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Fig. 5.7. Spectral noise density of three mentioned material systems: AlGaN/GaN HEMT,
graphene FET, and silicon NMOS. The data is compared to the fundamental thermal noise
(dashed line). Author’s work, adapted from [77] IEEE Xplore under © 2017, |IEEE.

The conducted study on the noise of the TeraFETs opened some important aspects, such
as the change of the resistance during or between a few tests of the same measurement. This
observation led to the improvement of the measurement setup as some ideas on resistance
measurements were implemented after finding out about the hysteresis of the resistance.
Resistance stability is of high importance as it serves for the extraction of the intrinsic FET
parameters and sensitivity or NEP prediction, as well for the future development of the
detector design as it allows a better prediction for the impedance matching.

5.1.2.2 Noise characterization in standard laboratory conditions

The data presented in the previous chapter was measured using a noise measurement
experiment conducted in a Faraday-cage environment assuring that no ambient noise
influences the measurement.

In this section, various measurement techniques are discussed. The techniques were used
for detector characterization in different laboratories which were not specifically built for the
noise characterizations of the devices. Usually, in a standard laboratory environment,
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ambient noise or even high-power equipment in other laboratories can limit the actual
sensitivity range due to the increase of the noise level. Some common issues are presented
here, such as lack of shielding, optical noise addition, as well as a non-trivial task to build the
noise measurement setup with the equipment of the optical laboratory.

a. Noise pick-up using pulsed optical systems

During the experiments in a non-shielded environment, three types of additional noise
sources were observed. Some fluctuations arose in the setup, such as 50/60 Hz frequency
harmonics from the utility power network or optical noise coming from the radiation source.
Other fluctuations came from the radiating equipment in the laboratory (cell phone, wireless
devices, or ever a lamp). The last group of the noise sources was outside the laboratory:
mobile network signals, radiofrequency towers, or even a powerful laser that was switched
on two floors above. All these noises can be present during an experiment, and the known
solutions to deal with the mentioned noise sources are the following: improve shielding,
reduce the number of electrical loops in the setup, or simply reduce the optical noise in the
setup. Although the solutions to these problems may seem trivial at a first glance, certain
know-how is necessary when implementing them in an experimental setup.

The first thing starting the experiment, is to avoid the 50/60 Hz frequency signal and its
higher harmonics modes as the modulation frequency for the experiment. The second thing
is to avoid long cables in the setup as they have a higher capacitance than the shorter cables.
The third offer before the experiment would be to check, either the measured noise equals
the expected noise of the detector, e.g. TeraFET noise should be limited only by the thermal
noise. Normally, the expected signal amplitude should be measured. However, during the
preparation of this work, there were a few cases where this procedure did not work
sufficiently well.

Two out of three cases with a strong offset of the measured noise were in the setups with
laser systems. The first experiment was conducted on AlIGaN/GaN HEMT-based TeraFETs in
Ecole Normale Supérieure and graphically presented in [46, 120] using an 18 fs laser pulses.
The measured noise level was =100 times higher than the thermal noise limit. Although the
detector was shielded and the possible ground loops [122, 123] were removed, the noise was
still there. The issue was solved only after implementing a shunt resistance of 1 kQ between
the source and the gate.

The second experiment was conducted in DLR on the detection of QCL radiation with 90-
nm CMOS TeraFETs, as presented in [15, 119] and briefly summarized in section 6.1.2 of this
work. The optical noise impact (noise offset) with cryocooler-influenced signal fluctuations
(narrow lines) has been seen in the TeraFET noise spectrum. The offset due to optical noise
was reduced by attenuating the optical signal by 60 %. This is a useful technique to reduce
the influence of the standing waves in the setup.
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b. Noise measurement technique using a lock-in amplifier

Fig. 5.8. presents the noise measurement data collected with DSP7265 lock-in amplifier
[124] (the same one was also used for the optical response measurements) working in noise
measurement mode with current input (at the left). Considering the graph at the left of Fig.
5.8, the measured current noise is well above the expected thermal noise of the used 8.2 kQ
etalon resistor. This is due to a comparable input impedance (<2.5 kQ at 100 Hz) of the
amplifier in a low-noise mode which is the limitation of the used lock-in amplifier to measure
the noise of a few kQ resistors.

To avoid this uncertainty, one might either account for the additional resistance and back-
calculate the expected noise current or use different equipment suitable for the sample load.
In this case, the noise was measured using an additional SR570 transimpedance amplifier at
a low-noise 10 pA/V sensitivity setting as this amplifier has a better input resistance (100 Q)
than the lock-in amplifier.
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Fig. 5.8. Left: current mode noise measurement. Right: Noise measurement correction.

The performed noise measurement is presented at the right of Fig. 5.8. The measured
system noise and expected thermal noise of the same resistor are depicted in black. The
measured noise of the resistor is depicted in the dashed blue line with the correction of the
RC limited roll-off implemented on the solid blue line. The solid line is close to the theory.
This shows that sufficient noise measurement can be conducted in a laboratory environment,
however, all internal parameters of the devices used in the experiment have to be analyzed
in great detail first.
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5.2 Responsivity calibration and measurement techniques

As presented before, the characterization of intrinsic responsivity and intrinsic NEP of THz
detectors is not a very trivial task due to a wide range of unknown parameters and
characteristics in the beam path. Therefore, only optical responsivity and optical NEP are
characterized which are the complete-device parameters. Therefore, in this section, the
calibration procedure of the optical responsivity and extraction of the optical NEP value is
shown.

The responsivity R; or Ry is calculated as a ratio between the incoming THz power P;,
and the detected signal (current Al or voltage AV):

Rl:_._ OT'RV:_'_ Eq12

As shown in Eq. 12, it is important to take T/v/2 constant into account. This constant
accounts for the difference between the measured PP value and the expected RMS value. As
it was shown in section 5.1.2, the noise of the detector is a thermal noise of the channel
resistance. Optical NEP is the ratio between the detector's noise and its responsivity:

4k, T
T JAk,TR .
NEP, = RR or NEP, = R—B Eq. 13
1 |4

The last optical parameter used in this work is the Signal-to-Noise Ratio (SNR) which shows
how much the signal can rise above the noise level in the given optical system. The SNR is
calculated as a logarithm of the ratio between the noise power Py and detected signal power
Ps:

P
SNR = 101log;q — Eq. 14
Py

To measure an incoming THz power P;, and a detected signal, two setup configurations
were uses: with a detector and with the power meter. For both configurations, the electronic
RPG 500 — 750 GHz source of approx. 50 uW power level was employed.

5.2.1 Electronic tunable 600 GHz source power

To set up the detector for optical characterization, it is adjusted onto the focus of the
beam, as shown in Fig. 5.9. The response signal to the incident radiation power in the focal
point is measured. Then the Thomas Keating power meter is set into the THz path in an
approximate position of the THz detector without moving other parts, such as parabolic
mirrors and the THz source.
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Fig. 5.9. Detector characterization setup using electronic THz source.

The incident power is measured with a Thomas Keating power meter using a lock-in
technique. For the measured signal of Thomas Keating, the noise power has to be subtracted
as the power meter works at its sensitivity limit under the average incoming radiation power
of 50 uW. In both, power calibration and response measurements, a wide-band filter is used
to reduce the back reflection from the detector which creates a standing wave pattern in the
system and thus causes the uncertainty of a measured TeraFET signal. The calibration of the
electronic source power using the Thomas Keating power meter is shown below.
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Fig. 5.10. Power calibration of the electronic THz source.
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The measured data multiplied by the Thomas Keating responsivity is shown with dotted
lines in Fig. 5.10. The solid lines show the mean value of each measurement: full incoming
power(red), measured power with 0.24 transmission filter (blue), Thomas Keating noise
measurement (black). For the power measurements close to the noise limit, the mean noise
power was subtracted from the measured signal power. The dashed vertical line depicts the
water absorption line of 557 GHz [125] which is present in the used frequency range.

One important aspect for the characterization of the THz detector is assuring that the
optical system does not have strong standing waves such as Fabry-Perot interference, which
might occur between the reflecting surfaces of the optical system or in optical elements. If
the optical system has standing waves, the interference minima and maxima are expressed
in the response signal. For most of the experiments, the detector is aligned for the
constructive interference (maximal response signal) condition. This leads to a misleading
assumption of the responsivity and NEP values, especially for a single-frequency
measurement where it is difficult to assume how big is the influence of the interference as
the detected signal is maximized only at a single radiation frequency. The effect can be
strongly reduced attenuating the incoming radiation power for the detector alignment as
well as the response measurements. The standing-wave pattern can be observed by spectral
[37] or spatial scans [126].

5.2.2 Power calibration of Toptica system

This section considers the use of the commercial supplier Toptica system [127], which was
implemented for broadband characterization of THz detectors. However, the coherent
detection system is challenging to be used for direct detection measurements. Therefore,
some important aspects of the use of the Toptica system for the characterization of THz
detectors are discussed here.

5.2.2.1 Challenges of detector characterization using Toptica system

The main aspects which show up in direct detection mode using the Toptica system are
multi-harmonic signals with slight shifts in the frequency and low output signal power. Fig.
5.11. shows the characterization setup using a TeraFET. As a THz source, a broadband
photomixer of a Toptica 1550 system was used. The setup is depicted in Fig. 5.11. It contains
four parabolic mirrors creating a middle focal point where an aperture is placed. The TeraFET
couples the radiation and generates the response signal which is measured using a DSP7265
lock-in amplifier.
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Fig. 5.11. Detector characterization setup using Toptica system.

For the coherent detection, multiple signal harmonics are not relevant, as only the mixing
component corresponding to LO signal frequency is detected. However, for broadband direct
detection, every generated frequency component has some contribution to the total
detected signal. Therefore, measuring higher frequency components of the generated signal,
an offset signal (above 1 THz) caused by the low-frequency modes can be seen as the low-
frequency modes make a bigger contribution to the detected signal than actual THz
frequency. This is because the TeraFETs are more sensitive at 0.1 THz than at 1 THz. This
contribution is depicted in Fig. 5.12.

102 T T i T ; T TT T T 1 I I I I
| | ——No App. | I
; | I ——No App. 10-1 L [ [ [
10° | | App6mm I Z | I
> I ! ——App. 3 mm N 2 [ | [ [
; | : g 107 o

%) ' : 2
£ 107 8 oo R
g : . 3 | EER
o I | | 4 1041 1‘ L

. [ I |
10§ [ I [ [ | | | |
| I | [

| | | Lo | | | |
Y | L1 L0 1000 1200
200 400 600 800 1000 1200 Frequency, GHz

Frequency,GHz

Fig. 5.12. Response signal difference with different apertures in the middle focal point
(left) and frequency mismatch (right).
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The signal without aperture shows an offset above 1 THz, both measurements are
repeatable which is shown by plotting two measurements (blue and red). Implementing an
aperture for the low frequencies blocks a part of the low-frequency component, therefore
the offset is reduced. The measurement using a 3-mm aperture showed a good agreement
with the expectation that the water absorption lines between 1 THz and 1.2 THz should show
a 10 times lower signal. In this graph, dashed lines show the water absorption lines. The dip
at 300 GHz is caused by the ring of the AIGaN/GaN HEMT-based TeraFET antenna structure.

Another aspect of the characterization, very important for spectroscopy applications, is a
frequency shift by a few GHz which can be seen using two different laser configurations
overlapping in frequency in the right of Fig. 5.12. This mismatch occurs due to the old
calibration settings of the system. The mismatch was corrected using well-defined water
absorption lines (depicted in black).

5.2.2.2 Lock-in measurement technique for the direct power detection

As the lock-in is sensitive to the fundamental frequency of the reference signal it can be
used for the measurement of low-amplitude signals. It shows the RMS voltage (Vrws) of the
fundamental component of the input signal. For the 50 % duty cycle square wave (ON/OFF)
signal, the detected voltage Vpc was obtained by multiplying the measured RMS value by the
factor pi/sqrt(2) = 2.2 corresponding to the peak-to-peak voltage of the original input square
wave signal.

In case, the input signal is not close to the 50 % duty cycle square wave (ON/OFF) signal,
then the correction factor can be measured to obtain the correct Vpoc of the detector to Vrws
measured by the lock-in amplifier. Therefore, a measurement with the reference input signal
of the Toptica system was conducted. After this experiment, it was possible to compare the
calibration measurements (sensitive to the square wave) to the lock-in measurements
(sensitive to the fundamental harmonic of the reference).

The measurement depicted in Fig. 5.13 shows the reference signal, and the square-wave
signal generated by the Toptica system. The RMS value of the whole cycle is 25 % lower than
the expected one from the theoretical estimation. Here the blue line (Ch. 2) is the modulation
function of the square wave THz output of the Toptica system. The yellow line (Ch. 1) is the
detected signal by TeraFET which is linearly proportional to the radiation power. Therefore,
it is clear that the THz radiation pattern does not completely correspond to the 50 % duty
cycle square wave (ON/OFF) signal. The ratio between theoretical and measured Cycle RMS
value equals 1.9 mV/2.45 mV = 0.775.
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Fig. 5.13. Modulation signal comparison with THz signal.

Channel M (red) is the FFT spectra of the detected signal. The first harmonics of this signal
equals the measured Lock-in signal. The first harmonic of the signal should be 0.63 times less
than the Peak-to-Peak amplitude of the square wave signal. The corresponding coefficient
between the induced Vpc voltage in the detector equal to Viper=4.99 V and Viow-in €qual to
Vmper = 1.64 V would lead to the ratio of 3 times.

To summarize, for the calibration with the pyroelectric detector and Golay cell, the square
wave modulation for THz radiation was used in the Toptica system. The same modulation
should be used for the measured detector signal. The measured lock-in RMS voltage is a
factor of pi/sqrt(2) = 2.2 smaller than the detected signal. The measured distortion of the
square wave of the Toptica system reaches 25 % in this case. As the measurement shows,
this leads to an even lower measured signal than the expected Vpc voltage in the transistors
channel leading to a better characterization of detector performance.

5.2.2.3 Power calibration algorithm

Power calibration is a not straightforward task for Toptica TeraScan 1550 system due to
low THz source power and low sensitivity of calibrated devices up to 2 THz. Therefore,
multiple detectors were used for the power calibration procedure, namely, pyroelectric
detector, Golay cell, and TeraScan 1550 system receiver. Later, a complex power prediction
algorithm was implemented for the assumption of power dependency up to 2 THz frequency.
The predicted power level is used for the optical NEP calculation of TeraFETs.

The power prediction is based on three measurements in the low (LFR) and middle (MFR)
frequency range of the used Toptica 1550 system:

e Pyroelectric power calibration measurement at LFR,

e Golay cell power calibration in LFR and MFR,

o Reference data of the Toptica 1550 system itself in LFR and MFR.

This data was analyzed to predict the actual system power. The following steps were
included in the data analysis:

1. The analysis procedure starts with the pyroelectric power calibration. The measured data
have been multiplied by 3 (Toptica system square signal distortion factor) and divided by
calibrated sensitivity of the pyroelectric detector of 42.3 V/W. The power measured with
a Pyroelectric detector is shown with a dark blue line (Fig. 5.14).
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At 140 GHz the detected power has a peak value as the beam spot size equal to the
aperture in the setup has been reached and the whole power coming from the source
reaches the detector. Then the power decreases with the exponential law.
Somewhere around 850 GHz, the measured data becomes very noisy as the signal
power approaches the sensitivity limit of the pyroelectric detector. Therefore, the
pyroelectric data is not so trustful at higher than 0.85 THz.

2. To extend the frequency range, a broadband Golay Cell for LFR and MFR of the Toptica
system was used. As it is a power detector, it has the same signal dependency on the
radiation power as the pyroelectric detector. Therefore, the measured Golay Cell data
was normalized using a calculated ratio from the matching frequency range (0.6 — 1 THz).
In this case, the normalization factor was 1.75e+03. Corresponding data is shown with
light blue.

Golay cell has a very well-expressed standing wave pattern in the whole frequency
range. This is due to resonances in the Golay cell. At lower than 400 GHz frequencies,
the power drops due to the aperture of the Golay cell. At higher than 1.6 THz
frequencies, the used Golay Cell has resonances due to water absorption as the device
had lost its isolation from water vapor during the time. However, it measures power
well up to 1.9 THz, where it starts being noisy and measures unexpected offset.

3. To find out the last power dependency, the complete Toptica system with transmitter
and receiver was used. The measured response and noise signals were used for the power
SNR calculation:

Toptica Response Signal?
SNR, = TP p g

Toptica Current Noise?

The power SNR has been normalized to the Golay Cell spectra at a frequency range
from 1.443 THz to 1.588 THz where both are in good agreement and express no water
absorption lines. The spectra at MFR between Toptica and Golay Cell measurements
agree from 1 THz up to 1.9 THz. As the dependency of the power SNR of the Toptica
system corresponds to the measured power dependence of the Golay Cell, the power
curve was extrapolated up to 2.2 THz using Toptica measurement. The low-frequency
range of Toptica measurement shows higher SNR than expected. The reason for it is
still unknown.

4. To predict the THz radiation power in the whole range, the power points were
interpolated through the whole frequency range. The interpolation allows us to exclude
water absorption lines from the power spectra. We tend to avoid the overestimation of
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the detector performance. Therefore, it is better to predict higher power than it could be
which might lead to the wrong detector performance estimation.

The power data follows the pyroelectric measurement up to 0.89 THz. From 1 THz,
the Toptica system envelope was used which follows the Golay Cell measurement up
to 1.9 THz. From 0.9 THz to 1 THz the data was interpolated and checked that it is not
lower than any of the measurements.
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Fig. 5.14. Power calibration curves for Toptica photomixer source.

This data analysis led to the power calibration curve of the low-power Toptica 1550
system power source based on a photoconductive antenna. This calibrated curve is used for
the NEP and responsivity calculation of state-of-the-art TeraFETs in Section 6.1.2 Broadband
THz detectors for spectroscopy applications.

5.3 Cryogenic measurements

To explore the sensitivity enhancement and epitaxy influence on the performance of
AlGaN/GaN detectors at cold temperatures, the cryogenic characterization was performed
down to 77 K. The conducted work is important for the theoretical implementation of device
modeling and the development of the TeraFET fabrication process in case of a need for higher
sensitivity or temperature stability for future applications. It is shown in this section, that
depending on the epitaxy process, completely different resistance dependency on the
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temperature could be expected. The experimental results of three different AIGaN/GaN
samples produced by FBH are also presented here. The result of the cooling experiments with
CMOS detectors will be presented elsewhere.

5.3.1 Cryogenic experiment setup

Cryogenic measurements were conducted in collaboration with the Vilnius university team
[128] using the cryogenic system presented in section 4.2.2. The optical setup with
implemented cryogenic characterization module is depicted in Fig. 5.15. The system is
analogous to the one described before, only the modulated signal is detected via dynamic
signal analyzer instead of a lock-in amplifier and the electronic RPG source is replaced by the
VDI source for the same frequency range.

________ Semiconductor Device Parameter Analyzer | Resistance
B1500A
Temperature |pijgital Multimeter | _ |Dynamic Signal Analyzer| |Low-Noise Preamplifier Response
Keysight 34461A SR785 SR560 or SR570

’ DVDI 430 - 750 GHz source

Power Source

Waveform Generator_
KEYSIGHT 335008
|R&S voltage source I:\

Fig. 5.15. Detector characterization setup with detector cooling. The inset shows the

measured power of the VDI source.

The experiments were conducted on AlIGaN/GaN samples designed and produced at FBH
with different epitaxy. Table 5.1 represents the main design parameters of the samples.

Table 5.1. Investigated AlGaN/GaN detectors and main design parameters.

Name Gate length Gated channel Gate-to-channel Antenna
width separation
GNQ B2 200 nm 3000 nm 12 nm Bow-tie antenna
GMX24 TT2 200 nm 3000 nm 23 nm Bow-tie antenna
GMX25TT2 200 nm 3000 nm 14 nm Bow-tie antenna
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All the measured samples were designed with the same gate length, gated channel width,
and the same type of antenna, where only the gate-to-channel separation was different. The
detector GNQ B2 from the detector GNQ B4 presented in [37] differs only by the gate length
which is only half of the length in B4 compared to B2, therefore the detector B4 has better
sensitivity. However, for the prediction of the sensitivity enhancement ratio at cold
temperature, the assumption is made that the detector performance enhancement is similar
for both detectors as they are based on the same technology run.

5.3.2 Intrinsic detector parameter extraction

To explore the sensitivity limit of the presented room-temperature detector [37], a cooling
experiment was conducted on an analogous sample with two times longer transistor channel.
The experimental data were analyzed using a resistance fitting procedure presented in [45]
which enables the extraction of the intrinsic technology-dependent transistor parameters.
Fig. 5.16 shows the resistance dependence on the temperature at various gate voltages, the
threshold voltage was set as 0 V. The right graph shows the extracted temperature
dependence on the carrier mobility.
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Fig. 5.16. Measured temperature dependency of GNQ B2 sample (left) and extracted
carrier mobility (right).

The sample expressed irregular behavior - that the carrier mobility increases at lower
temperatures. This could be explained as a complex behavior of the tens of used epitaxial
layers which were designed for the best performance at room temperature. Therefore, the
parasitic resistance, as well as the carrier mobility, are the best at room temperature. Despite
the unusual behavior, the sensitivity limit of this epitaxy was explored, in order to know the
possible sensitivity limit of the detector presented in [37]. Therefore, the optical response
and the thermal noise voltage were measured at different temperatures, then optical
responsivity and optical NEP were calculated. The measured and analyzed data is shown in

Fig. 5.17.
61



2sistance

NEP (WiHz'"?)

MinimalNEP (pWiHz'"%)
A Y

-1 08 06 D4 D2 (] 0.2 0.4 0.6 0.8 1 h1.23 140 160 180 200 220 240 260 280 300
Gate voltage (V) Temperature (K)

Fig. 5.17. Cooling optical experiment on GNQ B2 and temperature dependency of the
measured parameters.

At the left of Fig. 5.17, the optical NEP dependency on gate voltage at different
temperatures at 630 GHz is shown where each curve has an offset along the gate voltage axis
so that the threshold voltage is centered. One curve is missing due to an error during the
measurement at 190 K temperature. The graph shows an improvement in the temperature
as well as the phase change of the detected signal at positive gate voltages which is due to
carrier heating effects described in [45]. The extracted temperature dependences of the
resistance and minimal NEP are depicted at the right. Despite increasing resistance at lower
temperatures, the minimal NEP decreases. This dependency has a linear behavior in the
measured temperature range from 295 K to 126 K where the optical NEP decreases from
80 pW/VHz to 18 pW/VHz.

Therefore, the detector improvement from 25.4 pW/\/Hz to =4-5 pW/\/Hz for analogous
TeraFET presented in [37] at 77 K even without optimization of the epitaxial structure is
expected. However, the unexpected behavior of the transistor technology demands a
detailed investigation of the difference between various changes in epitaxial layers which can
make the detectors more suitable for low-temperature operation or a constant NEP at
various temperatures.

5.3.3 Technology development for cryogenic experiments

The following figures Fig. 5.18, Fig. 5.19, and Fig. 5.20 show the cooling experiment for the
three samples described in Table 5.1 on GNQ, GMX24, GMX25 technologies, respectively.
Interestingly, the parasitic resistance in all three cases has a different performance. The
newer GMX24 version shows a stable resistance at various temperatures. And the newest
GMX25 technology shows the expected resistance performance on the temperature, where
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the resistance slope at higher than the threshold voltage

resistance gets lower at lower temperatures.
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Fig. 5.20. Optical NEP at various temperatures.

The optical NEP as well as the optical responsivity of the GMX24 device shows stable behavior
compared to the other two technologies. It can be therefore considered for applications in
an unstable temperature environment. This feature of optical parameter stability has been
presented in [129]. The improved GMX25 design shows a sensitivity enhancement by 8 times
at liquid nitrogen temperature compared to room temperature which means that the
epitaxial structure of this technology is far better for cold temperatures than the ones of the
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previous technology runs, such as GNQ [37]. Therefore, it could be used for the sensitivity

enhancement of the specific designs for applications where sensitivity is especially important.

Table 5.2. Summary of optical NEP improvement at a lower temperature.

Name Lowest Min NEP at room Min NEP NEP
temperature | temperature cooled ratio
GNQ B2 126 K 80 18 4.4
GMX24 TT2 77 K 47.0 (379) 12.6 3.7
GMX25TT2 77 K 79.1 (45%) 9.9 8.0

The results of cooling experiments show the sensitivity improvement at low temperatures

summarized in Table 5.2. It can be concluded that the improvement at low temperatures

depends on the epitaxy of the AIGaN/GaN HEMT structure. The sensitivity improvement from

room to liquid-nitrogen temperature is found to be from 4 to 8 times better, similar as in

[130]. As it is shown in the reference, the best enhancement of the detector response is

expected at even lower temperatures.

* The best measured optical NEP for this detector design and epitaxy
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6. Applications of TeraFETs and THz systems

This chapter presents the TeraFET applications from two sides:
e THzimaging,
e THz spectroscopy.

All presented work was conducted with different research groups what brought this work
the broader view on the possible TeraFET applications.

6.1 TeraFET applications for spectroscopy systems

Spectroscopy applications in THz field play an important role as it can be useful in various
fields: radio astronomy [131], chemistry [12, 132], medicine [133], security [12, 52], various
industries [12], etc. Depending on the purpose, various detectors can be used, as some
applications demand a broadband detection range, whereas others focus on a very narrow
bandwidth around a well-known absorption or transmission line. Most of the systems use a
homodyne or heterodyne detection scheme which has a very high dynamic range and can
deliver the amplitude and the phase information of the electric field. Some applications,
however, do not demand such information or dynamic range, but rather have space
constraints. Therefore, the TeraFET can be used for such applications which is one of the most
compact solutions working at room temperature for THz detection. If necessary, it can be
also implemented for the homodyne or heterodyne detection to gain the previously
mentioned benefits.

6.1.1 Detection of Short-Pulse THz Radiation

TeraFETs are versatile detectors as they can be used in various environmental conditions
for different THz sources. In this section, the study on TeraFET applications for spectroscopy
system is based on TDS system [65] of 20 THz bandwidth of 15-fs laser pulse with up to 27.5 nJ
energy per pulse reaching peak power of sub-milliwatts presented in [46, 47]. The study
mainly considered various detection regimes and an autocorrelation technique for the
detection of the processes in the picosecond scale. The follow-up study on comparison of the
detection regimes between the TeraFET and zero-bias Schottky barrier diode was conducted
by researchers from Vilnius and presented in [134].

TeraFETs have a linear and a super-linear response regime to THz radiation which can be
controlled via gate bias. Fig. 6.1 shows the experimental results of the AIGaN/GaN detector
previously presented in [37, 46, 47]. The experiment has been conducted using a TDS system
with photoconductive GaAs antenna generating 20-fs laser pulses which were modulated at
13 kHz frequency. The left graph shows the voltage response dependency on gate voltage at
different THz radiation power (proportional to the square of the applied voltage amplitude
of the photoconductive antenna). The right graph depicts the response voltage dependency
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on the applied voltage on the photoconductive antenna in the linear and super-linear
detection regimes.

Depending on the gate voltage, there are two detection regimes shown here: (i) in a linear
detection regime below Vin, the detected voltage depends linearly; (ii) in a super-linear
detection regime, to the square of the applied THz power at a gate voltage of -1.2 V. The THz
response signal linearly depends on THz power in the linear detection regime depicted in the
left graph of Fig. 6.1 to the right of the transistor threshold voltage equal -0.98 V. To the left
of the threshold voltage, however, the response voltage has a more complex dependency on
the applied THz radiation power. At low THz power the dependency is linear, whereas at
higher THz power, just before the saturation, THz detector response voltage dependency has
a different power of the exponent. In the presented graph it is close to the power of 2. These
regimes can be manipulated by applying the considered gate voltage. It should be noted, that
if the THz power is too high (not shown here), the detector gets saturated [47, 135, 136] and
therefore, any of these regimes cannot be considered. These detection regimes have been
observed also in CMOS-based TeraFET [47] as well as zero-bias Schottky diode [134, 137]. As
it was shown [46, 135], this phenomenon can be explained by the modeling of the carrier
density dependency on the gate voltage in the transistor channel.
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Fig. 6.1. Voltage response dependency on the gate voltage and incoming THz power.
Author’s work, adapted from APL Photonics [47] under © CC BY 4.0.

For the investigation of the spectral response of this detector, an interferometric
autocorrelation technique [136] was used to obtain the spectral information of the detector
responsivity. In [46] the responsivity was given in arbitrary units, however, after the
calibration of the Toptica source power, it was possible to obtain the total responsivity of the
detector after the normalization of the data into the calibration data using the electronic RPG

source which is shown in Fig. 6.2.
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Fig. 6.2. Optical detector responsivity measured with different techniques: calibrated with
electronic RPG source, pre-calibrated with Toptica source (calculated from the response data
presented in [37]), and TDS measurement data (presented in [46]).

The calibration procedure was conducted in the same way as it was described in the 5.2.1
section. Some data points had to be removed as the source was not able to provide any
power at some radiation frequencies. The measured data is depicted in Fig. 6.2 with blue dots
whereas the thin blue line represents the averaged responsivity curve in the 0.5 — 0.65 THz
range. The data at 0.5 THz can be compared to the one in [37] the obtained NEP value was
33 pW/VHz, and optical responsivity reached 238 V/W or 68 mA/W at -1.02 V gate voltage.
Slightly better optical parameters, as described in [37], might be due to a better radiation
coupling in the optical system. The gate voltage for each of the experiments as well as the
channel resistance and corresponding noise are given in Table 6.1.

Table 6.1. Measurement parameters.

Optical system TDS Toptica RPG

Gate bias -0.98V -1.09V -1.02V
Resistance 2900 Q 7600 Q 3550 Q
Noise limit 6.8 nV/VHz 11.1 5 nV/VHz 7.6 nV/VHz

Another calibration (depicted in grey) was made using Toptica as THz source, where the
data presented in [37] has been used with the new power calibration data excluding the
power oscillations due to Golay Cell optical resonances. The calibrated power was measured
in a better-aligned setup after implementing the new power calibration technique and the
work point was at different gate voltage. This led to the responsivity measured with the
Toptica system which was two times lower than the one calibrated with RPG electronic

source. This mismatch was corrected by normalizing the whole curve to the responsivity of
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238 V/W at 0.5 THz as the shape of the responsivity spectrum does not change much for the
neighboring work points. The dip in the spectrum at 0.3 THz is caused by the resonance of
the antenna ring and therefore, no radiation can be detected around 0.3 THz. The shape of
the responsivity curve is a bit higher above 1 THz as this curve was measured without
aperture and therefore, it has an offset above 1 THz caused by a low-frequency component.
It was discussed in more detail before in the 5.2.2 section.

Lastly, the spectrum obtained from TDS characterization using the autocorrelation
technique is presented with red dots in the graph. As the power of the signal is unknown, the
data points were normalized to the previously characterized curves where some main
features can be recognized. The antenna resonance and water absorption (depicted with
dotted lines) can be observed in the graph. Although the spectral resolution was not high,
the experiment shows that the broadband characterization of TeraFETs using this technique
is possible. The depicted graph shows that this detector design is sensitive even at 1.5 THz.
The dashed line shows the measured noise level normalized correspondingly to conserve the
same dynamic range value.

The detector has the dynamic range of 24 dB at 1 THz and 36 dB at 0.6 THz in the direct
detection regime which is comparable to the electro-optical detectors if employed in the
coherent detection mode [50]. However, the direct detection regime using the
autocorrelation technique is enough for the broadband characterization of the TeraFET.

Another application of autocorrelation measurement using AIGaN/GaN HEMTs could be
the measurement of temporal characteristics. Autocorrelation technique using TeraFETs
suits for the determination of the pulse duration of the THz source, especially in the super-
linear regime where the modulation depth is much higher than in the saturation regime [47,
136]. The monitoring of the laser pulses can be led under room temperature conditions which
is an improvement compared to the cryogenic cooling of the quantum-engineered devices
which are used for such purposes [138, 139]. This technique enables the detection of the
intrinsic rectification signal build-up time reaching tens of picoseconds and dependent on the
gate voltage which is not possible to detect otherwise due to limitations of the read-out
circuit [46, 47, 140].

Therefore, the TeraFETs can be employed for direct detection of THz pulses without
interferometric measurement setup, if the TeraFET response time of more than ten
picoseconds is enough [141, 142]. The detector is suitable for THz spectroscopy applications
in both, direct as well as coherent detection schemes. The autocorrelation technique is a
useful technique for the characterization of the detector’s bandwidth and intrinsic detector
parameters.

6.1.2 Broadband THz detectors for spectroscopy applications

For the broadband detector characterization and observation of spectroscopic features of
various materials, a direct detection scheme with an intermediate focal point (depicted in
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Fig. 6.3) was implemented. The system is based on the THz transmitter of the Toptica
TeraScan 1550 system and a TeraFET receiver using a DSP7265 lock-in amplifier for the small-
signal readout.
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Fig. 6.3. Implemented broadband spectroscopic characterization system.

As discussed earlier, an aperture was used to measure the signal above 1 THz without an
unwanted low-frequency THz signal. The reference signal to THz radiation from the Toptica
system up to 2.2 THz is depicted in Fig. 6.4. The spectrum shows the spectroscopic absorption
of the laboratory air which was measured using a 90-nm technology-based ultra-broadband
CMOS detector with a bow-tie antenna [40]. The antenna resonance is at 0.15 THz and all the
other spikes in the spectra represent absorption lines by water molecules in the air. They are
depicted with black dashed lines up to 1.8 THz frequency [125]. In the given setup, the
detector itself is sensitive up to 2.4 THz. The depth of the water absorption lines corresponds
to the expected spectra which shows that the measurement was without the additional low-
frequency offset mentioned in Fig. 5.12. Above 2 THz, where the radiation power of the
Toptica source is only 1 nW or less, the detector still shows a dynamic range of 10 dB before
reaching the noise level depicted by the dashed line.

Fig. 6.5 shows the comparison of AIGaN/GaN and CMOS technologies-based detectors,
both with implemented bow-tie antenna. Both detectors show a broadband detection range
of at least up to 1.5 THz. Detection at higher frequencies is limited by the low power of the
THz source. Both antennae have a resonance absorption which can be seen in the spectrum.
Due to low radiation coupling into the antenna, AlIGaN/GaN detector cannot deliver the
power into the transistor channel at 0.3 THz, and the CMOS detector, at 0.15 THz. CMOS
detector shows a 10 dB dynamic range at 2 THz even at a very low THz source power of
approx. 2 nW. AlGaN/GaN spectrum expresses a roll-off above 1.75 THz which might be
present either due to a challenging optical focusing at low THz power, or due to weaker
plasmon screening by the gate electrode which is placed 23 nm above the transistor channel.
Despite these small differences, both technologies are equally suitable for TeraFET
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development. The main limitation remains the optical and electrical coupling solution in the

specific design implementation.
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Fig. 6.4. Reference spectrum of Toptica transmitter using CMOS detector.
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Fig. 6.5. Comparison of the measured signal between broadband detectors based on
CMOS and AlGaN/GaN TeraFET technologies.

From 2016 to 2020, hundreds of detectors were electrically characterized and tens of
them were characterized optically. All of them were based on AlGaN/GaN, CMOS, and GFET
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technologies with various antennae. Table 6.2 shows the best-characterized detectors and

the main technology description as well as the best measured NEP at specified frequencies.

As one can see in Table 6.2, some of the scientifically significant detectors were published

whereas others were not published at all due to their rather incremental improvement. The

resonant detectors are the best at a resonant frequency, as they have a better impedance

matching at the chosen frequency. The wideband detectors express the best NEP on the

designs with implemented bow-tie antenna.

Table 6.2. Investigated TeraFETs and main design and operation parameters.

) . Gate-to-channel
Antenna |Min optical NEP,|Frequency, . .
Name Antenna separation/ Published
type pW/VHz THz
Technology
GNQ B4 | Bow tie |Wideband 25; 33 0.5; 0.6 12 nm [37]
GNQB2 | Bow tie |Wideband|81 (after gluing) 0.63 12 nm N/A
GMX24 Bow tie |Wideband 37 0.5 23 nm @ -2.6 V N/A
GMX25 Bow tie |Wideband 45 0.5 14nm@ -2V N/A
Slot bow | |
GaN 6x7 i Wideband 44; 100 0.28; 0.48 N/A [143]
ie
Slot +
300 GHz ) Resonant 19 0.3 90-nm CMOS [35, 36]
dipole
600 GHz Dipole | Resonant 17 0.49 90-nm CMOS [40]
Proxi3 BT | Bow tie |Wideband 48; 70 0.6;1.5 90-nm CMOS [40]t
CELTA D53 | Biguad |Wideband 25 0.84-1.29] 65-nm CMOS [38]
CMOS 4.75| Patch (no
Resonant 404Y 4.75 90-nm CMOS [15]
patch lens)
GFET . . 662V
Bow tie |Wideband ] 03@OoV 17-nm AlI203 [43]W
C2.75 515 (published)

The optical NEP of the measured detectors is depicted in Fig. 6.6. Two resonant detectors
for 0.3 THz and 0.5 THz (designed for 0.6 THz) are depicted in green. They reach the NEP of

t Also compared to the design with a log-spiral antenna

Y Cross-sectional NEP

¥ Measured personally, cross-sectional NEP

W Published measurement was made with a better focusing condition
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19 pW/VHz and 17 pW/VHz, respectively. The detectors for the wider frequency range usually
are less sensitive. However, the presented detectors reach state-of-the-art quasi-optical
detector performance using a lens coupling. The best of all are GNQB4 [37] and CMOS BT [40]
detectors. All wideband AlGaN/GaN detectors (depicted in shades of blue and magenta)
experience the sensitivity drop at 0.3 THz due to the designed ring structure discussed in [37].
However, the slot bow-tie antenna design used in the 6x7 pixel array design has a sensitivity
enhancement at 0.28 THz frequency but is less sensitive at higher frequencies where the
bow-tie antenna implementation is more promising.
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Fig. 6.6. Summary of the optical NEP of measured detectors in AIGaN/GaN and CMOS
technologies. Data on these detectors were published in following papers: 600 GHz detector
[144], 6x7 array [143], bow-tie CMOS detector (BT) [40, 144], 300 GHz detector [35, 36], bi-
quad antenna design in CMOS (D53) [38], GNQ B4 on AlGaN/GaN technology and bow-tie
antenna [37].

The presented CMOS detectors are presented in shades of orange. BT detector [40] has a
nearly flat frequency response up to 2.2 THz with the optical NEP of 48pW/VHz and
70 pW/VHz at 0.6 THz and 1.5 THz, respectively. The optical responsivity of this detector
reaches 45 mA/W or 0.22 kV/W. The D53 detector [38] designed for the best sensitivity
around 1 THz is below 25 pW/VHz in the frequency range of 0.84 — 1.29 THz. This result is
only 2 times worse than the best narrowband detector presented in the literature.

TeraFETs can be compared to commercially available thermal detectors. Fig. 6.7 shows the
SNR normalized for 1 Hz ENBW of the presented CMOS TeraFET with bow-tie antenna, and
two commercial detectors from our laboratory: Golay Cell and Thomas Keating power meter.
All the measurements were conducted in the same system with Toptica transmitter as THz
source. As one can see, the Thomas Keating power meter cannot be used for the calibration
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of the Toptica system as the power is too low (0.04 mW at 0.1 THz) to be measured above
0.2 THz. Therefore, a Golay Cell was used to get the preliminary calibration of the THz power.
However, some additional minima and maxima along the whole frequency range can be seen
which is induced by the constructive and destructive interference in the cell. This pattern
introduces uncertainty of the calibrated data.

The performance of the CMOS TeraFET exceeds the dynamic range of the used Golay Cell
by more than 5 dB and is only limited by the antenna resonance around 0.15 THz. The TeraFET
is also much faster than the Golay Cell. For this TeraFET detector, the response signal to THz
radiation was measured in the complete Toptica frequency range. This performance shows
the outstanding broadband sensitivity reachable using a TeraFET. Despite an outstanding
room-temperature SNR performance, the direct detection is always limited at least by the
thermal noise of the detector, which compared to the sensitivity of a Toptica photomixer
working in the coherent detection scheme is around 30 dB higher [37]. Similar sensitivity
could be achieved also with the TeraFETs working in the coherent detection scheme [50],
however, such setup implementation would be bigger and more complex.
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Fig. 6.7. TeraFET comparison with commercial technologies.
To sum up, broadband sensitivity can be used for spectroscopy applications where the
transmission or reflection of the signal is in the given dynamic range at similar or higher THz

power. For this reason, the next chapter presents spectroscopic room-temperature
metamaterial and THz filter characterization.
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6.1.3 Broadband spectral characterization of THz filters and metamaterials

A strong light-matter interaction in resonant cavities has a strong research interest in
guantum electrodynamics as it is promising for quantum computing and quantum
information processing [145—-147]. The strong coupling in cavity quantum electrodynamics
has been demonstrated in various systems, such as atoms, quantum wells [148, 149] and dots
[150], 2D electron gases [151, 152], etc. This section presents a new approach of dielectric
photonic crystal cavity for the research on strong coupling between photons and localized
surface plasmons. This study was published in [49].

In this section, the dielectric photonic crystal cavity approach is presented as a new way
to exploit the strong light-matter interaction. Despite the low density of quasi-particles and
relatively broad resonances of the metamaterials, the results show a strong coupling regime
with a high Q-factor. Hence this research is of interest for fundamental research as well as
applications of voltage-controlled modulators and frequency filters, ultra-low-threshold THz
polariton lasing, or ultra-sensitive biological and chemical sensing.

Here, the split-ring resonator (SRR) study is summarized which was also presented in more
detail together with Swiss ring metamaterial experiments in [49]. The research on SRRs has
been conducted using a continuous-wave Toptica system which has a few times better
resolution than the TDS system used for Swiss ring MM experiments. TDS system resolution
of 5 GHz is limited by the time-domain scanning range of 200 ps. Therefore, the resolution of
the Toptica system can reach ~1 GHz resolution which depends on the SNR of the system and
measured signal analysis algorithm. The resolution can be improved even further by replacing
the receiver of the Toptica system with a TeraFET, as it is a power detector and therefore can
measure each frequency point in the sub-GHz step.
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Fig. 6.8. Detected Toptica TeraScan 1550 signal as a reference for all the transmission
measurements (blue). Cavity mode with the resonance peak at 854 GHz is shown in red.
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The reference signal of the Toptica system is shown in Fig. 6.8. It has the highest power at
lower frequencies and the clear presence of water absorption. This curve has been used as a
reference signal for all the following transmission measurements. The example of the
transmission spectra is shown in red. It shows the transmission of a photonic crystal cavity
mode.

The main parameters of a cavity quantum electrodynamic system for characterization of
the interaction between the cavity photons and the material are the following: population
decay rate of the cavity photons k, population decay rate of the photo-excited material state
v, and the coupling strength g, where 2g is the Rabi splitting. These parameters can be used
to estimate the coupling regime, where 2g < (y + k)/2 shows the weak coupling, and
2g > (y + k)/2 corresponds to strong coupling. If the coupling is even stronger and reaches
g/wc > 0.1, then the regime is defined as ultra-strong coupling regime and the g/w, = 1
is a deep strong coupling regime [153].

6.1.3.1 Split ring resonator in a 1D THz photonic crystal cavity

The structure of the used typical 1D THz photonic crystal cavity is shown on the left of Fig.
6.9. A single resonator (yellow) represents a layer of a periodic structure of multiple
resonators of the same shape. Five polished silicon (p > 5 kQ-cm) slabs (shown in gray) were
separated using metal ring spacers. The layer carrying the resonant metamaterial structure
is called the defect layer. The central defect layer is 50-um thick and two outer pairs of slabs
are 23 um thick and form Bragg mirrors from both sides. Each layer is separated by 96-um air
gaps (white) formed with 6 mm and 13 mm inner and outer diameter metal spacers,
respectively.

The electric field distribution (relative to the incoming light amplitude Eo) within the bare
photonic cristal cavity was calculated using the transfer matrix method and is depicted at the
right. Gray intervals represent Si dielectric layers where the white ones show the air gaps.
The structure containing five silicon layers with a high refractive index ratio between the air
and silicon interfaces creates a high Q-factor cavity mode.
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Fig. 6.9. Dimensions of the split-ring resonator (SRR). The stack of photonic crystal cavity
with SRR and corresponding electric field distribution (the latter adapted from [49] under ©

CCBY 4.0., simulation by Dr. F. Meng).
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Calculation using the transfer matrix method shows that on the opposite sides of the
defect layer the electric field has two amplitude maxima of the opposite polarities. Therefore,
strong electric coupling is expected for the elements placed on any surface of the defect
layer. The defect layer locks the cavity mode at fo = 0.86 THz with the full width at half
maximum (FWHM) of 10 GHz which corresponds to a Q-factor of 86.

The strong coupling of the metamaterials with cavity photons was the focus of the
research. The SRR metamaterial has been chosen for the experiment [37]. The resonance
frequency (f,,) of the SRR metamaterial has been varied using different structural parameters
depicted in Fig. 6.9. The size parameters u and p were fixed both to 6 um, where n has been
chosen to be from 30 pum to 22 um and period m from 75 um to 55 um for the respective
resonant frequencies f,, of 0.64 THz to 0.99 THz. All the designed structures have been
created by depositing gold on the defect layer surface and assembling the complete stack of
photonic crystal cavity. The conducted experiment with these structures is shown in Fig. 6.10
and Fig. 6.11.
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Fig. 6.10. Left: The transmission of SRRs in the cavity (left) at 90° and 0° polarization. The
legend indicates the resonance frequency of the SRR metamaterial on the Si wafer. Right:
The oscillation frequency of the coupled SRR with the photonic crystal cavity mode is
depicted in the right figure. This data was also presented in [49], Fig. 3c-d.

The transmission of SRRs in the cavity (left) where the bottom picture shows the induced
polariton modes and the top picture shows the modes excided by 90° polarization. The
legend in both pictures indicated the corresponding calculated resonance frequency of SRR
metamaterial on the Si wafer. It can be seen that the resonance frequency of the cavity mode
is equal to 0.86 THz and the resonance frequency of the metamaterial is coupled together
and therefore there is a mode splitting into two polariton modes. The oscillation frequency
of the coupled SRR with the photonic crystal cavity mode is depicted in the right figure. The
x-axis (as well as the dashed line) shows the calculated SRR on Si wafer frequency, and the y-
axis depicts the induced frequency mode. Blue and red dots correspond to the polariton
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modes whereas black dots show the case of a 90° rotated sample for the case where polariton
modes cannot be induced. The behavior of the polariton modes can be explained by coupled
harmonic oscillator model.

Similar to the previous experiment with different resonator parameters, an experiment
on different resonator unit-area densities was conducted which shows how the SRR cells
collectively interact with cavity photons. This time the resonator parameters have been kept
the same for all the samples and only the period between unit cells m has been varied,
namely, 40, 44, 52, 62, 82, and 94 um, giving the SRR density from 6200 m2to 1100 m2. The
frequency difference (Rabi splitting) between the polariton resonances of the conducted
experiment is shown in Fig. 6.11. It corresponds to the square-root dependence or the
resonant frequency separation which depends on the unit cell density. The Rabi splitting is
bigger at a higher unit cell density.
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Fig. 6.11. Polariton mode splitting dependency on the density of the unit cells of the SRR
extracted from the measured data. The blue curve depicts square root dependency.

These experiments show a good identification of the interaction of the photonic crystal
cavity with the metamaterial unit cells. This interaction can be calculated from the polariton
frequency splitting. The experiments are relevant for future applications, such as
spectroscopy as they explain the main principle of the cavity and metamaterial interaction
and can be used for frequency tunability, switching, polarization, and other effects.

6.1.3.2 TeraFET in a spectroscopic system for metamaterial and THz filter characterization

The same experiment was performed but on a slightly different metamaterial photonic
cavity using a broadband TeraFET with a bow-tie antenna as a THz detector. The experimental
data is depicted in Fig. 6.12. The top figure shows the measured reference signal under the
total incoming power condition (blue) and the reference signal power transmitted through
the metamaterial sample (red). The calculated transmission coefficient is depicted in the
bottom figure (black). The data is compared to the TDS experiment on the same
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metamaterial. Here, all the water lines have been removed from these experiments for
clarity.

The strong coupling of the metamaterial sample with resonance at 0.88 THz splits the
cavity mode (0.86 THz) into two polariton modes at 0.70 THz and 1.02 THz. This can be seen
in the TDS experiment. However, the measurement with TeraFET does not show the 1.02 THz
mode as the power of the Toptica system is too low and only the signal of more than 5 %
transmission could be distinguished from the noise level at 1 THz. The blue area in the graph
shows the frequency range which cannot provide a sufficient dynamic range for metamaterial
characterization with a transmission coefficient above 5 %. However, the detection at 1 THz
could be improved using the TeraFET designed for higher frequencies [38] which is 4 times
more sensitive than the presented device at 1 THz.

104 F— T \ T

+  Power |
\ - signal |
N -w_

N‘.,AAH-’“‘—\"’\‘ ;‘M"‘\ﬁ"‘“{"vf‘w e o i

Voltage response [V]
=]

| 1 | 1 1
600 700 800 900 1000
Frequency [GHz]

S
&

0.1 w T \ T

g MA filter with 5 points window ‘ ats

Rk . .

9 S e

@ 0.05 | J s

g 5 PRI L

2 fn . b a RERERT

= P A L 1 AR

i 2y s £ 3 . N

= 0 1 T T 1 |
600 700 800 900 1000

Frequency [GHz]

Fig. 6.12 Metamaterial photonic cavity characterization in Toptica and TDS systems. TDS
experiment made by Dr. F. Meng.

Metamaterial characterization was one part of the experiment, which was intended to
explore the sensitivity limit of the detector. Another experiment on multilayer THz filters has
been conducted using the Toptica system with the TeraFET detector. The experiments on two
filters are shown in Fig. 6.13 without the water absorption lines marked with black dashed
lines for clarity. The red line corresponds to the detected signal under total radiation power
where the black line shows the noise level at 1 Hz bandwidth. The blue dots depict the signal
of the sample in the top figures and the transmission of the sample in the bottom figures.
The black line in the left bottom figure is the predicted transmission factor using the transfer
matrix method made by Dr. F. Meng.
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Fig. 6.13 Multilayer THz filter characterization spectra (blue). The measured signals are in
red and modeled filter transmission is shown in black (left bottom figure).

In the whole frequency range, the modeling data agree well, except for the frequencies
below 0.2 THz where the aperture of the sample holder blocks the radiation power and higher
frequencies than 1.4 THz. This is due to the low THz source power.

Toptica system enables spectroscopic characterization in the frequency range of 0.1 THz
— 2.4 THz (possibly 2.7 THz). Combined Toptica THz source with TeraFET detector system can
be easily applicable for different applications. However, the standing waves in the setup and
low transparency coefficient (or low THz source power) of the metamaterial spectrum are
still relevant issues.

6.1.4 TeraFET for measuring power fluctuations of 4.75 THz QCL radiation

In this section, the TeraFET application in GREAT (German REceiver for Astronomy at
Terahertz frequencies) spectrometer of the Stratospheric Observatory for Infrared
Astronomy (SOFIA) is considered. As the observation laboratory is a modified Boeing 747SP
jetliner equipped with scientific equipment and flying in the Earth’s atmosphere, the
vibrations and size of the used equipment become of importance.

One of the systems implemented in this laboratory is a spectrometer for the observation
of the THz frequencies between 1.2 THz and 5 THz which cannot be seen from the earth due
to atmospheric absorption. Here, the focus is on the improvement of 4.75 THz frequency line
detection as it is important for the detection of the neutral atomic oxygen (4.7448 THz) which
should help to understand the formation of massive young stars [154].

Although the GREAT spectrometer is equipped with a Ge:Ga photomixer for the THz power
detection, the THz power fluctuations due to mechanical vibrations have to be additionally
followed by a compact and independent power detector. Commercial room-temperature
devices, such as pyroelectric or Golay Cell, cannot be easily implemented as they need
additional chopping and do not fulfill space constraints. More compact GaAs Schottky diodes

79



designed for the high frequencies [75, 155] show a high 1/f noise and therefore, are not
suitable for real-time power monitoring of the QCL power. Therefore, here we introduce an
application of a compact TeraFET for CW monitoring of the QCL power fluctuations.

It has been shown that the TeraFETs can work at the desired frequency [156] and they do
not need chopping taking additional space in the optical setup. Therefore, the practical
application of compact field-effect transistor-based THz detector (TeraFET) was explored for
the continuous power monitoring of the 4.7 THz frequency QCL line in the GREAT
spectrometer. The work was conducted in collaboration with DLR on the equivalent
spectroscopy system like the one in SOFIA.

The measurement setup is based on QCL mounted in the Stirling cryocooler and cooled to
a constant 49 K temperature in a vacuum to avoid the condensation of water molecules. The
second stage of the cryocooler has been modified to reduce the mechanical vibrations. The
radiation is then distributed to two detectors — room-temperature TeraFET and Ga:Ga mixer
cooled to liquid He temperature. We have produced beam splitters (BS) with various
transmission factors equal to 10 %, 25 %, 40 %, 100 % by applying different thicknesses of Cr
on top of 4-um-thick polypropylene foil. The vibrations caused by the cryocooler were
followed by acceleration sensors (AS). Detected signals from the detectors, as well as the QCL
voltage and signal from the acceleration sensors (AS), were recorded.
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Fig. 6.14. Left: Optical measurement setup of a GREAT spectrometer with TeraFET. Right
(adapted from IEEE Xplore [15] under © CC BY 4.0.): TeraFET and Ge:Ga sensor response
dependency on QCL current.

The used TeraFETs were designed in 90-nm CMOS technology with a patch antenna and
free-space radiation coupling. The detector’s channel length is 100 nm and the channel width
equals 400 nm. The detector area is 13 x 13 um? and the distance to the ground plane is 2.2
um. The responsivity measurements were made in DC mode using a lock-in amplifier and the
modulation of the QCL current served as a reference. The right graph of Fig. 6.14 shows the
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response of both detectors at different currents applied on the QCL. Both curves are in good
agreement except for the low bias currents which despite the superior sensitivity of the
Ge:Ga photomixer were influenced by a DC output component (=1.6 V) change of Ge:Ga
detector over a sufficiently long measurement time. The inset in the left figure shows the
linear response of the TeraFET at the different attenuation levels of the THz power coming
from the QCL biased at 600 mA.

6.1.4.1 Electrical characteristics

Electrical characterization of the THz signal was conducted measuring the output voltage
fluctuations of the QCL THz source, as well as the TeraFET detector. The ripple of the recorded
voltage fluctuation is depicted in Fig. 6.15. The blue line depicts the QCL voltage fluctuation,
whereas the black line shows the corresponding detected signal by the TeraFET measured
separately. Both signals show multifrequency fluctuations which are smaller than 0.03 %
around the DC signal and up to 4 % for the detected signal. The Fourier spectrum of these
fluctuations is depicted at the right. The top graph shows the fluctuations of the QCL output
voltage which might be caused by the vibrations of the cryocooler transferred via cables
which show up in Ge:Ga detector as well. The TeraFET fluctuations (dashed lines at the
bottom) express the same peak behavior as in the QCL spectrum. The rise in the noise
spectrum reduces to the thermal noise if the THz signal is attenuated [15], therefore it is
expected, that the rise in fluctuations is due to the back reflections induced in the setup, long
coaxial cables as well as the use of the external amplifier (has a long coaxial line before the
first amplification stage). Additional experiments show that the replacement of a 2-inch
parabolic mirror via a Winston cone, as well as the integration of an amplifier stage close to
the TeraFET or a broadband THz attenuator, reduce the distortions of this type.
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Fig. 6.15. Electrical output voltage signals of the QCL and the TeraFET with subtracted
offset (left). The noise characteristics of the QCL and the TeraFET at different QCL current
levels (right), data also presented in [119].
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The measured electrical characteristics show that the absence of 1/f noise in the
transistor’s channel allows the real-time monitoring of the QCL power which is not the case
for most commercial thermal detectors. The TeraFET detector exhibits the thermal noise of
18 nV/VHz and has a 40-dB dynamic range for an effective measurement bandwidth of 1 Hz
which allows the power monitoring even at a small fraction of the QCL power. The 45 Hz
component and its harmonics induced by the vibrations of the cryocooler which transfer
through the optical table to the electrical cables can be reduced by integrating a low-noise
amplifier with the amplifier input noise reaching 4 nV/VHz and the 1/f corner frequency of
30 Hz. The back reflections from the TeraFET can be reduced by attenuation of the THz beam
or the use of Winston cone instead of the parabolic mirror. If those fluctuations are
suppressed, then the TeraFET noise is limited only by the thermal noise.

6.1.4.2 Optical characterization

For the optical characterization of the THz beam, several experiments were conducted.
The beam profile was measured using a microbolometer camera. The beam profile was
depicted in Fig. 6.16. The estimated horizontal FWHM (full-width half-maximum) equals
1.3 mm and the vertical FWHM is 0.8 mm. Assuming Gaussian beam profile, the estimated
power delivered to the detector is 0.25 mW.

The effective area A,;f = DA*/4m = 1750 um? of the antenna was estimated by using
the modeled antenna directivity of D = 5.5 and the wavelength A corresponding to 4.75 THz
frequency. It should be noted that the effective antenna area for this detector at 4.75 THz is
1.7 times larger than the physical area of the implemented metal cup.
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Fig. 6.16. Cross-sectional NEP and responsivity at 4.75 THz frequency (data also presented
in [15]).

At 4.75 THz, the modeled radiation efficiency is 76 %. Therefore, the area-normalized NEP
equals 0.4 nW/VHz and the maximum responsivity is 75 V/W. In comparison, the state-of-
the-art SBD detector in 130-nm CMOS technology exhibits cross-sectional NEP, normalized
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to the simulated effective antenna area, of 4.95 nW/VHz and 383 V/W at 300 Hz modulation
frequency and radiation frequency of 4.92 THz [76]. These are the closes values for
comparison which were found in the literature.

However, the authors in [76] point out the difference in the cross-sectional responsivity.
The responsivity normalized to the simulated effective antenna area and Gaussian beam
distribution was 4 times lower than the cross-sectional responsivity calculated for the
average power of the beam on the physical antenna area. This emphasizes the uncertainty
due to various optical characterization methods as discussed in Section 3.2 State-of-the-art
THz detectors.

6.2 Imaging applications

THz imaging can be used in various applications as it penetrates through dust, fog, and
some other materials which are not transparent in the visible light, for example, cloth,
plastics, packaging materials. Therefore, THz applications are important for astronomy [157],
security [37], biomedical [137], or technical vision [158, 159]. Various active and passive
imaging schemes can be used for the imaging of mm-wave and THz radiation [160, 161]. Most
of the applications use active imaging schemes which employ TDS or CW THz sources.
However, the systems exploring the natural THz radiation of an object have to be based on
passive imaging solutions (without additional radiation source).

Passive imaging does not need an additional THz source, as it detects the radiation power
coming from the measured sample. However, the thermal radiation power from a sample in
the THz range is very small [48]. Therefore, it is easier to use an active imaging technique that
can be made either in transmission or reflection mode, where radiation from a THz source
penetrates through a sample or reflects from it, respectively. The most sensitive and complex
implementation is homodyne or heterodyne detection which needs a THz source with a local
oscillator (LO). This imaging technique improves the signal dynamic range by a few orders of
magnitude [160].

Using single-pixel detectors, the limiting aspect of a THz imaging system is the image
acquisition time. For raster-scanned images, it is mainly limited by the time constant of
mechanical translation. For less sensitive detectors or weaker power sources, the signal
integration time is a limiting factor. However, it could depend on the technology as well
where high 1/f noise or slow thermal processes can limit the signal readout frequency to a
couple of times per second.

For the systems where the main limiting factor is the mechanical translation part or the
systems which require a very high imaging speed (conveyer line), the main solution could be
a multi-pixel array. Multiple pixels can detect a bigger imaging area and therefore the imaging
technique becomes faster and more reliable. If the system is limited by the detector aperture,
the imaging performance can be improved with a multi-pixel array as it can see a bigger
imaging area and therefore, couple more energy into the array. For thermal noise-limited
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systems, simultaneous signal detection through multiple pixels can reduce the noise level
and therefore increase the sensitivity.

All the above-mentioned applications are based on far-field imaging. However, the first
section shows a near-field application of THz microscopy which was used for plasma wave
visualization in a channel of a TeraFET.

6.2.1 Near-field imaging of TeraFETs

One of the unexpected applications for the TeraFET was to use it for THz detection and
simultaneously to take the AFM and s-SNOM images of it. In other words, the aim was to see
the plasma waves using the scattered light near-field microscopy (s-SNOM) technique under
THz radiation applied on a TeraFET. The experiment was conducted at the FELBE facility with
s-SNOM from Technical University Dresden. The know-how on experimental TeraFET
characterization and s-SNOM was from J.W. Goethe University Frankfurt. The devices were
fabricated at the Chalmers University of Technology.

As mentioned in Section 3.1, the TeraFETs work above the cut-off frequency of the
transistor due to the carrier density waves occurring in the transistor channel. The s-SNOM
technique can detect such waves in near-field approximation. To realize this idea, the TeraFET
transistor with a 2D graphene channel [43] has been configured for a less sensitive bottom-
gate configuration. This configuration assures that the field-effect transistor channel, based
only on the single-layer graphene, is on top of the whole structure and therefore the carriers
of the channel are exposed for near-field microscopy.

The detector was fabricated as in [112] but the gate contact has been buried under the
channel, so that the gate electrode, gate oxide, and graphene layer are placed on top of each
other. Gate dielectric Al;03 is 25 nm thick. Sloped gate sidewalls were implemented, in order
to place graphene without suspension on the gate edges and therefore possibly breaking the
graphene layer. The image of the multiple detector chip with implemented antenna contacts
is shown in Fig. 6.17.

The experiment was conducted under the 2 THz radiation from the free-electro laser of
the FELBE facility. The laser pulse width was 10 ps at a repetition rate of 13 MHz. The radiation
was directed with a 55" angle to the surface, polarization was perpendicular to the symmetry
axis of the antenna (parallel to the cantilever (p-polarized) as shown in Fig. 6.17). Radiation
scattered by the probe tip had been filtered with an s-polarization filter to reduce the
influence of the background radiation as the s-SNOM operated in power detection mode
[162]. Higher harmonics of cantilever oscillation were recorded which correspond to the
near-field signal [163, 164].
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Fig. 6.17. Microscope image of the measured chip with a cantilever close to the chosen
transistor’s channel.

The recorded near-field images of the graphene field-effect transistor’s channel, as the
first to third frequency harmonics of the cantilever under 2 THz radiation, is depicted in Fig.
6.18. Channel dimensions are as follows: gate length 1.8 um, channel length 2.7 um, channel
width 2 um. The AFM image (top left) shows the measured height of the structure. The
detected signals of the first three harmonics of the cantilever’s oscillation frequency fosc. The
letters in the image of the second harmonic signal 2fosc show source (S), gate (G), and drain
(D) terminals. All images have been made simultaneously with the gate voltage set to 0.4 V
(Vbirac = 0.55 V) and the radiation coming from the left to the right with a 55° angle and 150
ms lock-in integration time under 19 mW THz power.

The lightest color in the images shows the strongest local electric field. The average signal
amplitude on the gate and drain antenna metals is similar due to the capacitive coupling
between the antenna leaves. The smaller field amplitude at the source side (darker area)
shows the asymmetric antenna radiation coupling into the transistor channel. The highest
amplitude of the picture is in the channel, close to the source contact where the radiation is
coupled, and the electric-field amplitude drops along the channel. This shows a similar
behavior as it is expected in TeraFETs.
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Fig. 6.18. Atomic force microscope (AFM) image of the GFET channel region (left top) and
s-SNOM measurements of the 1%t, 2"4 and 3™ harmonics.

The presented data are from the first experiment which was useful for further
implementations, such as, sloped walls of the buried gate electrodes to assure less
mechanical strain on the graphene layer, another radiation direction perpendicular to the
antenna symmetry axis has been tested. And the most important for the transparent data
analysis, the resistance and THz detection response have been measured between the s-
SNOM scans.

To record the electrical and optical characteristics of the GFET, the know-how from [111]
and Section 5.1.1 had been implemented. As the graphene is directly exposed to the air and
high electromagnetic fields, it is necessary to follow the changes of impurities on the
transistor channel. Therefore, the electrical properties of the channel were carefully
measured between the experiments in order to know about any additional electrical charges
which might become attached to the channel and therefore make an influence on the carrier
density in the channel. The measurement direction, duration, and gate voltage step for the
electrical measurements were kept the same for all the experiments as it is of high
importance for comparison reasons between multiple experiments.
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The work led to the successful imaging of carrier density (plasma) waves on the bottom-
gated graphene field-effect transistor. The results and analysis method are presented in
[165]. The obtained values of the analysis give the extracted plasma wave velocity and the
damping time of the plasma wave which are in good agreement with the values given in the
literature.

6.2.2 Reconfigurable aperture multi-pixel array

Invisible THz radiation in THz systems with low source output power close to NEP of the
detectors causes difficulties in the alignment procedure of THz setup and therefore takes a
lot of time. For this purpose, a 6x7 multi-pixel array was implemented which has two
operating conditions. One operation is pixel-by-pixel raster scan, the second — reconfigurable
aperture for single-pixel detection. This solution was considered for laboratory applications
as it saves time focusing the beam and gets information about the beam power around a
single pixel.

6.2.2.1 Aperture reconfiguration

The multi-pixel array can be configured for the biggest possible aperture detection of the
size of the multi-pixel array. In this way, it is easier to catch the misaligned THz beam as the
aperture is bigger. After the THz signal is met by the detector aperture, the beam can be
focused on the optical axis. Then, the aperture can be reduced to the size of the expected
beam to capture most of the beam power.

The array was designed using a slot bow-tie antenna with a pitch size of 180 um between
the pixels. All source contacts of the transistors were connected to the ground terminal.
There are 6 rows of the common gate and 7 columns of common drain contact. All gate rows
and all drain columns are connected in parallel and controlled with MUX/DEMUX via Arduino
Nano microcontroller programmed with LabView algorithm. The readout was presented in
Section 4.2.3 (Fig. 4.3).

The aperture size can be chosen as an integer number of adjacent rows and columns. The
intersection size of the gates and drains in ON state is the size of the actual aperture
measuring the incoming THz radiation. For example, three possible configurations are shown
in Fig. 6.19.
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Fig. 6.19. Various aperture configurations for THz detection with a 6x7-pixel array.

Such configuration allows one to choose the optimal aperture size depending on the beam
spot size and, as it was shown in [166], it reduces the NEP for bigger aperture size, as the
thermal noise of the transistors connected in parallel is lower.

It has been shown that the chosen multi-pixel array design assures optimized detector
aperture for beam focusing, enables the user to check the single-pixel environment, and
increases the sensitivity limit for low power radiation of big spot size. Therefore, it is useful
for a faster optical THz system alignment as well as single-pixel imaging applications.

6.2.2.2 THz source imaging

The imaging configuration of the multi-pixel array scans pixels one by one and acquires an
image of the incident radiation power focused into the array. This configuration was used to
image various THz sources using the f-f setup shown below.

M;
I
THz
source Lock-in
amplifier
ox7 pixel
M, array

Fig. 6.20. Optical setup for THz source imaging with 6x7 multi-pixel array.

In the beginning, the single-pixel performance was characterized using an electronic
300 GHz source. Fig. 6.21 shows the distribution of AIGaN/GaN HEMT pixel resistances and
the corresponding responsivity dispersion for the same pixels. The average minimal NEP for
all the transistors is at around -1.7 V. The optical responsivity is around 100 V/W and the
corresponding optical NEP is 44 pW/VHz. The average responsivity curve and 26 bars are
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depicted in black. The presented advanced FET technologies, such as CMOS and AlGaN/GaN
HEMT, have comparably low resistance dispersion between the transistors. This feature
assures a simple FPA use in THz detection applications as all the pixels show a similar
responsivity.
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Fig. 6.21. Resistance (top) and responsivity (bottom) graphs of a 42-pixel array.
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Fig. 6.22. Multiple pixel spectral characteristics.
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Fig. 6.23. Comparison of three different THz sources at 200 GHz imaged with AlGaN/GaN
multi-pixel array: CMOS technology-based source, commercial multiplier chain-based VDI

source, and commercial Toptica photomixer from left to right. The last picture was made of
a QCL source at 4.75 THz using a CMOS-based multi-pixel array.

Using AlGaN/GaN HEMT-based multi-pixel array, the imaging of three different THz
sources was made: wideband Toptica TeraScan1550 system, electronic VDI source, and a
CMOS technology-based source designed at GUF and Vilnius University for 250 GHz
frequency. Additionally, the image of a QCL source at 4.25 THz was acquired using a CMOS
multi-pixel array designed for QCL power detection.

The comparison of all the images on the mentioned THz sources is shown in Fig. 6.23. The
designed CMOS TeraFET-based THz source delivers power mainly into one pixel different
from the commercial VDI and Toptica sources working at 200 GHz frequency. The beam has
been focused into one of the pixels and then one image has been taken for each THz source.
VDI source shows the highest signal of a focused light when two pixels in one row are
lightened up equally. The SNR of the two pixels then equals 46 dB at THz power of 4 mW
which was attenuated by 10 dB to avoid the influence of a standing wave in the optical

system.
100GHz 150GHz 200GHz 250GHz
300GHz 350GHz 400GHz 550GHz

Fig. 6.24. Images of Toptica transmitter power at different frequencies.
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The beam profile images at various frequencies of the Toptica system are presented in Fig.
6.24. The brightness of the detected signal in the images corresponds to the response signal
at corresponding frequencies as shown in Fig. 6.22.

One can see that in all the experiments the total radiation power is dissipated over many
pixels. Therefore, in the case of the use of a single-pixel device, all the information around
the pixel would be lost. This also shows the difference between the characterization of total
and optical device parameters, as total power accounts for the optimal detector area (pixel
number) absorbing the incident radiation, whereas the single-pixel device absorbs only the
part of the radiation, and part of the radiation is always lost. The radiation loss due to limited
detector aperture is not considered in the calculation of the optical detector responsivity and
NEP.

6.2.2.3 6x7 array comparison with a commercial TeraSense camera

256-pixel TeraSense camera has been used for the sensitivity comparison with our 42-pixel
TeraFET-based focal plane array. For this purpose, a ,,Matlab” algorithm was implemented
for the half-power bandwidth approximation of a Gaussian beam along the x and y directions
from the brightest pixel of a camera. It was assumed that the beam is close to the Gaussian
beam and for this experiment, the fact that our array has a substrate lens was ignored.

The algorithm searches for the brightest pixel and takes it as the focal point of the optical
system. Then, it takes the corresponding row and column data points containing the pixel
and fits a Gaussian function for both data sets. From the fitted data, it takes the Half Power
Bandwidth calculated in both directions (HPBWx and HPBWY) and calculates the approximate

half-power bandwidth HPBW = \/HPBWX2 + HPBW,” for of the incident beam which is
shown in Fig. 6.25 as a white circle around the x marked center of the beam data taken from

the same approximation.

To test the algorithm, an experiment was conducted where a 300 GHz TeraSense source
was horizontally translated out of focus. The TeraSense camera has a pixel pitch size of 1.5
mm. The position of a horn antenna at the focused beam was 14 mm. The measured data is
shown in Fig. 6.25.

The presented algorithm was implemented for the shown data set. The column and the
row of the brightest pixel were taken and fitted with the Gaussian function. They are shown
in Fig. 6.26. The measured data shows a high saturation level although the shortest exposure
time provided by the commercial supplier was used. The approximated half-power beam
profile for each measurement together with the path of the beam center with calculated
HPBWY and HPBW\y depicted with error bars are shown at the right of Fig. 6.26. The beam
path can be seen using this algorithm which proves the functionality of this basic algorithm
for the comparison of the two systems.
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Fig. 6.25. Images of a spatial beam shift (left) and the optical setup with TeraSense source
and multi-pixel array (right).
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Fig. 6.26. Analysis of the beam movement assuming Gaussian beam form.

The comparison experiment has been made at different incoming radiation power levels.
The incoming radiation power has been attenuated by filters of 100 %, 10 %, 1.6 %, 0.2 %,
and 0.05 % transmission coefficient, named F[transmission coefficient] in Fig. 6.27. Our array
has no implemented amplifier, therefore the lock-in technique has been used to detect the
signal. Therefore, the image acquisition time was 4 s. The TeraSense camera as a commercial
product has a computer interface and various tuning options to optimize the read-out
electronics conditions. The main parameter which can be chosen is the exposure time, named
E[integer number] in Fig. 6.27, which was optimized during this experiment. The recorded
images are shown below.
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Fig. 6.27. Images for sensitivity comparison of the unamplified TeraFET based system and

commercial TeraSense camera for the power transmission configurations from 1 to 0.0005.

Fig. 6.28 shows the images at various THz power attenuation levels for the AIGaN/GaN
HEMT-based 6x7-pixel array and commercial TeraSense 16x16-pixel camera. The analyzed
data from this set of images using the described algorithm for detection of the beam position
is depicted in Fig. 6.29. As the THz source has not been moved during the experiment and the
beam profile should not be changed, the approximate HPBW should be the same for all the
experiments.
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Fig. 6.29. Sensitivity comparison. Red X shows the configurations of the TeraSense camera
which could not be recognized with the used algorithm.
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The 6x7 array shows a good performance for all the attenuation conditions, also close to
the noise level at 0.05 % attenuation, whereas the TeraSense camera obtained the beam
image well at 10 % and 0.16 % attenuation for the shortest exposure time and 0.2 % with an
exposure option named E7. Lower power levels could not be obtained even with the longer
exposure time provided by the device. Moreover, the maximum power of the TeraSense
source could not be analyzed since the central pixels were in saturation as described
previously. The experiment shows a much lower dynamic range of the TeraSense system.
However, our detector still needs faster readout electronics and implemented amplifiers to
reach the integration level of TeraSense for portable out-of-the-lab use.

6.2.3 3D mobile phone imaging

For the test of a 3D imaging of the mobile phone as a security imaging application, a
Schwarzschild telescope objective was used which is well known for its large numerical
aperture and was fabricated out of aluminum. The schematic of the imaging setup is shown
in Fig. 6.30. It is based on two curved mirrors where one is a convex mirror in the optical axis
reflecting with a big angle so that the radiation, reflected from the concave mirror can be
focused into the object behind the convex one. The effective focal length (EFL) of the
telescope equals 50 mm and the numerical aperture NA = 0.67. This objective assures low (or
any) chromatic and spherical aberrations [167] and therefore is also good for multispectral

imaging.
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Fig. 6.30. Experimental 3D setup in a reflection configuration.

504 GHz radiation is collimated through two PTFE lenses and reflected from the concave
mirror into the convex one which focuses the beam tightly into the sample. The reflected
radiation from the sample returns and reflects from the silicon beam splitter then it is focused
into the AIGaN/GaN TeraFET. Two PTFE lenses and a beam splitter were used for the radiation
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coupling on the TeraFET. A generic mobile phone as a test sample was used and 504 GHz
radiation frequency from electronic CW THz source was used to reach sub-mm resolution and
sufficiently high dynamic range. During the experiment, the backside of the phone with the
cover was raster scanned in three dimensions using mechanical translation stages.

The measured reflection images are shown in Fig. 6.31. Each picture shows the reflection
images at different phone positions compared to the focal plane where 0 mm corresponds
to the cover of the mobile phone placed in the focal plane. The last image shows the mean
value over each pixel. Such a simple addition of the detected intensities shows a better
contrast of single elements where each picture depicts single plane features better. For
example, the letters on the plastic cover can be seen in the 0 mm position, however, they
interfere destructively at the 2 mm position. The loop antenna of the mobile phone shows
up the best at 1.5 mm, however, the total intensity image depicts it as well, as the summation
removes the interference effect caused by a slightly shifted phone plane.

As the THz radiation penetrates through the plastic cover, the internal components from
the reflected light image can be recorded. The reflection images were made in x and y
directions with the step size of 0.4 mm and with the scan speed of 15 mm/s along the x-axis.
As the Schwarzschild objective with large NA focuses radiation tightly, the depth information
along the z-axis can be recorded. The sliced images were made in 0.25 mm steps in the z-
direction and the sharpest images are shown in Fig. 6.31. The lock-in integration time for each
image point was 20 ms and the total image acquisition time was 40 min.

The total reflection intensity of all the imaging planes is shown in Fig. 6.32. Two different
color scales were used: the logarithmic scale depicts the plastic body features better,
whereas the linear scale has a better contrast between the metallic and plastic features. The
arrows show the main parts of the mobile phone which can be seen in the THz image. The
picture at the left shows the actual sample image with a plastic cover at the side.

As in most of the THz setups, this imaging setup also exhibits standing wave interference.
The interference shows up if a flat surface is tilted with respect to the focal plane and when
the height of the object elements varies. Most likely, the interference pattern on the battery
is the result of the standing waves. This could be solved by summing up few images with the
tuned radiation frequency.

Due to a high numerical aperture, the Schwarzschild optics was chosen to reach tight focus
on the imaged object. The object had been recorded in 3D at 504 GHz frequency. The features
behind the plastic cover can be easily recognized. The imaging time was around 40 min which
is rather a long time for possible applications. The image acquisition time can be reduced by
implementing a THz camera [90, 100]. A real-time camera would reduce image acquisition
time significantly. Therefore, such a type of camera would be more applicable for security
and industrial applications even better than the ones offered commercially by now.
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Fig. 6.31. Sliced images of a mobile phone depicted in linear scale and same color bar
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Fig. 6.32. The sample (at the left) and the 0.5 THz images of the total intensity imaged through

the plastic cover (on the right).
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6.3 Hyperspectral imaging

One of the unique experiments which were developed within the ITN CELTA network was
based on high sensitivity TeraFET with a high precision electro-optic dual-comb source [66,
100]. The experimental setup was implemented during the secondment in Madrid Carlos Il
university. The idea of combining these two systems arose as the dual-comb system is of
absolute frequency accuracy and high resolution of spectral lines. However, the photodiode
output power is limited to few microwatts at this frequency. Therefore, the solution for this
low-power THz source is can be a high sensitivity TeraFET with a broadband response. Such
a system is useful for imaging applications where the absorption lines are rather narrow and
therefore cannot be detected by the spectroscopy system as the 2 GHz-width oxygen line at
118.75 GHz frequency which was shown in [7], Fig 3.

Both systems were optimized for the best performance. First, the dual-frequency comb
setup was extended to THz frequencies and explored in a raster-scan imaging system. Later,
a suitable TeraFET design with implemented LNA for a higher repetition rate was developed.
In this section, the proof of concept is presented of a multifrequency imaging scheme with a
TeraFET. The work is also published in [35, 36].

6.3.1 Hyperspectral imaging system

The imaging system is shown in Fig. 6.33. A dual comb-based THz source radiates CW
single- or multifrequency THz beam which is focused into the sample using two off-axis
parabolic mirrors. The transmitted beam is then focused into a TeraFET detector, amplified,
and digitalized for further computational processing. During the measurement, the sample
was moved along the focal plane and a raster scan has been kept. The measurement has been
made using a single-line (heterodyne) frequency at 266 GHz. It took around 3 hours for a
2x2.5 cm? image to be scanned with a 0.25 mm step in both directions.
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dual-comb Optical THz setup THz detector processing

Fig. 6.33. Multifrequency imaging block diagram with an electro-optic THz dual comb, 4f
optical system with a sample in the intermediate focal plane, TeraFET connected to a digital

read-out circuit.
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The optical part of the measurement system is shown in Fig. 6.34, where the THz output
is radiated from UTC photodiode-based THz dual-comb system, focused on the sample and
directed to the TeraFET. As a THz sample, a microfluidic container half-filled with water (see
Fig. 6.35 left) was used where the other half part was still with some air left. For the first
imaging experiment, a TeraFET detector which was not optimized for the new THz source
frequency range was used, therefore, the dynamic range of the image was comparably low,
only 34 dB. The signal was measured using a ZI Lock-in amplifier. Despite a limited dynamic
range of the image, it was enough to make a recognizable image of a microfluidic container
shown in Fig. 6.35.

The THz image is shown on the right of Fig. 6.35. One can see the THz transmission in the
air above the sample and the features of the sample, such as the shape of the container, the
difference between water and air in it, as well as half transmitted light in plastic parts of the
container. The plastic closing pins of the container cannot be seen in the picture, as they dim
the light too much, and the signal transmitted signal reached the noise level of this detector.
The sharper edges of all features can be reached with a better focusing of the beam and
higher radiation frequency.
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Fig. 6.34. Optical multifrequency imaging setup with a THz sample in the intermediate
focus.

One important difference between the imaged sample in the left and the THz image is the
position of the largest air gap and missing small air bubbles. The reason for this is that the air
bubbles moved slowly during the experiment to the position shown in the right image. The
blue picture in the center shows the THz raster scan of the shown sample where light blue
corresponds to complete transmission above the sample and dark blue shows areas of the
weakest transmission of thick plastic and water.

98



Fig. 6.35. Microfluid container with water and air bubbles. The sample before the
measurement is shown on the left, after the measurement on the right. In the center — THz
transmission image, the author's work presented at MIKON 2020 conference [36]*.

For the best SNR performance of such an imaging system it is important to match the
following parameters:
e Electro-optical dual-comb:
o the highest available power and central frequency
o comb size (humber of teeth)
o the frequency difference between the teeth, and therefore the bandwidth
e Optical THz setup:
o the smallest possible beam waist
o step size in x-y directions = beam waist
e TeraFET:
o the lowest optical NEP and central frequency
o the lowest amplifier input noise
o the bandwidth of the amplifier
o amplifier gain
e Data acquisition and processing system:
o noise limit £ noise limit of the TeraFET
o sampling speed > 2fmaxrr

As the dual-frequency comb system was already optimized, the bottleneck was the
TeraFET design in this development stage.

¥ © 2020 by Warsaw University of Technology. All rights reserved.
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6.3.2 TeraFET implementation

To assure the highest dynamic range of the dual-comb system for the targeted central
frequency of 330 GHz, a TeraFET was designed with an additionally implemented low-noise
amplifier which reached the gain of 40.8 dB and the 3-dB bandwidth of 200 kHz. The detector
was fabricated on 90-nm CMOS technology. It is based on a double-gate transistor integrated
with a slot antenna. The impedance of the antenna was matched using an additional dipole
configuration. The characterization was conducted on TeraFET as well as TeraFET with LNA
configuration.

The measured data is shown in Fig. 6.36. The graph at the left shows the measured signal
at various frequencies of the TeraFET signal as well as the signal after amplification as a
response to the Toptica THz source. The dashed line shows the TeraFET noise level which is

an equivalent of 5.1 kQ channel resistance. The dips in the spectrum correspond to the water
absorption lines.
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Fig. 6.36. Measured spectra with Toptica system (left) and gate voltage dependency on
detected voltage and current signals (right).

The graph at the right of Fig. 6.36 represents the gate-voltage dependency of the detected
signal at 300 GHz without LNA. The dashed line corresponds to the voltage and the dotted
line represents the detected current. The solid line shows the best NEP point equal to the
gate voltage of 0.45 V.

Fig. 6.37 shows the calculated optical responsivity and optical NEP values for this detector
which is shown in the inset. Optical responsivity has its maximum at 296 GHz and FWHM
bandwidth of 20 % or 42 GHz. At measured total Toptica power of 5.1 uW at 296 GHz, the
optical voltage responsivity reaches approx. 0.5 kV/W and 60 kV/W for the best NEP point
without and with the integrated LNA, respectively. The NEP dependency on frequency is
depicted at the right. The dots show the measured data and the solid line represents the
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averaged data for clarity. The best optical NEP without LNA was lower than 19 pW/VHz
whereas with amplifier it reached 20.8 pW/VHz.

............................................................................................ 10%
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Fig. 6.37. Optical responsivity and optical NEP of the detector. Author’s work presented in
MIKON 2020 conference [36]".

The LNA integration as close to the detector as possible is important for the detector
protection from additional noise sources from the environment which can be inducted via
cables or insufficient detector shielding. The choice of the operational amplifier for the LNA
is of importance as it adds to the noise from the detector reducing the total dynamic range
of the detector. Therefore, the OPA827 was chosen which has input noise of only 4 nV/VHz
above 100 Hz, a low offset voltage of 150 uV, and a gain-bandwidth product (GBW) of 22
MHz. Lastly, the gain of the amplifier should be enough so that the detected signal is not
limited by the noise of the acquisition board.

With this achieved, the optimized system is now ready for hyperspectral imaging.
However, it should be considered that the SNR of each frequency teeth becomes smaller with
each additional frequency. Taking this into account, the hyperspectral imaging experiment
with the presented TeraFET was conducted on 9 frequency teeth in various materials. The
results are presented in [35].

6.3.3 Hyperspectral imaging results

The hyperspectral image was acquired after both systems were optimized for the same
frequency range. The area of 32 mm by 32 mm was raster scanned in 1 mm steps. The result
is depicted in Fig. 6.38. The multilayer soft plastic sample with a Velcro hook was taken to

Y © 2020 by Warsaw University of Technology. All rights reserved.
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prove the possibility of such a system to be applied for industrial applications. The sample
contained few layers including a Velcro hook. Nine images were taken simultaneously during
raster scanning at frequencies from 0.26 — 0.34 THz in the 20 GHz step. The differences can
be seen in between the radiation intensity which was detected after transmission through

the sample.
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Fig. 6.38. Hyperspectral images and spectra of a sample that includes various materials.
Figures 3-4 from Scientific Reports [35] merged under © CC BY 4.0.

The image acquisition time was around 1 hour in the system which was not optimized for
the fast scanning as well as a fast readout. Despite this, the system shows the spectral
differences of the sample layers. Both layers transmit the radiation better at lower
frequencies, however, the radiation penetrates much better through the single layer. It can
be seen that the Velcro hook attenuates the radiation more than the main layer. The
diffraction from the edge of the sample creates a zero-transmission point which becomes
more transparent at higher frequencies.

The presented experiment shows that hyperspectral imaging is possible using TeraFET
detectors even with a low power source. The precision, tunability, and high-frequency
resolution of the dual-frequency THz comb system assures precise spectroscopy at a
considered frequency range even beyond 1 THz, where TeraFET detectors are proven to have
a high sensitivity. The presented imaging system provides hyperspectral imaging at frequency
resolution between THz lines down to few kilohertz. Whereas the imaging speed can be
optimized by developing a multi-pixel array for hyperspectral imaging.

6.4 Passive human-body radiation imaging

This section is dedicated to the passive imaging experiment of human-hand radiation using
a broadband TeraFET. This is the first experiment made using TeraFET detection on human-
body radiation under complete room temperature conditions (no additional illumination or

102


https://creativecommons.org/licenses/by/4.0/

cooling). The proof-of-concept experiment opens the new possibilities of broadband passive
imaging in the sub-THz range, which can be applied in medical and security applications.

6.4.1 Black body radiation coupling

The theoretical explanation of black body radiation was discussed in Section 2.1.1 Passive
THz sources. It was shown that the spectral radiance (spectral power density over a unity
solid angle) of the black body at room temperature is below pW/sr-m?-Hz. Therefore, it is a
challenge to couple enough radiation into a THz detector. One of the important
characteristics of black body radiation coupling into an antenna, which is derived in this
section, is that the spectral power density is constant over a wide frequency range up to a
few THz depending on the temperature of the black body source. Therefore, for the recent
technology development, the widest possible THz detector bandwidth and the lowest NEP
[50] are necessary at the optimal optical coupling conditions.

The optical system is depicted in Fig. 6.39. The system contains a black body radiator with
the emissivity of €zp, two parabolic mirrors or lenses with focal lengths F1 and F, and
aperture diameters di1 and d>, and a detector with effective antenna area Aest and hyper-
hemispherical lens focusing the radiation into the antenna. The brown dashed lines explain
the symmetry of the optical axis for the wavefront radiated by the black body. The vertical
dashed line shows the symmetry axis of the system for the wavefront radiated from the left
curved dashed line towards the right dashed line at the focusing detector lens surface. This
means that the emitted power from the black body in the beam path at the surface of the
dashed line at the left is mirrored as the incoming radiation into the detector lens.
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Fig. 6.39. Schematics of the optical f-f system for black-body radiation coupling into a
TeraFET detector.

If the optical system parameters are optimized, then the radiation power P(f, Tgg) of
T temperature black body radiator of g5 (f) is coupled to the TeraFET with D directivity

41

2
antenna over the effective antenna area A.rr = #-D and the solid angle Qg ==

equals:
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f2
2hf3 Qune - Ae
P(f, Tgp) = f epp(f) cf e nF () df Eq. 15

fi eksTep — 1

This form can be simplified using the Taylor series of the exponential function results in
the following 1%t order polynomial function:

W < (hf kg Tag)™ h
22%2 f 4 —ew<x<o Eq. 16
n=0 .

eks Tep 1+
kg Tpp

The result leads to the Rayleigh-Jeans law [168] which is valid only when the thermal
source energy kgT is much higher than the photon energy hf. For room temperature
ambient this is in good agreement up to 5 THz. Therefore, for low THz frequencies radiated

spectral power for both polarizations can be calculated as
f2

PU, Ton) = 2k Top | 50 () df Eq. 17
fi
This equation shows the constant spectral power density over a wide frequency range.

The graphical presentation of this equation for various temperatures of black body source as
depicted in Section 2.1.1 Passive THz sources at the right of Fig. 2.1. Accounting for the
antenna polarization, only half of the black body radiation induces the output signal in the

detector:
flp(f T ) f2
V=0t | =22 Ry(f)  Aer(f) df = kg Top | eps(f) - Ry(f)df  Eq.18
2
12 fi

NETD can be calculated as the thermal noise in BW bandwidth of the R, detector channel
resistance at room temperature T over the signal change due to black body temperature
change:

AkgTRWBW 4kzTRBW _ NEP-VENBW

NETD = - f> = 7>
kg ffl epp(f) " Ry (f) df kBAfff1 epp(f) df

Eq. 19

ATgp

When the black body emissivity equals 1 and NEP is constant in THz frequency range
defined by Af the NETD of a TeraFET using the lock-in measurement technique with a
particular equivalent-noise bandwidth (ENBW) setting, can be calculated as

NEP -VENBW
NETD = Eq. 20

kpAf
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The equations Eqg. 19 and Eqg. 20 are valid only for the low THz range and optimal optical
setup conditions when the solid angle of the incoming radiation is close to the antenna
radiation pattern. If the incoming radiation is focused differently than the optimal angle 6;,,,
the induced signal in the detector channel is less than the described AV and the minimal
temperature difference is not detected. For the detector with log-spiral antenna used for this
experiment (briefly presented in [40] as a comparison to the bow-tie antenna design), the
constant NEP in 0.1 — 1.5 THz range reaches 42 pW/VHz, therefore, the calculated NETD
equals 2.17 K for 1 Hz bandwidth.

6.4.2 Thermal detection experiments

As the radiation of any black body in the THz range is very small in comparison with the IR
range (see Chapter 2), the incoming power of the radiation is extremely low (was calculated
in Section 2.1.1.1 Blackbody). Since now, the radiation of a black body has been detected using
broadband TeraFETs which were at least an order of magnitude higher [54, 55] than the NETD
needed for the detection of human body radiation and room temperature background. The
temperature difference is usually around 10 K.

The thermal detection system was based on a hot ceramic. According to the specification,
it can be heated up to 600 °C applying supply voltage. However, defining the temperature of
the thermal source output was a complicated task. Using an IR thermometer, the measured
temperature was only 140 °C despite the manufacturer's defined temperature of 600 °C.
However, a red visible light emitted from the ceramic indicates the ceramic temperature to
be like the specified one. The huge difference between the specified and measured values
can be explained by the large integration area of the IR thermometer or/and the emissivity
of the thermal source which might be far away from~1.

For the optical setup shown in Fig. 6.40. Thermal radiation passes two off-axis parabolic
mirrors and is chopped at 77 Hz and focused via hyper-hemispherical lens into a CMOS-based
TeraFET with a log-spiral antenna. The TeraFET with LNA of 40 dB gain and a lock-in amplifier
has been used to measure mechanically chopped thermal signal.

Various parabolic mirror configurations were tested before the experiment to find the
best coupling angle. The optical chopping was used for the detection of the response signal
with a lock-in amplifier. The detected signal amplitude at the corresponding mirror focal
length is shown in Table 6.3.

Table 6.3. Measurement parameters.

Diameter, inch | Focal length, inch | Solid angle, sr Detected signal, uV
2 2and?2 0.79 51
2 3and 3 0.35 48
2 4and 4 0.20 42
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Fig. 6.40. Passive imaging setup. Used thermal sources were a hot ceramic and a human
palm.

For d < F, the solid angles Q in steradians (sr) corresponding to the half-angle 8 can be
expressed through the relation of the numerical aperture of the lens and its focal length:

ndz N

4™ ”( 1) Eq. 21
Qpp =~ 41 =—|— q.
BB AnF,%2  4\F,

According to this relation, the following solid angle values are shown in the third column
of the table.
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Fig. 6.41. Detected signal dependency at various thermal source supply voltages under
paper, black plastic, cardboard attenuation condition.
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As one can see, the optimal configuration is when the focal length of the mirrors equals
3 inches, as for the shorter focal length the incoming radiation angle is bigger than the angle
of the antenna radiation pattern and some radiation cannot be coupled to the detector.

As the right configuration of the mirrors was chosen, the IR test of this thermal source was
conducted using a sheet of paper reducing the thermal signal by 10 times at around 1 THz.
The paper blocks the IR part of the radiation and therefore, we can see that the detected
signal is due to low-frequency THz radiation. The detected signal over the thermal source
supply voltage with different attenuators is depicted in Fig. 6.41. The detected signal under
the attenuation is almost half of the signal without attenuation. This means that almost half
of the radiation was blocked mostly above 1 THz frequency. More about paper attenuation
can be found in [169].

Once the measurement setup was ready, the thermal sensitivity of the TeraFET was
measured. The first experiment was made on a hot ceramic-based thermal source, which was
blocked with a metal block to create ON/OFF modulation and be able to see the signal-to-
noise ratio. Each measurement has been taken every second with a 200 ms time constant.
The result is depicted in Fig. 6.42. The signal-to-noise ratio equals 54 times at the noise level
of 1.38 uV/VvHz and lock-in time constant of 200 ms with a 12 dB/oct filter. The distribution
of the detected signal is depicted in the same figure (bottom).
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Fig. 6.42. Thermal source modulation (top) and value distribution (bottom).

As the sensitivity of the detector was high enough, the same experiment was conducted
on the radiation of a human palm which is only around 10 K above the room temperature.
This allows the exploration of the sensitivity limit of the TeraFET-based detector. The
experiment was conducted with 5 different people (2 female and 3 male) of different ages.
The hand was moved in and out of the setup focusing the palm radiation into the focal point
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of the optical system. In Fig. 6.43, the modulation of palm radiation is shown at two different
periods of 32 s and 40 s and the Fourier transformation for the first harmonic signal is
depicted below. The signal of the experimenter called DCis the best, as it was an experienced
experimenter and the hand movements in and out of the optical setup were more precise as
of the other people. However, all the signals have a clear modulation at the expected

frequencies.
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Fig. 6.43. Modulated palm radiation detected signal at 32 and 40 s period (top) and the
Fourier transform spectrum of the signals of 5 people of different age and gender.

In Fig. 6.44, the closest emissivity values for our experiment of human skin from the
literature are shown which were in detail presented in Fig. 2.2. To obtain the emissivity values
for various bandwidths of a detector, linear interpolation was applied. The graph shows the
blue data points and the calculated mean emissivity value for the bandwidth BW = f— 30 GHz,
where fis the variable of the X-axis. The mean emissivity of 0.9 can be taken for a broadband
detection up to 1 THz or higher. However, for the lower frequency bands, the radiation is not
emitted so efficiently. For example, in the 30 - 100 GHz range, the mean emissivity is only
0.6. That means, by reducing the total bandwidth by 10 times, only 10 percent of the radiated
power is detected which is additionally 30 % weaker due to lower emissivity of the skin at
lower frequencies. For broadband detectors, the calculated emissivity equals 0.81 up to 0.5
THz, 0.9 up to 1 THz, and 0.92 up to 2 THz.

As mentioned before, the log-spiral antenna with constant NEP in 0.1 — 1.5 THz range of
42 pW/VHz has NETD equal to 2.17 K for the ideal conditions of black body radiation at 1 Hz

bandwidth. However, for the following presented experiment, the expected NETD is n/\/f
times higher due to the detection of the chopped signal with a lock-in amplifier, therefore
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for the given bandwidth one would expect NETD of 4.82 K. For the ENBW of 0.833 Hz and
calculated mean skin emissivity of 0.915 up to 1.5 THz, the awaited NETD equals 4.8 K.
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Fig. 6.44. Interpolation of the mean emissivity over the bandwidth BW = f-30 GHz using
the values given in the literature. Author’s work, reprinted from MDPI Sensors [48] under ©
CCBY 4.0.

As the experimental SNR of the palm signal (shown in Fig. 6.43.) is 1.97 and the difference
between the palm and the ambient temperature was 8.7 K, the NETD for 1 Hz equals 4.4 K,
and therefore, the measured NETD at 0.883 Hz bandwidth equals 4.8 K. Although both,
theoretical and experimental, values are identical, this shows only a good agreement of the
theory and the experiment, as the exact bandwidth of the detector was not characterized
(only the part up to 1.5 THz) which would reduce the NETD if the bandwidth is wider. It is also
very likely that some part of the radiation was not coupled into the detector due to discrete
practical values of the angular beam for the radiation focusing into the detector as shown in
Table 6.3. A less focused beam leads to a higher experimental NETD.
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Fig. 6.45. Passive images of human body radiation of female and male hands compared to
their photographs. Data from the left was published in [77]. At the right is the author’s work,
reprinted from MDPI Sensors [35] under © CC BY 4.0.

The presented results are the first of this type showing the TeraFET applicability for passive
imaging of human body radiation. This opens a completely new field of applications for FET-
based detectors. The multi-pixel implementation of this type of pixel will lead to much faster
imaging of black body sources. For the applications which need more sensitivity, a multi-pixel
camera can be cooled, and therefore, the NETD can be increased 4 times at 77 K [128].
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7. Summary and outlook

This work focused on the field-effect transistor-based THz detectors. This work aimed to
enhance the device sensitivity and explore the application field of such detectors. For that,
the characterization and calibration challenges were addressed, and technical know-how was
presented. The exploration of the applications was considered beyond the usual
spectroscopy and active imaging applications. To this end, hyperspectral and passive imaging
have been explored as new and challenging types of TeraFET applications. The proof-of-
concept experiments conducted within this study for TeraFET technology were crucial for
further THz system development. This showed the performance of TeraFETs to be
comparable to commercial Schottky-diode technology and opened new possibilities for
TeraFET applications.

Calibration challenges and optical performance definitions

This work also presented the calibration challenges of THz detectors and the means to
address them. From one side, it is challenging to conduct a suitable characterization
procedure for TeraFETs. On the other side, calibrated detectors cannot be easily compared
to similar devices due to differences in calibration and analysis procedures between the
scientific groups. To address the latter issue, the electrical model of a TeraFET was described
in order to differentiate between the Dyakonov and Shur defined intrinsic detector
responsivity and the losses in the radiation coupling path of the real device. This model
should be helpful to explore various definitions of THz detectors presented in this work,
which is important when comparing the differences between the optical, cross-sectional,
electrical responsivity, or NEP.

It is expected that a better explanation of possible definitions of responsivity and NEP
leads to a better quantitative comparison between future devices that should speed up the
development of THz detector technologies. The more competition and technology variations
there are, the better are the chances that more real-life THz applications will be seen in the
near future improving the quality of life and further technology development.

TeraFET characterization

The characterization was performed with the construction of the detector module and
cryogenic system which enabled the electrical, optical, and cryogenic characterization. The
stability in time, as well as the device’s noise limitation by the thermal noise, were proven
for each new technology involved in the research and development, because of its high
importance for the proper device characterization. As there are still many challenges for the
device calibration, two separate techniques were used for responsivity and NEP
characterization: optical and thermal characterization. Once detectors were well
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characterized, they were then compared with other devices which were presented in this
work.

Using Toptica transmitter, the sensitivity limits of narrowband and wideband TeraFETs
based on CMOS, AlGaN/GaN, and GFET technologies were explored and compared. The state-
of-the-art detectors reach the resonant performance below 20 pW/VHz at 0.3 THz and
0.5 THz, as well as 404 pW/VHz cross-sectional NEP at 4.75 THz. The broadband detectors
show NEP as low as 25 pW/VHz at around 0.6 THz for the best AlGaN/GaN design and
25 pW/VHz around 1 THz for the best CMOS design.

Considering the conducted electrical and optical experiments on FET technologies, the
studies illustrated that no TeraFET technology was far superior to others and the choice for
the TeraFET technology depends mostly on application. The need for robustness, expected
production levels, possible influence on variations in the technological run, or novelty of the
technology, such as presented plasmon visualization in TeraFET channel, dictate the optimal
TeraFET technology choice. Considering THz detection, it was concluded that the sensitivity
of the detector depends on the efficient radiation coupling, but not on a specific technology.
The most important parameters defining the TeraFET performance are impedance matching
and optical coupling techniques which are defined during the design stage. However, the
epitaxy differences in the same technology might cause changes in the TeraFET performance
as well as device stability over time and temperature change, as presented in this work.

The main characterization results of this work were the following. (a) The calibration of
the low power of the Toptica system, which was conducted using a pyroelectric power meter,
Golay cell, and Toptica receiver. This result led to a broadband characterization of the optical
NEP of multiple TeraFETs. (b) The in-depth electrical and noise characterization led to the
improved resistance characterization techniques and opened a broader perspective into
detector resistance stability, which also led to the implementation of the resistance
stabilization methodology for GFET characterization. (c) Cryogenic experiments were used
for the thermoelectric effect characterization and testing of the procedure developed for the
extraction of intrinsic detector parameters, as well as technology implementation for
sensitivity enhancement at lower temperatures.

Explored TeraFET applications and results
Spectroscopy applications

Spectroscopy, imaging, hyperspectral imaging, and passive imaging applications were
explored at room temperature conditions. The spectroscopy applications were explored in
TDC and CW (Toptica and QCL sources) systems. The explored autocorrelation technique
using the TDS system showed the possibility to employ TeraFETs for direct detection of THz
pulses without interferometric measurement setup if the TeraFET response time of more
than ten picoseconds is enough. The dynamic range of 24 dB at 1 THz and 36 dB at 0.6 THz in
the direct detection regime was reached which is comparable to the electro-optical detectors

112



if employed in the coherent detection mode. Also, linear and super-linear regimes were
explored.

As one of the most promising applications, metamaterial characterization was tested using
TeraFET devices and a Toptica transmitter. The limitation on the full-range metamaterial
transmission characterization above 1.4 THz occurred due to the design specification and
application range mismatch which can be easily improved in new designs like the one
presented as D53 in 65-nm CMOS technology showing the sensitivity of more than
25 pW/VHz in 0.84 — 1.29 THz range. Lastly, one of the single-pixel devices and a multi-pixel
array were tested to be an engineering solution for a radio astronomy system called GREAT
in SOFIA observatory contributing to the detection of aircraft vibration-caused noise
cancelation.

Imaging applications

The presented imaging applications included near-field and far-field solutions. Scanning
near-field microscopy led to the visualization of plasma waves in a GFET channel. Whereas
the far-field imaging made a 3D scan of a mobile phone through its plastic cover showed high
accuracy and good feature recognition of the smartphone. For the multi-pixel array testing,
we used 6x7 pixel arrays which have been implemented in configurable-size aperture and
imaging configurations. The configurable aperture size allows the easier detector focusing
procedure and a better fit to the beam size of the incoming radiation. The imaging has been
tested on various THz sources and compared to the TeraSense 16x16 pixel array. The TeraFET
array could recognize the THz beam even at 33 dB attenuation of electronic 300 GHz
TeraSense source, whereas the TeraSense camera was already at its noise limit. The first
TeraFET application on hyper frequency THz imaging tested in the specially developed dual
frequency comb and TeraFET for 300 GHz radiation with 9 spectral lines led to outstanding
imaging results on various materials.

One of the biggest milestones in this work was the passive imaging of human body
radiation which was reached with the presented broadband CMOS detector with log-spiral
antenna working in the 0.1 — 1.5 THz (and probably higher) range. This detector reaches the
optical NEP of 42 pW/VHz and NETD of 2.1 K and overcomes the performance limit of passive
room-temperature imaging of the human body radiation, which was only 10 K above the
room temperature. This experiment opened a completely new field which was only possible
using the multiplier chain-based or thermal detectors.

Outlook
TeraFET technology in practical applications

It was shown that TeraFETs can be used as universal power detectors for various room-
temperature broadband and narrow-band applications: short-pulse detection, time-domain

or frequency-domain spectroscopy, active near-field microscopy, and far-field imaging in
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various optical configurations. There is a potential for TeraFETs to be implemented for
autocorrelation technique in TDS systems where the response time of more than ten
picoseconds is enough. The TeraFETs are comprehensive detectors in narrowband and
broadband spectroscopy systems as well in imaging applications, as it was shown in 3D phone
screening. This proved that the TeraFET use in practical THz systems can be foreseen.

This work mainly explored room-temperature TeraFET detector technology. However, it
was shown that TeraFETs can be easily produced as multi-pixel arrays and be cooled for
sensitivity enhancement, for the applications demanding a faster imaging speed or a higher
detector sensitivity, respectively. Implementation of TeraFETs as THz receivers would lead to
an even higher dynamic range and would be comparable to nowadays CW spectroscopic
systems. Hence, this work shows that the commercialization of TeraFET-based detectors can
be a potential alternative for commercial Schottky diode-based THz detectors.

Future development of hyperspectral and passive imaging systems

The proof-of-concept experiments on hyper-spectral imaging and passive human-body
radiation imaging were conducted for the first time and opened new perspectives for TeraFET
applications.

One of the most promising novel applications could be hyperspectral THz imaging cameras
for multispectral image recognition of industrial samples, gases or drugs, as well as security
imaging at various sub-THz and few THz frequencies. Such systems need very high sensitivity,
wide bandwidth, as well as fast detector response, giving the low cost, small size, and easy
use which were all shown to be possible using a THz camera. Up to now, only a single pixel
solution was tested in a hyperspectral imaging setup. The implementation of a multi-pixel
solution and the suitable read-out implementation at a video rate is demanding for real-time
hyperspectral imaging applications.

Another implementation of TeraFETs can be directed to medical applications using passive
imaging. Namely, human face skin imaging for diabetes detection in various frequency
ranges, including IR, visible light, and sub-THz radiation. For this application, the further
development of TeraFET detectors extending their sensitivity and bandwidth are necessary,
as well as the spectral characterization of the thermal spectroscopy system.

The implication of this work was an effective extension of the THz technology field which
was demonstrated by the experimental evidence of the possible TeraFET applications.
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Zusammenfassung

Mikrowellen- und IR-technologien verschmelzen miteinander bei der Entwicklung der
elektronischen und photonischen Technologien im terahertz (THz) Bereich. Die Quellen- und
Sensortechnologien sollten die Liicke zwischen Photonik und Elektronik schlieBen, wo die
Strahlungsleistung und die Empfindlichkeit von Sensoren schwach sind. Als eine der Optionen
fir die THz-Detektionstechnologie schlagen wir Feldeffekttransistoren vor, die mit
integrierten Antennen erforscht werden sollen, um hochempfindliche Bauelemente fiir den
THz Bereich bereitzustellen. Die Transistoren wurden theoretisch in den 1990er Jahren von
M. Dyakonov und M. Shur als THz-Detektoren vorgeschlagen.

Das Ziel dieser Arbeit war es, die Empfindlichkeit des Bauelements zu erhéhen und das
Anwendungsgebiet solcher Detektoren zu erforschen. Dazu mussten die Herausforderungen
bei der Charakterisierung und Kalibrierung tberwunden werden. Die Erforschung der
Anwendungen war nicht durch die (iblichen Anwendungen der Spektroskopie und der aktiven
Bildgebung begrenzt, sondern es wurden hyperspektrale und passive Bildgebung als die
herausfordernden Arten von Anwendungen der Feldeffekttransistoren im THz Bereich
untersucht. Die Machbarkeitsnachweis-Experimente dieser Technologie sind aus
historischen Griinden fiir die weitere Systementwicklung von entscheidender Bedeutung, da
bekannte Detektoren auf der Basis von Schottky Dioden in dhnlichen Anwendungen
eingesetzt werden konnen und aufgrund einer besseren Erfahrung in der Regel als die
bevorzugte Technologie fur zukinftige Anwendungen gewahlt werden. Mit dem
experimentellen Nachweis der moglichen Anwendung von Feldeffekttransistoren wird es
hoffentlich eine gréRere Vielfalt an auswahlbaren Technologien geben, die das Feld der
moglichen THz Anwendungen erweitern konnen. Deswegen werden wir in dieser Arbeit
verschiedene Feldeffekttransistoren-basierte Technologien, wie CMOS, AlGaN/GaN und
Graphen-basierte Materialsysteme, untersuchen. Die Detektoren werden in einem breiten
Frequenzbereich von 0,1 bis 5 THz in Schmalband- und Breitbandkonfigurationen erforscht.

Diese Arbeit konzentriert sich auch auf den Kalibrierungsaspekt von THz-Detektoren. Auf
einer Seite ist es eine Herausforderung, ein geeignetes Charakterisierungsverfahren fir
Feldeffekttransistoren durchzufiihren. Auf der anderen Seite kdnnen kalibrierte Detektoren
aufgrund der unterschiedlichen Kalibrier- und Analyseverfahren der wissenschaftlichen
Gruppen nicht ohne weiteres mit dhnlichen Detektoren verglichen werden. Um dem
spateren Problem zu entsprechen, wurde das elektrische Modell eines Feldeffekttransistors
mit integrierter Antenne beschrieben, um zwischen der von Dyakonov und Shur definierten
intrinsischen Detektorempfindlichkeit und den Verlusten im Strahlungskopplungspfad des
realen Gerats zu unterscheiden. Dieses Modell sollte hilfreich sein, um verschiedene
Definitionen der vorgestellten THz Detektoren zu untersuchen, da es fiir den spateren
Vergleich wichtig ist, den Unterschied zwischen der optischen, Querschnitts-, elektrischen
Empfindlichkeit oder NEP zu sehen.
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Fir die richtige Implementierung von THz-Detektoren ist die gut definierte
Charakterisierung von grolRer Bedeutung. Die Charakterisierung beginnt mit der Konstruktion
des Detektormoduls, das die elektrische, optische und kryogenische Charakterisierung
ermoglicht. Die zeitliche Stabilitat sowie die Begrenzung des Rauschens durch das thermische
Rauschen muss fiir jede neue Technologie, die in die Forschung und Entwicklung einbezogen
wird, nachgewiesen werden, da sie fir die korrekte Bauelementcharakterisierung von groRer
Bedeutung ist. Dazu wurden gleichzeitig manche neue Charakterisierungsmethoden
entwickelt, ndmlich die Stabilisierung der Graphen Feldeffekttransistoren, Charakterisierung
von THz Quellen mit einer niedrigen Leistung, die danach fiir die Detektorkalibrierung
verwendet werden, und Technologieentwicklung fiir den kryogenische Messungen, die in
dieser Arbeit ausfihrlich vorgestellt wurden.

Die Kalibrierung der niedrigen Leistung des Toptica Systems wurde mit Hilfe eines
pyroelektrischen Leistungsmessers, einer Golay Zelle und eines Toptica Empfangers
durchgefiihrt. Dieses Ergebnis flihrte zu einer breitbandigen Charakterisierung der optischen
NEP von mehreren Detektoren. Die tiefgehende elektrische und Rausch-Charakterisierung
flhrte zu verbesserten Widerstandscharakterisierungstechniken und eréffnete eine breitere
Perspektive in Bezug auf die Widerstandsstabilitit der Detektoren, was auch die
Widerstandsstabilisierung  flir  die  Charakterisierung  von Graphen-basierten
Feldeffekttransistoren ermoglichte. Kryogenische Experimente wurden fir die
Charakterisierung des thermoelektrischen Effekts, die Priifung des Extraktionsverfahrens der
intrinsischen Detektorparameter, sowie die Implementierung der Technologie zur
Empfindlichkeitssteigerung bei niedrigeren Temperaturen verwendet.

Da es immer noch viele Herausforderungen fiir die Bauelementkalibrierung gibt, ist der
beste Weg, die tatsdchlichen optischen Parameter, wie Empfindlichkeit und NEP, zu
definieren, die Verwendung von zwei getrennten Techniken: optische und thermische
Charakterisierung. Diese Techniken werden hier auch prasentiert. Die gut charakterisierten
Parameter eignen sich zum Vergleich mit anderen Bauelementen und zur
Entscheidungsfindung tber die richtige Wahl des geeigneten Detektors fiir die geplanten
Anwendungen.

Wahrend der durchgefihrten Experimente sahen wir keine dominante
Feldeffekttransistor Technologie, die liber bessere Eigenschaften als die anderen verfligen
wirde. Die Wahl der Technologie bei bestimmten Anwendungen hangt davon ab, wie robust
die Feldeffekttransistor Technologie ist, welche Produktionsmenge von TeraFETs ist zu
erwarten, wie beeinflusset ist diese Technologie auf Variationen im technologischen Ablauf,
oder der Neuartigkeit der Technologie, die spezifische Anwendungen ermaéglicht, wie z.B. die
Visualisierung von prasentierten Plasmonen im Kanal des Feldeffekttransistors. Die
Empfindlichkeit des Detektors hangt eher von der effizienten Strahlungskopplung, nicht aber
von einer bestimmten Technologie ab. Die wichtigsten Parameter, die die Sensitivitat des
Feldeffekttransistors als THz Detektors definieren, sind die Impedanzanpassung und die
Techniken fiir die optische Kopplung, die wahrend der Entwurfsphase festgelegt werden. Die
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Unterschiede in der Epitaxie von derselben Feldeffekttransistortechnologie kénnen jedoch
zu Anderungen der Sensitivitit des Detektors sowie der Stabilitdt des Bauelements (iber die
Zeit und Temperaturanderungen fiihren.

Alle Anwendungen wurden bei Raumtemperatur durchgefiihrt. Die spektroskopische
Anwendungen wurden in TDC- und CW-Systemen (Toptica- und QCL-Quellen) untersucht.
Wir erforschten die Autokorrelationstechnik mit dem TDS-System. Das zeigte die Moglichkeit,
die Feldeffekttransistoren zum direkten Nachweis von THz Pulsen, ohne interferometrischen
Messaufbau einzusetzen, wenn die Ansprechzeit von dem Feldeffekttransistor von mehr als
zehn Pikosekunden ausreicht. Der dynamische Bereich von 24 dB bei 1 THz und 36 dB bei 0,6
THz im direkten Detektionsmodus wurde erreicht, was mit den elektrooptischen Detektoren
vergleichbar ist, wenn sie im koharenten Detektionsmodus eingesetzt werden. Auch lineare
und superlineare Regime wurden untersucht.

Unter Verwendung der Toptica Quelle untersuchten wir die Empfindlichkeitsgrenzen von
schmal Bandigen und breitbandigen Feldeffekttransistoren auf der Basis von CMOS-,
AlGaN/GaN- und GFET-Technologien, die in einem Diagramm mit der Zusammenfassung der
veroffentlichten Daten verglichen wurden. Die hochmodernen Detektoren erreichen die
Leistung Resonanzleistung unter 20 pW/VHz bei 0,3 THz und 0,5 THz, sowie 404 pW/VHz
Querschnitts-NEP bei 4,75 THz. Die breitbandige Detektoren zeigen einen NEP von nur 25
pW/VHz bei etwa 0,6 THz fur das beste AlIGaN/GaN Design und 25 pW/VHz bei etwa 1 THz flr
das beste CMOS Design. Als eine der vielversprechendsten Anwendungen wurde die
Charakterisierung von Metamaterialien mit unseren Detektoren getestet. Die Einschrankung
ergab sich aus der Fehlanpassung der Designspezifikation und des Anwendungsbereichs, die
bei neuen Designs leicht verbessert werden kann, wie das als D53 in 65-nm-CMOS-
Technologie vorgestellte Design mit einer Empfindlichkeit von mehr als 25 pW/VHz im
Bereich von 0,84 - 1,29 THz. Eines der Ein-Pixel-Gerate und ein Multi-Pixel-Array wurden als
technische Lésung flir ein System der Radioastronomie namens GREAT im SOFIA-
Observatorium getestet.

Zu den vorgestellten Bildgebungsanwendungen gehoren Nahfeld- und Fernfeldldsungen.
Die rasternde Nahfeldmikroskopie (s-SNOM) fiihrte zur Visualisierung von Plasmawellen in
einem Kanal der Graphen-basierten Feldeffekttransistor. Wahrend die Fernfeld-Bildgebung
einen 3D-Scan eines Mobiltelefons durch seine Kunststoffabdeckung hindurch machte, zeigte
sich eine hohe Genauigkeit und eine gute Merkmalserkennung des Smartphones. Fir die
Multi-Pixel-Array-Tests verwendeten wir 6x7-Pixel Arrays, die in konfigurierbaren GréRen fiir
die Darstellung und Abbildung implementiert wurden. Die konfigurierbare GroRe der
Aperturen ermoglicht eine einfachere Detektorfokussierung und eine bessere Anpassung an
die StrahlgroBe der einfallenden Strahlung. Die Bildgebung wurde an verschiedenen THz-
Quellen getestet und mit TeraSense 16x16-Pixel Arrays verglichen. Das
Feldeffekttransistoren-basierte Array konnte den THz Strahl selbst bei 33 dB Dampfung der
elektronischen 300-GHz TeraSense Quelle erkennen, wéhrend die TeraSense Kamera bereits
an ihrer Rauschgrenze war. Die erste Anwendung von Feldeffekttransistoren auf
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Hyperfrequenz THz Bildgebung, die in dem speziell entwickelten Doppelfrequenzkamm und
Feldeffekttransistoren fiir 300 GHz Strahlung mit 9 Spektrallinien getestet wurde, flihrte zu
hervorragenden Bildgebungsergebnissen auf verschiedenen Materialien.

Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass Feldeffekttransistoren mit
integrierte Antena als universelle Leistungsdetektoren flr verschiedene breitbandige und
schmalbandige Anwendungen bei Raumtemperatur eingesetzt werden koénnen:
Kurzpulserkennung, Spektroskopie im Zeit- oder Frequenzbereich, aktive Nahfeld- und
hauptsachlich Fernfeldabbildung in verschiedenen optischen Konfigurationen. Bei CMOS und
AlGaN/GaN Technologien lassen sich solche Detektoren leicht als Multi-Pixel Arrays
herstellen und kénnen noch zur weiteren Erhéhung der Empfindlichkeit gekiihlt werden. Das
beste Ergebnis dieser Arbeit ist jedoch die passive Bildgebung der Strahlung des
menschlichen Korpers, die mit dem vorgestellten breitbandigen CMOS Detektor mit Log-
Spiral-Antenne erreicht wurde, der im Bereich von 0,1 - 1,5 THz (und wahrscheinlich héher)
detektieren kann. Die optische NEP in dem Bereich ist 42 - 100 pW/VHz. Damit wurde die
NETD von 2,1 K erreicht, was die Leistungsgrenze der passiven Raumtemperatur-Bildgebung
der Strahlung des menschlichen Korpers, die nur 10 K Gber der Raumtemperatur lag,
Uberwunden hat. Dieses Experiment eréffnete ein vollig neues Feld, das zuvor nur von einer
elektronischen Kette von Frequenz-Vervielfacher oder thermischen Detektoren erforscht
wurde.

Verschiedene THz Anwendungen von Feldeffekttransistor als THz Detektors wurden
untersucht. Angefangen bei den spektroskopischen Anwendungen und der Bildgebung bis
hin zur hyperspektralen Bildgebung und sogar zur passiven Bildgebung der THz-Strahlung des
menschlichen Korpers. In dieser Arbeit werden sowohl Einzel-Pixel Detektoren als auch
Multi-Pixel Arrays vorgestellt. Es wurde gezeigt, dass Feldeffekttransistoren dienen als
universelle Leistungsdetektoren im THz Bereich und kénnen fiir verschiedene Breitband- und
Schmalbandanwendungen bei Raumtemperatur eingesetzt werden, wie zum Beispiel,
Kurzpulserkennung, Spektroskopie im Zeit- oder Frequenzbereich, aktive Nahfeld- und
hauptsachlich Fernfeldabbildung in verschiedenen optischen Konfigurationen. Die
Detektoren lassen sich leicht als Multi-Pixel Arrays herstellen und kdnnen zur Erhéhung der
Empfindlichkeit gekihlt werden.

Da in dieser Arbeit viele vielversprechende Anwendungen aufgezeigt wurden, erwartet
der Autor der Arbeit die Kommerzialisierung von Feldeffekttransistor-basierten Detektoren
als Alternative flir Schottky-Dioden-basierte THz Detektoren. Es besteht die Moglichkeit, die
Feldeffekttransistoren fir die Autokorrelationstechnik in TDS-Systemen zu implementieren,
bei denen die Ansprechzeit von mehr als zehn Pikosekunden ausreicht. Die TeraFETs sind
umfassende Detektoren in den Systemen der Schmalband- und Breitband-Spektroskopie und
konnen auch als technische Losung in solchen Systemen verwendet werden. Die
Implementierung von Feldeffekttransistoren als homo- oder heterodyne THz Empfanger
wirde zu einem noch hoheren dynamischen Bereich fiihren und wéare mit den heutigen CW-
Spektroskopiesystemen vergleichbar.
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Einzelpixellosungen lassen sich leicht in komplexe Bildgebungssysteme implementieren,
jedoch konnten die vorsichtige Ausleseimplementierung und die Videoraten-Bildabtastung
der Arrays dazu fuhren, dass die hochempfindlichen THz Kameras unter 1,5 THz viel besser
als die heutigen kommerziellen Angebote werden kdnnten. Eine der vielversprechendsten
Anwendungen konnten Hyperspektralbildgebungskameras sein, die eine sehr geringe
Empfindlichkeit, eine grolle Bandbreite sowie eine schnelle Detektorreaktion bendétigen, was
die niedrigen Kosten, die geringe GroRe und die einfache Verwendung einer solchen THz
Kamera erméglicht.

Nicht zuletzt wird es um die Implementierung von Feldeffekttransistoren fiir passive
Bildgebungsanwendungen fiihren, die die mogliche Entwicklung von passiven medizinischen
Bildgebungssystemen ermoglichen konnten. Die weitere Entwicklung auf diesem Gebiet ist
abhangig von der Weiterentwicklung der Feldeffekttransistoren als THz Detektoren und
deren Charakterisierung. Es bleibt zu hoffen, dass die bessere Erklarung der Definition der
Empfindlichkeit und der NEP einen zuséatzlichen Schub in Richtung empfindlicherer und
besser vergleichbarer THz Detektortechnologien geben wird, da der bessere Vergleich einen
besseren Wettbewerb schafft, was zu einer schnellere Entwicklung jeder Technologie flihrt.
Je mehr Variationen in der Technologie wir in die Zukunft haben werden, desto besser sind
die Chancen, dass wir in mehr reale THz Anwendungen sehen werden, die unsere
Lebensqualitdt verbessern.
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Appendix

ITN CELTA project has received funding from the HORIZON 2020 Research and Innovation
Programme, grant agreement No. 675683. An International Training Network for the
research in the converging field of electronics and photonics technologies was created which
had the main goal to enable THz applications. Each early stage researcher working on this
project had to work on THz technologies resulting with the doctoral degree, to gain
experience on the collaboration with other academic or industry partners during the
secondments which took at least 6 months in total, as well as to work on a group work
towards one of the project demonstrators and present their work each year attending the
International Travelling Summer School on Microwaves and Lightwaves (ITSS).

It was a unique experience to work with international research teams in Europe. During
the secondment at University College Dublin in Ireland the THz camera, as well as single-pixel
TeraFET, were tested and showed good results in an optical THz setup made for confocal
imaging. The secondment at Universidad Carlos Ill de Madrid in Spain enabled the TeraFET
testing in hyperspectral imaging setup based on a dual-frequency comb. Both collaborations
led to publications of the results in various scientific conferences and journals. The topics are
also presented in this work.

The following figure shows the map (left) with all the locations of the partner institutions
for the group work of ITN CELTA, the arrows show the two secondments which were
presented in this work. At the right of the figure, the imaging demonstrator is presented. All
the students were working on a specific part of the demonstrator, containing the THz source
and various THz receiver systems.
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Fig. A.1. Map of secondment and group work partners’ locations (left). Group work on the
THz imaging system at 557 GHz for the ITN CELTA project (right).

Habeeb Bello, Abdul Ali, and Arsen Turhaner were working on the THz source part: local
oscillator, power amplifier, and frequency multiplier, respectively. Dominika Warmowska
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was developing planar antennas. Dovilé Cibiraité-Lukenskiené, Marie Mbeutcha, and
Aleksandra Baskakova were developing there different imaging systems for 557 GHz
frequency and its subharmonics. Min Wan researched optical THz imaging systems and
imaging algorithms. The whole project led to the successful development of each part
resulting in the doctoral thesis. Collaborative work led to the improvement of the common
THz language skill, as the same word in electronics and photonics might have slightly different
definitions. During the group work, the system development skill was improved, and the
packaging problem of the single devices has been seen as the most important to be solved
for the further development of this system.
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