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Abstract

The focus of this thesis is the development of superconducting Hot Electron Bolometer
(HEB) waveguide mixers for heterodyne array (multi-pixel) receivers in the frequency range
of 2 to 5 Terahertz (THz). These mixers are developed for the 2 x 7 pixel Low Frequency
Array (LFA) channel (1.9 THz) and the single pixel H-channel (4.7 THz) of the German
REceiver for Astronomy at Terahertz frequencies (GREAT). GREAT operates on the Strato-
spheric Observatory for Infrared Astronomy (SOFIA) on board of an airplane and is a very
high spectral resolution (~ 107) receiver which allows the observations of the interstellar
medium by detection of atomic and molecular line transitions in the range of 1.2 - 4.7 THz.
For the LFA at 1.9 THz, in total 34 mixers are manufactured and characterized. 14 of them
are currently in operation as a part of the upGREAT receiver channels for GREAT. For the
H channel, a single mixer and a spare one are developed and characterized.

Previously developed HEB mixers for GREAT, were based on NbTiN as microbridge
film material, which resulted in an instantaneous intermediate frequency (IF) noise band-
width limit of about 2 GHz. The HEB mixer is the component of a heterodyne receiver that
limits the instantaneous bandwidth for observations. A minimum bandwidth is required to

cover the full Doppler-broadened spectra of e.g. extragalactic sources.

Based on the success of previous studies from other groups, NbN was selected for the
new generation of upGREAT mixers. The HEB mixers based on a NbN film, with a volume
of 4.0 nm x 400 nm x 3100 nm showed a significantly higher LO power requirement com-
pared to the NbTiN mixers. Due to the limited available LO power at GREAT, new wafers
with a reduced HEB volume (3.5 nm x 200 nm x 3050 nm) were processed. The LO power
requirement was indeed reduced to an average value of 3 times the power needed for NbTiN
mixer. In total 20 of these mixers were fabricated and characterized for the commissioning
of LFA and the 14 best performing mixers were delivered to GREAT.

Another wafer was processed which had the same HEB volume as the previous one but
with a slightly thinner film NbN. The LO power requirement for HEB mixers made of this
film reduced the averaged value to 0.3 u'W, which is comparable to the NbTiN HEB mixers.
A further 14 mixers were fabricated and characterized, which now populate 7 mixers of
the LFA. For all wafers, the measured noise temperature of the mixers made of NbN and
NbTIN, is surprisingly similar. The average measured mixer noise temperature is (430 +
20) K and the gain is of (-5.9 + 0.2) dB with an averaged IF noise bandwidth of (3.9 £ 0.1)
GHz for mixers from the last two production wafers. The NbTiN mixer had an averaged
measured mixer noise temperature of about (500 + 50) K and a gain of about (-10 4 1)
dB with an IF noise bandwidth of (2.1 4+ 0.2) GHz. The measured results show that the
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NbN HEB mixers are generally superior to NbTiN HEB because the bandwidth is higher
and noise temperature is lower.

A heterodyne characterization setup has been developed to enable repeatable and well-
calibrated measurements of the mixer sensitivity and bandwidth. The IF output chain was
optimized to cover the noise bandwidth of the mixer between 0.5 - 5 GHz. Furthermore, the
fabrication and assembly of mixer blocks and horn clamps went through a rigorous spec-
ification and verification procedure that was set-up together with the in-house mechanical
workshop and the group’s technician.

An empirical investigation of the extended collected data set is performed for the 1.9
THz measurements. The required local oscillator power (Pz ) depends in first order linearly
on the critical current (I.) for devices of the same wafer. The slope of P;p (I.) is wafer
dependent. The heat balance equation of the lumped element model is used to calculate
theoretically the P;p as a function of I.. This simple theoretical model does not provide
sufficient accuracy for calculation of the Py . Furthermore, the noise temperature is about a
factor of 5 higher than the theoretical value and the mixer gain is about 1 to 3 dB higher.

The single mixer for the GREAT 4.7 THz channel is based on the thicker NbN film
of the early wafers because sufficient LO power is available for this single mixer from a
Quantum Cascade Laser (QCL) LO. The measured receiver noise temperature in GREAT
at an IF of 0.5 GHz is about 900 K. This receiver sensitivity is comparable to the measured
receiver noise temperature of the 1.9 THz mixers for LFA of 800 K. Both receiver channels
have a state of the art performance. Based on the experience with the new mixers we can
conclude that the reduction of the LO power consumption of a NbN HEB mixer by a factor
of 10 by adapting the film parameters and the bolometer dimensions does not change the
sensitivity. Both receiver channels of GREAT, the H-channel and the LFA are successfully

commissioned in 2014 and 2015 and provided a wealth of astronomical data.
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Zusammenfassung

Der Schwerpunkt dieser Arbeit liegt in der Entwicklung von supraleitenden Hot Electron
Bolometern (HEB), welche als Waveguide-Mischer fiir Heterodyne-Array (Multi-Pixel) Empfinger
im Frequenzbereich von 2 bis 5 Terahertz (THz) eingesetzt werden. Diese Mischer werden
fiir den 2 x 7 Pixel Low Frequency Array (LFA) Kanal (1,9 THz) und den Singlepixel H-
Kanal (4,7 THz) des German REceiver for Astronomy at Terahertz frequencies (GREAT)
entwickelt. GREAT ist am Stratospheric Observatory for Infrared Astronomy (SOFIA) an
Bord eines Flugzeugs im Einsatz. GREAT hat eine sehr hohe spektrale Auflosung (~ 107),
die es ermoglicht, Beobachtungen des interstellaren Mediums durchzufiihren und Liniene-
mission atomarer und molekularer Uberginge im Bereich von 1,2 - 4,7 THz zu vermessen.

Fiir den LFA Kanal bei 1,9 THz wurden insgesamt 34 Mischer hergestellt und charak-
terisiert, davon sind 14 derzeit in Betrieb. Fiir den H-Kanal wurde ein Flug-Mischer und ein
Backup-Mischer entwickelt und charakterisiert.

Die bisher entwickelten HEB-Mischer fiir GREAT basierten auf NbTiN als Filmma-
terial fiir die Micro-Briicken, was zu einer Zwischenfrequenz (ZF) Rauschbandbreite von
etwa 2 GHz fiihrte. Der HEB Mischer ist die Komponente eines heterodyne Empféingers,
welche die instante Bandbreite fiir die Beobachtungen limitiert. Ein Minimum der Bandbre-
ite wird benotigt um die vollen Doppler-verbreiterten Spektren von z.B. extragalaktischen
Quellen beobachten zu konnen.

Basierend auf fritheren erfolgreichen Studien von anderen Gruppen wurde NbN aus-
gewdihlt um die upGREAT Mischer mit neuen Mischern auszustatten.

Allerdings bendtigen die HEB-Mischer auf Basis eines NbN-Films mit einem Volumen
von 4,0 nm x 400 nm x 3100 nm im Vergleich zu den NbTiN-Mischern eine deutlich hhere
LO-Leistungs. Aufgrund der begrenzten LO-Leistung bei GREAT wurden daher neue Wafer
mit einem reduzierten HEB-Volumen (3,5 nm x 200 nm x 3050 nm) hergestellt. Der Bedarf
an LO-Leistungs konnte dadurch um einen Faktor 3 im Vergleich zu dem NbTiN-Mischer
benotigten Leistung reduziert werden. Insgesamt wurden 20 dieser Mischer hergestellt und
fiir die Inbetriebnahme von LFA charakterisiert. Die 14 leistungsstirksten Mischer wurden
an GREAT geliefert.

Ein weiterer Wafer wurde hergestellt, welcher das gleiche HEB-Volumen wie die vorherige
hatte, aber mit einen etwas diinneren NbN Film. Der LO-Leistungsbedarf fiir HEB-Mischer
aus diesem Film ist auf durchschnittlich 0,3 W reduziert worden, dhnlich dem der bish-
erigen NbTiN HEB-Mischer. Es wurden weitere 14 Mischer hergestellt und charakterisiert,
von denen nun 7 Mischer im LFA verwendet werden.

Fiir alle gemessen NbTiN und NbN Mischer sind die Empfindlichkeiten, basierend auf
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den gemessen Rauschtemperatur, iiberraschend dhnlich. Die durchschnittliche gemessene
Mischer-Rauschtemperatur betrdgt (430 + 20) K und die Verstirkung (-5.9 £+ 0.2) dB
mit einer gemittelten IF-Rauschbandbreite von (3.9 + 0.1) GHz fiir Mischer der beiden
letzten Produktions-Wafern. Der NbTiN-Mischer hat eine gemittelte gemessene Mischer-
Rauschtemperatur von etwa (500 + 50) K und eine Verstirkung von etwa (-10 = 1) dB
mit einer [F-Rauschbandbreite von (2.1 4+ 0.2) GHz. Die gemessenen Ergebnisse zeigen,
dass die NbN-HEBs im Vergleich zu den NbTiN HEB Mischer bevorzugt wurden, da die
Bandbreite grofler und die Rauschtemperatur niedriger ist.

AuBerdem wurde ein Heterodyne-Charakterisierungs-Setup entwickelt, um wiederhol-
bare und gut kalibrierte Messungen der Mischer Empfindlichkeit und Bandbreite zu er-
moglichen. Die ZF-Ausgangskette wurde optimiert, um die Rauschbandbreite des Mis-
chers zwischen 0,5 - 5 GHz abzudecken. Dariiber hinaus fiihrte die Fertigung und Mon-
tage von Mischerblocken und Hornklemmen durch ein genaues Spezifikations- und Veri-
fizierungsverfahren, das zusammen mit der hauseigenen mechanischen Werkstatt und dem
Techniker der Gruppe entwickelt wurde.

Fiir die 1,9 THz-Messungen wurde eine empirische Untersuchung der erweiterten gesam-
melten Datensatzes durchgefiihrt. Die erforderliche Leistung des lokale Oszillatorleistung
(Pro) hingt in der ersten Ordnung linear von dem kritischen Strom (I.) des Mischers vom
gleichen Wafers ab. Die Steigung von Pro (I.) ist vom Wafer abhédngig. Die Wirmebilanz-
gleichung des Lumped Element Modell wurde verwendet, um die theoretisch P als Funk-
tion von I. zu berechnen. Dieses einfache theoretische Modell liefert keine ausreichende
Genauigkeit fiir die Berechnung des P;p. Die Rauschtemperatur ist um einen Faktor 5
hoher als der theoretische Wert und die Mischer Verstidrkung ist um etwa 1 bis 3 dB erhoht.

Der Mischer fiir den GREAT 4.7 THz Kanal basiert auf dem dickeren NbN-Film der
frithen Wafer, da fiir diesen Mischer von einem Quantenkaskadenlaser (QCL) LO geniigend
Leistung zur Verfiigung steht. Die gemessene Empfiangerrauschtemperatur in GREAT bei
einem ZF von 0,5 GHz betréigt etwa 900 K. Diese Empfangsempfindlichkeit ist vergleichbar
mit der gemessenen Empfiangsrauschentemperatur der 1,9 THz Mischer fiir LFA von 800
K. Beide Empfingerkanile sind auf dem aktuellsten Stand der Technik.

Basierend auf den Erfahrung mit den neuen Mischern, konnen wir feststellen, dass
die Verringerung des LO-Leistungsverbrauchs eines NbN HEB-Mischers um den Faktor
10 durch Anpassung der Filmparameter und der Bolometer Abmessungen, die Empfind-
lichkeit nicht verdndert. Beide Empfingerkanile von GREAT, H-Kanal und LFA, wurden
in den Jahren 2014 und 2015 erfolgreich in Betrieb genommen und lieferten eine Fiille as-

tronomischer Daten.
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1 Introduction

1.1 Astronomical Observations at Terahertz Frequencies

In astronomy, the formation of stars is so far not fully understood. The formation starts with

interstellar medium and the formation of molecular clouds.

The THz range describes the frequency range between ~ 0.3 - 20 THz which is also
known as the far-infrared region between the wavelengths of about 15 um to 1 mm. In this
part of the electromagnetic spectrum, many important transitions of atoms, ions, molecules
(by rotation and vibration spectroscopy) can be observed. The measured transitions can be
used to describe a model of the physical properties of interstellar clouds which are the region

of the formation of stars.

The universe consists of the two most abundant elements hydrogen (H) and helium (He).
They represent 75% and 24% of the total mass fraction. He is a noble gas and due to the
fact that it has no valence electrons, it is the most non-reactive element. It can be excited
by ionization at high temperatures or by UV radiation. In interstellar clouds, the hydrogen
is mainly found as the molecule H,. At temperatures above 50 K, the Hy molecule can
be excited and observed via rotation transitions at 10.6 THz (28 um) and 17.6 THz (17
um). At these frequencies, high-resolution spectroscopy receivers are not being developed
so far. Below 50 K, H; is predominated at the ground state because it is shielded from the
high-energy radiation and can only be excited by collisions. Other elements or molecules
must be used to trace the Hj gas in this cold environment. The next most common elements
are oxygen (O) with 1% and carbon (C) with 0.5 % of the total mass fraction. A complex
chemical network of C and O based molecules can be found in the interstellar clouds. The
very stable and therefore highly abundant molecule CO (10~ less frequently than Hy) is
often used to probe the H, gas. The lowest transition frequency to the ground state at about
115 GHz can be observed at a temperature of the gas of about 10 K. CO has a rotational
spectrum with transition about every 115 GHz which makes it possible to observe CO over
a large frequency range. It is used as tracers for the Hp gas in the inner parts of interstellar
clouds. Because the dissociation energy of CO (11.11 eV) is similar to the C ionization
energy (11.26 eV) the C is often ionized when the CO is dissociated. The singular ionized
carbon (C™) has a fine-structure transition line (J=3/2 - 1/2) at 1.9005 THz (158 ym) which
is one of the strongest cooling lines in the interstellar medium (ISM) as long as most of
the carbon exists as C* [1]]. This is true for photo-dissociation regions (PDR) at the outer
regions of molecular clouds [1]. The fine-structure line (3P, =3 Py) of atomic oxygen (O)
at 4.7448 THz (63 um) is also a main coolant of the PDRs [2]. Observations showed that
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the cooling lines are important in external galaxies [3] and a tracer of star-formation rates in
high red-shift galaxies [4].

In this thesis, I concentrate on the two transition lines at 1.9 THz and 4.7 THz. The
detection devices thus have been developed operate at these frequencies (see Sec. [1.4). The

observation platforms in the THz range between 1 - 5 THz are discussed in the next section.

1.2 Observation Platforms

Atmospheric transmission properties are a major issue for observations through the earth’s
atmosphere, especially at THz frequencies. Fig. |l| shows the calculated transmission of
the earth’s atmosphere between 1 - 5 THz for three different observation sites mainly based
on water vapor and Ozon absorptions: The Cologne atmosphere at an altitude of 0 km,
the NANTEN telescope site at an altitude of 4.8 km and Stratospheric Observatory for Far
Infrared Astronomy (SOFIA) on board of an airplane, at an altitude of 13 km (observations
between 12 - 14 km) [5]. An additional zoom at frequencies of 1.9 THz and 4.7 THz is
shown in Fig. 2] The atmospheric transmission models show that it is impossible to observe
the target lines from ground based telescopes. Observations of both transmission lines must
be carried out from high altitudes, such as airplane-, balloon- or satellite-based telescopes
which allow observations from the stratosphere or even outside the earth’s atmosphere.

In the past, observations were made with the Kuiper Airborne Observatory (KAO) [6]],
the Herschel satellite [7], Infrared Space Observatory (ISO) [8]] and Stratospheric Terahertz
Observatory2 (STO2, a successor of STO [9]) balloon in the THz range. Currently, the
Stratospheric Observatory for Infrared Astronomy (SOFIA) is the only platform which is in
frequent operation. SOFIA is a 747 SP airplane with an integrated 2.7 m diameter main dish
telescope. The development and operation are carried out in a cooperation between the Na-
tional Aeronautics and Space Administration (NASA) and the Deutsche Zentrum fiir Luft-
und Raumfahrt (DLR) (funded 80 % by NASA and 20% by DLR). It has been operating
since 2010 with different instruments that are regularly exchanged. The observations start
either from the northern hemisphere in Palmdale (California, USA) or from the southern
hemisphere in Christchurch (New Zealand). A future project is the Chinese Dome A with
the DATES telescope planned in the Antarctica at an altitude of 4.093 km [10]]. Due to the
atmospheric conditions, observations might be possible up to 2 THz. CCAT-Prime will be
a 6 m telescope at an altitude of 5.6 km next to the Cerro chajnantor mountain operating
at a frequency range between 0.85 - 1.5 THz. It is carried out in a cooperation between
the Cornell University, Universitit zu Koln and other partners. In addition, another balloon
based mission called GUSTO, a successor of STO and STO2, is proposed.
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1.3 Detection of Terahertz Signals

The principles of the signal detection and the preferred method for spectral line observations
are discussed in this section. The two fundamental methods for the detection of photons are
the incoherent (direct) detection and the coherent (heterodyne) detection. Direct detectors
generate a response (e.g. DC voltage, resonator frequency shift) which is proportional to the
amount of coupled radiated power without preserving the phase and frequency information
of the photons. Kinetic inductance detectors (KIDs) and transition edge sensors (TES) are
two examples used as superconducting direct detectors in the THz range. In the case of
a heterodyne measurement, the THz radiation is "mixed" with a stronger reference radia-
tion (the local oscillator) and converted downwards to the GHz range. The local oscillator
is preferably phase and frequency locked for stable operation. This converted frequency is
called intermediate frequency (IF). The IF can be amplified with low noise amplifiers (LNA)
and analyzed with a spectrometer. The amplitude and the phase information of the THz ra-
diation are preserved. The devices used for the down conversion process are called mixers.
The most commonly used THz mixers are Schottky-barrier diodes, Superconductor Isola-
tor Superconductor (SIS) tunnel junctions and superconducting Hot Electron Bolometers
(HEB).

Schottky diodes and SIS junctions have highly nonlinear I-V characteristics that work
like a switch caused by a multiplication of the local oscillator and the THz signal which
generates an intermediate frequency output. SIS and superconducting HEB mixers (see
Sec. [2)) are currently the devices with the highest mixer sensitivity ranging from the GHz
to the THz frequency range. The maximum frequency at which SIS mixers can be used is
determined by the sum of the frequencies of the superconducting gaps of the SIS junction
electrode materials. Presently, this frequency is about 1.4 THz, which is two times the
gap frequency of niobium (2A/h ~ 700 GHz). HEB mixers have a low-frequency limit
set by the superconducting gap frequency of the material which depends on the critical
temperature of the superconducting film. To produce the hot electrons, Cooper pairs need
to be broken by the local oscillator radiation. The mechanism of the detection of HEB
mixers has not been fully understood so far [11]. At the high-frequency end, HEB mixers
are limited by the elastic scattering time in the HEB film of about 10~ 135 sets an upper limit
for the HEB mixers at about 100 THz [12]. The fundamental limit of sensitivity of double
sideband heterodyne detectors is the quantum limit expressed as the equivalent quantum
noise temperature hf/2kp (h Planck constant, f frequency, kg Boltzmann constant) [13]],
[14]], [15]. In contrast, direct detectors do not have a fundamental limit of sensitivity. In

experiments, both direct and heterodyne detectors always produce noise which has to be
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minimized. In addition, the sensitivity is reduced by input filters and the thermal fluctuation

noise of background radiation.

G34.26

| i L I L 1 L L L I | i L " L 1 L
=100 0 100 200
Vi [km/s]

Figure 3: Comparison of a a GREAT spectrum with a PACS spectrum of observation of the oxygen line of a
the astronomical source G34.26 [16]. W31C is located in the Sagittarius arm in a distance of 1.56 kpc away
from the sun. The gray plot representing the heterodyne observation with GREAT and in red a histogram from
the direct detection of PACS. The transition line is observed in absorption against a strong background source.

For a comparison of both types of detection methods with respect to sensitivity and
frequency resolution at 4.7 THz two state of the art instruments, PACS (on the Herschel
satellite) [[17] and GREAT [18]] (see Sec. [I.4), were used. The noise equivalent power (NEP)
is a measure of the signal to noise ratio of a direct detector system. The NEP of PACS is
about 8.9 x 1078 W/\/Hz. To compare this value with the sensitivity of the GREAT H-
channel (T,.. ~ 800 K) T, is multiplied by the Boltzmann constant and by the square root
of the detection bandwidth (4 GHz) resulting in a NEP of 7 x 10! W/\/Hz. The spectral
frequency resolution of an instrument is defined as Af/f where f is the target frequency and
Af the smallest difference frequency that can be distinguished (A v = Af v%) in km/s). A
comparison of an observation using a PACS and GREAT on the same target source is shown
in Fig. The frequency resolution for these observations of PACS is about 25 km/s (or
1/10%) (see Fig. [3) whereas the resolution of the GREAT H-channel is approximately 0.5
km/s (or 1/(10%)). In the publication from Wiesemeyer et al. comparison of observations
of astronomical source G34.26 from the O line at 4.7 THz with both PACS and GREAT is
shown in Fig. [3| [16].

The GREAT spectrum resolves a complex structure with several different components

which are not resolved with PACS. For this reason, heterodyne detection is used in the THz
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range instead of the direct detection to study the composition of the multiple different red
and blue shifted line components with respect to the averaged Doppler shifted transition
line of the source. The line components are different parts of the clouds which move with

different relative speeds.

1.4 German REceiver for Astronomy at Terahertz Frequencies

The instrument we have build for SOFIA is the German REceiver for Astronomy at Ter-
ahertz Frequencies (GREAT). GREAT is a heterodyne instrument which operates two re-
ceiver channels simultaneously with a diachronic filter to separate the input frequencies. It
offers a spectral resolution up to R~ 10® at frequency windows from 1.4 - 4.7 THz. Each
frequency channel consists of an individual dewar with a single mixer or an array of 7 or 14
mixers. The receiver channels were developed in collaboration with the Max Planck Insitut
fiir Radioastronomy (MPIfR) in Bonn and the Deutsche Zentrum fiir Luft und Raumfahrt
(DLR) in Berlin [18] [19] [20]. All mixers were developed in Cologne [21] [22] [23]. All
receiver channels available so far are listed in Tab. [1l

receiver channel frequency pixel number

(THz)
L1 1.25-1.52 1
L2 1.81-1.91 1
M 24-2.7 1
H 4.7 1
LFA 1.83-2.54 2x7
HFA 4.7 1x7

Table 1: A comparison of current GREAT receiver channels.

The single mixer receiver channels operate at band L1 (1.25 - 1.52 THz), band L2 (1.81
- 1.91 THz), band M (2.4 - 2.7 THz) and band H (4.7448 THz) [18]. In addition, the
upGEREAT receiver provides two additional channels: the Low Frequency Array (LFA)
consisting of two times seven mixers for detection of both polarizations simultaneously at
1.83 - 2.52 THz and the High Frequency Array (HFA) operating seven pixels at 4.7448 THz
[24]], [19]. For the operation of the mixers, the single mixer channels and arrays were both
cooled down to a temperature of about 4.2 K using a liquid helium cryostat and closed-
cycled pulse tube refrigerators.

The LFA mixers were placed in a hexagonal configuration around a central pixel. A

detailed description of the GREAT instrument and the LFA receiver channel can be found
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in Heyminck et al. [[18] and Risacher et al. [19]]. An essential part of this thesis was the
development of reliable test setup, measurement and integration of all mixers for the LFA
and H channel, before the integration of the instrument. The mixers were installed at the
MPIfR in Bonn for the LFA and H channel (see Fig. 4 and Fig. [5).

Figure 4: The installation of H-channel mixer in a GREAT dewar at the Max Planck institute for Radioastron-
omy in Bonn.

Figure 5: Installation of the mixers into the LFA dewar at the Max Planck institute for Radioastronomy in
Bonn. Left: Inner part of the LFA cryostat. Center: A sub-array removed from the LFA cryostat. Right: The
mounting of LFA mixer.

Overall, the performance of 34 mixers for the LFA, 3 mixers for the H channel and 3
mixers for the NbTiN based HEB were measured. 2/3 of the measured mixers fulfill the

requirements for the operation at the telescope. Finally, I had the chance to be part of the
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commissioning team for the LFA (in Palmdale, USA, CA) on board of the SOFIA airplane
(see Fig. [6).

Figure 6: SOFIA airplane at Armstrong Flight Research Center in Palmdale (Californina, USA).



2 Superconducting Hot Electron Bolometer as Mixers

In this section the physical background of superconducting hot electron bolometer mixers
(HEBs) which were used as detectors are described. As a basis to understand this type of
device the concept of a bolometer and a hot electron bolometer will be discussed first. Fol-
lowed by an introduction to superconducting HEB mixers. Furthermore the concept of the

signal detection and the definition of the sensitivity of a receiver system will be discussed.

2.1 Bolometers

Bolometers are thermal detectors that absorb photons which in turn leads to a temperature
change of the device [25]. This change can be read out in several ways. In the case of
thermometer connecting to the bolometer the change electrical resistance with temperature
can be read out. The temperature change of the bolometer is the same at different frequencies

as long the total energy of the photons is identical. A schematic model of a bolometer is

shown in Fig.
% Photons%

Absorber, R(T)
heat capacity C;,

Thermal
conductance G

//, Heat bath T,

Figure 7: Schematic of the photons absorption by a bolometer which is connected to a heat bath via a heat
sink.

The incoming photons are absorbed by the electrons which in turn increases the electron
temperature. If the exchange of energy between the electrons and the phonons is fast enough,
the phonons will heat up as well. The energy flow from the bolometer is given by the thermal
conductance G to a heat sink at a bath temperature (T;). The sensitivity of the bolometer
depends on the gradient of the resistance with temperature (dR/dT). A strong temperature
dependence on the resistance is given by semiconductors and especially by superconducting
devices at the transition at their superconducting temperature.

A small change of the resistance leads to a voltage across the thermometer. The voltage

response S of the thermometer measured as volts per watt of the absorbed signal power. The
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bolometer is biased with a constant current (I). The voltage responsivity of the bolometer is

given by [25]]:

B I(dR/dT)
~ G—I?(dR/dT) +iwC),’

where Cj, is the heat capacity and w is the angular frequency of the amplitude modula-

S (1)

tion. The thermal time constant 7g is the time the bolometer required to react to a change in

the input signal and is given by:

_ Ch
~ G-I*(dR/dT)’

2)

Te

Te determines the maximum frequency corresponding to the receiver modulated power.

This frequency bandwidth (f;r) is given by:

fir = 271e) . (3)

Bolometers with long time constants are mainly used as direct detectors. For heterodyne
measurements a short time constant is required to measure a larger frequency band. For a
short 7@ the conductance between the electron and phonon system has to be reduced. These

systems can be distinguished by two temperature subsystems discussed in the next sections.

2.2 Hot Electron Bolometers

In a thin metal film on a substrate, the electron and phonons are assumed to be separated

into two thermal subsystems (see Fig. [§).

% Photons%

Electrons, T, c,

- Re-ph

Phonons, T, c,,

RESC
//, Substrate T,

Figure 8: Subsystems of a thin metal film hot electron bolometer on a substrate. The separated subsystems
are the electrons and phonons.

Both subsystems have different temperature T, and T ,. The interaction between those

systems occurs via electron-phonon (eph) scattering (R, in the thermal model). In equilib-
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rium T, T, and the substrate temperature T, are the same. By introducing radiation or DC
current to the bolometer T, is increased followed by an elevated T,,. At room temperature
the thermal resistance between the electrons and the phonons is negligible, which means
a similar temperature for both subsystems. At cryogenic temperatures of a few degrees of
Kelvin, the phonon density decreases rapidly, resulting in a longer interaction time between
electrons and phonons. Under this condition, the temperature T, of the "hot electrons” is
significantly increased compared to T,,. The bottleneck of the heat transfer is the weak
electron-phonon interaction.

The effect of hot electrons does not only occur in thin metal films. In semi-conducting
film this effect can be even more dominant. The reason for this is generally the smaller
electron density compared to metals.

The first hot electron bolometer for heterodyne measurements was developed on the
base of the semiconductor InSb [26]]. In the experiment, the bolometer was cooled to the
temperature of liquid helium (4.2 K) and used as a hot electron bolometer (HEB) mixer for
observation in heterodyne receiver by Philips et al. [27]. The measured time constant of
InSb was about 100 ps corresponding to an IF bandwidth of 1 MHz. A typical bandwidth
of a servarl GHz is desired for observation in the THz range. To fulfill this requirement a

bolometers with an even shorter time constant is required.

2.3 Superconducting Hot Electron Bolometer Mixer

A superconducting Hot Electron Bolometer (HEB) mixer consists of a thin superconducting
film, also called bridge, which is in contact with two normal metal contacts on a substrate.
The film thickness is just several nm (to reduce to thermal time constant), the length is a few
hundreds of nm and the width a few um. Fig. [9]shows one of our HEB devices. The picture
was taken with a scanning electron microscope (SEM).

The HEB is embedded into a high frequency circuit. The incident radiation couples
via an antenna to the HEB bridge. The circuit is designed to achieve maximum coupling
to the HEB. The radiation is absorbed by the electrons (quasi particles) and Cooper-pairs
in the superconductor. The hot electrons cause a variation of the resistance in the film. By
introducing a constant DC bias voltage across the HEB a change in resistance causes a power
output variation at the IF output of the mixer. It is important to have a sensitive and fast HEB
to have a high signal to noise ratio and a large IF band for observations. The thermal time
constant of a HEB is in the order of tens of ps, which results in an IF bandwidth of several
GHz. The IF noise bandwidth of a HEB defined by the width where the noise temperature

increased by a factor of 2 from the minimum value at 0 GHz (see Fig. [I0). The time until
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Figure 9: Scanning electron microscope (SEM) picture of a NbN HEB. [28]

the energy from the hot electrons is released to the substrate, defines the HEB mixer IF
bandwidth.

2250

! v ! v ! v ! v
0 1 2 3 4 5

IF (GHz)

Figure 10: Schematic determination of the IF noise bandwidth.

2.3.1 Diffusion-cooled HEB Mixer

There are two types of cooling mechanism for HEB mixers depending on either the diffusion
[12]] or the phonon-cooling path [29] for the to relaxation the heat. The dominating cooling
path depends on the choice of the superconductor, the substrate and the geometry of the
bridge. The diffusion constant of the HEB bridge and the electron-phonon relaxation time
determine the cooling path of the HEB. A HEB mixer is dominated by the diffusion cooling
process if the length of the bridge is shorter than the thermal diffusion length L, defined by:
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Ly = V DTep- “4)

D is the diffusion constant of a material, 7, is the electron-phonon relaxation time.
Tp describes the time the electrons need to release the heat to the phonons. In case of
diffusion-cooled HEB, the electrons diffuse into the gold contact before they interact with
the phonon bath. The first superconducting HEB mixer was based on a Nb film [30]]. In this
type of mixer, the diffusion cooling dominates because the thermal diffusion length of 320
nm (D(ND) is 1 cm? /s and T, »(Nb) 1s 1 ns [12]) is larger than the film length which is in the
order of 200 nm or less. The highest measured bandwidth from Wyss et al. [31] is ranging
up to 9 GHz.

The issue of the diffusion in comparison phonon-cooled HEB mixers is that the devices
are more vulnerable to electrostatic discharge damage due to small film volume [32]. This

is crucial for building an array receiver.

2.3.2 Phonon-cooled HEB Mixer

The phonon-cooled mixers are cooled by the interaction of the electrons with the phonon
bath of the superconducting film. This cooling path is only available in extremely thin films
in the order 3 - 5 nm. The film has to be described in the dirty limit of a superconductor
instead of a bulk material [33]. The interactions between the electrons, phonons and the

bath phonons (substrate of the thin superconducting film) are shown in Fig. [I]
Electrons c,, T, Phonons c,,, T, Substrate bath T, .,
Tee @ _ ® _ ®
e | =g | © ®
® pe ® ®
Tpe™” Tep Tpe >= Tes

Figure 11: The phonon-cooled mechanism of a HEB device with the important interactions.

The interaction time between the electrons 7., is much shorter than the electron-phonon,
phonon-electron and phonon-escape times. The electron and phonon temperatures can be

seen as a two separate temperature. The exchange of heat between the electrons and the
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phonons can be described by two time constants 7,, and T, transferring heat from the hot
electrons to the cold phonons and back. In equilibrium 7, is given by:

Tep = Tpez_;a &)

where ¢, and ¢, describe the specific heat capacity of the electrons and phonons. For

the cooling of the hot electrons 7., should shorter than 7,,. The electron-phonon interaction

time can be approximated by T~ [34]]. The cooling of the phonons depends on Tpe and the

escape time T,z of the phonons from the superconductor into the substrate. The selections

of substrate material plays a important role in phonon-cooled HEB mixers for the transport

process. A poor material selection results in a high reflexion at the interface between HEB

layer and substrates. T, is given by:
Tesc = Z;—iy (6)
d is the thickness of the superconductor, u the speed of sound (~ 4.7 km/s [35]]) and 8
the acoustic phonon transmission coefficient. u and 3 describe the interaction between the
substrate and the superconductor. In II’in et al. [36]] the calculated 7,4 is 38 ps for a 3.5 nm
NbN film.

For efficient cooling 7,4 should be smaller than 7, to prevent heating of the phonons.

In the low temperature limit the relaxation time constant Tg can be described by:

Ce
To = Tep + Tese—- (7
¢p

For a larger mixer bandwidth (see Eq. [3), this relaxation or thermal time constant has
to be minimized. The phonon-cooled NbN HEBs on Silicon substrates have been shown
experimentally to give a IF bandwidth around 4 GHz [134]] [37]. This resulted from a thermal

time constant of about 40 ps. The devices used in this thesis are phonon-cooled HEB mixers.

2.3.3 Ciritical Temperature and Current of a Superconducting HEB

The devices used for the mixers are based on superconducting materials. The critical temper-
ature and current are important properties of superconductor which are used to describe the
thin superconducting film. The temperature of the superconductor at which the resistance
disappears is called critical temperature (T.). A measured resistance-temperature (R-T) de-
pendency curve of a HEB is shown in Fig.

Many materials and material combinations were found to become superconducting at a
T, from a few milli Kelvin to about 39 K for MgB, [38]].
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Figure 12: R-T curve of a superconductor. The Temperature is normalized by T, and resistance by R,,.

The superconducting property allows a current flow through a superconducting wire
without resistance. But this is only true below a certain maximum current called critical cur-
rent (I.). By increasing bias current in the positive or negative direction the current through
the superconductor. Above the critical current I, the superconductor changes abruptly to a
normal conducting state. The DC current-voltage (I-V) characteristic of a typical supercon-
ducting short, thin film are shown in Fig.

superconducting
1—>2
normal ]

normal

Current / critical current
o

-2 . . . . .
-75 50 -25 O 25 50 75
Voltage [mV]

Figure 13: I-V curve of a superconductor measured in the current mode scaled to I.. The residual resistance
in the superconducting state is addressed to the normal conducting contact lines in the HEB circuit.

Starting from zero bias voltage, the current increases with increasing voltage up to the
critical current (I.) (point 1). By further increasing the voltage the voltage jumps to point
2 and the superconductor behaves as a normal resistor. When the HEB is in the normal
conducting state a decrease of DC voltage below the point 2 does not immediately return to
the superconducting phase. At the "retrapping current" I, the current jumps at a later point
3 back to the superconducting state [33].

To relate the properties of the interactions to the measurable properties of the film (7,
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I.) a theoretical description is needed. There are some theoretical models that attempt to
explain the mixing properties of HEB mixers based on a less or more detailed description
of the physics of the HEB. There are two main models, the standard model and the hot spot

model. The following sections present both models.

2.3.4 The Standard Model

The simplest approach to describe the HEB mixing element is by a lumped element model
called the standard model. This model was introduced for the description of Nb and YBaCuO
HEB films by Gershenzon et al. [29]. Here Gershenzon et al. assumed that the electron
temperature in the film is equally influenced by the radio frequency (RF) and by the direct-
current (DC) power. The model is based on a two temperature model by Perrin and Vanneste
[39] for a quantitative analysis of the response. The electron temperature 7, is assumed to be
well above the phonon temperature 7), which is assumed to be equal to the bath temperature

T. The heat flow in the film from the electrons can be described by a heat balance equation:

.
ot

where c, is the electron heat capacity, V is the volume of the film, dT,/dr is the partial

c.V =—A(T—T")+ Ppc + Prr, (8)

derivative of the electron temperature over time, A is a parameter which describes the in-
teraction between electrons and phonons, Ppc is the DC power and Pgr is the RF radiation
power coupled to the film. The parameter A = ny/(tT"~2) depends on the T, of the film, n
and a more material parameters which is predominantly dependent on the type of material
(n = 3.6 for NbN) and ¥ is the Sommerfeld constant.

The gain of the of a heterodyne mixer is defined as the ratio of the IF power P at the output
and RF signal power Ps at the input. The mixer gain G, (w;r) is equal to the ratio of the

output power at the P;r and RF signal power Ps at the input. G, (wyr) is defined as:

2S(W1F)2PLO

Gn(wir) = |Pir/Ps| = R,

; 9)

where P is the LO power, Ry is the load resistance, wr the intermediate frequency
(wir = 27 fir) and S(w) the voltage responsivity. S(w) is given by Karasik et al. in the case
for the lumped element model [40]:

R 1
Sowp) =& G R (10)
Iy (] _Clﬁ) Ro+Rp1+iwirt

where R( and Iy are the HEB DC resistance and current at the bias operation point, & is
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the optical coupling of the signal, C is the self-heating parameter and 7 is a modification of
the electron temperature relaxation time 7g.

The physical resistance Ry of the bridge at the mixing state is still discussed. Ry is equal
to R,/2 in broken-line transition model [40]. It can also be described by the differential
resistance at the operating point. In the hot spot model R is defined by an integral of
resistivity as a function of the electron temperature over the length of the bridge [41]. It
is still under discussion what the correct definition is. I will use the broken line transition
definition for further analysis in this thesis.

By combining both equations Eq. [9]and [I0]the mixer gain can be calculated as a function of
IF. It can be divided into three parts:

202C%Pro Ry 1 1
G = : : . 11
m(WIF) I(% (R() +RL)2 (1+C%)2 1+<W1FT)2 ( )
M e e vl g
zerogain imp;a?ance bandwidth

The zero gain part in Eq. [I1]is the gain at zero IF, the impedance part describes the
mismatch of the IF output impedance of the mixer and the load impedance of the IF system.
The bandwidth part characterizes the dependence on IF.

The modified thermal time constant 7 is defined by:

To

1 + CR0+RL

The self-heating parameter C depending on the change of the resistance with dissipated
power is:
C= I%Z—I;/Gm, (13)
where dR/dT is slope at T, and Gy, is the thermal conductance to the bath, V is the
film volume and A is parameter from Eq. 8| The thermal conductance can be obtained by
Gu(T,) = nAVT! 1,
The standard model can be further approximated with broken-line transition model in

the next section.

2.3.5 Broken-Line Transition Model

Karasik et al. using a broken-line transition model to further simplify the model of the
mixer gain [40]. In this model the electron temperature is assumed to be equal to T, Ry is

R, /2 and C = 1. For a low operation temperature 7'¢" >> T" and a narrow transition width
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(AT. << T,) the gain as a function of the IF is giving by:

o 1. Ry 1

Gn(wir) = — — . 14
m(Wiy) n ATc Ry 1 + (wipt)? (14
T can be expressed in this approximation as a function of 7¢:
C
; (15)
“ Vi ML
f ilm zmpedance

where the influence of the impedance and the film are marked in the equation. 7 is a
function of the noise bandwidth Af. The bandwidth of a mixer can be determined either by
the gain or by the noise bandwidth. The gain or noise bandwidth is defined as the bandwidth
in which the gain or the noise is increased by a factor of 2 of its minimum value at 0 Hz.

The mixer noise bandwidth for this model is given by:

1 T
14+ —.
21T AT,

Af = (16)

To estimated the noise bandwidth of the mixer, we calculated Tg with the empirical
formulas [34] [36] [42]]:

Topn = 500- T, "0(ps K'-0) [34]
Tose = 10.9-d (ps nm™") [36]
ce=1.85-107*-T,(Jem K ?) [42]
cpp=9.7-1070- T} (Jem 3K~ [42). (17)

We assume that the electron temperature 7, is equal to 7,.. The noise bandwidth as a
function of T, is calculated for two design film thicknesses of 3.5 and 4.5 nm with a mea-
sured AT. of 1.5 K shown in Fig. [I5] The theoretical expected noise bandwidth calculated
with Eq. [I6/for a film with a thickness of 3.5 nm is between 10 and 18 GHz for a T, between
7 and 9 K. The bandwidth of a thicker film for the same 7 is about 0.5 GHz smaller.

The gain at the typical IF operation frequency of f = 1.5 GHz is results from the combi-
nation of Eq. [I4]and [T5}

n T, 1 Rp 1
G (18)
m(f) = ocATc1+ \/1+TC/AT Ro 1+R+RL))
lem zmpedance
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Figure 14: Theoretical noise bandwidth as a function of the critical temperature for two different thickness of
the HEB based on a calculation from Eq. El

The mixer gain dependency of T, at a IF of 1.5 GHz for three AT was shown in Fig. [15]
The two subplots were calculated for typical values of the noise bandwidth of 3 and 4 GHz

for NbN HEB mixers. The expected gain of the mixers was in the range of -2 to -7 dB.

0 0
Gain atan IF of 1.5 GHz Gain atan IF of 1.5 GHz
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Figure 15: Theoretical mixer gain as a function of the critical current for three different transition widths.
Assuming a noise bandwidth of 3.0 or 4.0 GHz.

According to this model the HEB mixer input noise temperature depends on the Johnson
noise 7 (thermal noise), fluctuation noise 7Tr; and quantum noise Tpy. Johnson noise or
thermal noise is generated in the HEB "resistor" by the electron temperature. The origin
of the fluctuation noise 7Fy is the thermal fluctuation of the electron temperature caused
by a random energy exchange in the reservoir. The quantum noise contribution to the mixer
noise appears even if a mixer is at the absolute zero temperature where the other contribution
were zero. The quantum noise temperature at the output of a mixer hTJ; (K) is an unavoidable
contribution caused by (a double side band (DSB)) the mixing process. It is considered as
vacuum fluctuations (fluctuation-dissipation theorem) in the input signal. The fluctuation

and Johnson noise temperature in the lumped element model were given by [40]:
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Tr; = —< 19
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where 7, is the electron temperature, G the thermal conductance which is giving by
c.V / 10-

In the broken-line transmission model G is equal to nAVTe”_l, T,=T.,andR=R,/2. In
the case of 7. > T and AT, < T, the input noise temperature at a frequency w is given by:

AT,
T =" (14 (w-t0)’]
nl,
T = —
FL=
h
Ton.DsB = % (20)

The sum of the contributions is equal to the mixer noise temperature. The theoretical
expected noise temperature is calculated and listed in Tab. 2.3] The theoretical expected

mixer noise temperature for typical 1.89 THz mixer with listed properties is about 80 K.

noise contribution noise temperature

X)

T, 5
TrL 31
TQN 45
Trotal 81

Table 2: The noise contribution is calculated with measured typical mixer properties. A T, 8.5 K, AT, of 1.5
K,nof3.6anda o of 1 at 1.89 THz.

Another approach for the description of the HEB is the hot-spot model in which the
electron temperature is a gradient over the length of the HEB. This model is discussed in the

following section.
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2.3.6 Hot-Spot Model

A further approach is the concept of a hot-spot model [43]], [44]. Here one assumes that the
temperature of the HEB is not uniform because the HEB has a temperature gradient over
the device along the bridge length. In the hot spot model the typical temperature profile in
one-dimensional gradient along the length of the bridge (L) is shown in Fig. [16]

T N
~ Cc
(6]
|_
S S
0 0.25 0.5 0.75 1
x/L

Figure 16: Schema of a 1D electron temperature in the HEB as a function of the length of the bridge. N is the
normal conducting part in the center of the bridge and S the superconducting part at the contact pads.

Here only a small part of the film is in the operating region. The main part of the film is
normal or superconducting (see Fig[I6)).
The electron temperature 7, can be expressed by a one-dimensional distributed heat balance
instead of being constant in the lumped element model. Wilms Floet et al. [43] explain
the hot-spot formation by a heating in the center of the bridge by absorption of LO and DC

power.

By introducing a weak RF signal with a slightly different frequency than the LO results
in a modulation of dissipated power. This modulation changes the length of the hot-spot.
Merkel et al. [44] interpreted the hot-spot as different heating efficiency of the DC and
the RF depending on the position of the bridge. The RF power is uniformly absorbed by
the bridge and the DC power is absorbed only at the normal contacting parts of the bridge
which is the hot-spot at the center of the bridge. Both models can evaluate the DC I-V
characteristics only by introducing correction factors. Barends et al. used the measured R-T
curve to calculate the theoretical DC I-V characteristics which were in fair agreement with
the measurements [45]].

The heat balance equations were given for the electrons and the phonons:

21



dTr .. d

E(ﬂ‘ean) +p—Pep =0,
dr d
E(AeaTe)"”Pep_pps:()y (21)

where T, and 7), are the electron/phonon temperature, A is the thermal conductance and
p the sum of the absorbed DC and RF power. The power propagation from the electrons to

the phonons and from the phonons to the substrate called pep and ps,

Ce
pep TepTen 1 ( e p)
Cp m m
- P ___(pm_Tm) (22)
Pps nTesc%m_]( p )

where 7, is the electron-phonon relaxation time, T,y is the phonon escape time, ¢, and
cp the electron/phonon heat capacity and n = 3.6 because we described NbN and m = 4 is
found in [46]]. The LO power is assumed to be absorbed homogeneously over the bridge
which is valid for frequencies above the gap frequency (for a bulk NbN ~ 1.3 THz) and the
DC power is only absorbed in the hot-spot. In addition, any non-equilibrium effects were
ignored. As a boundary condition the temperature of the edge of the bridge has to be equal

to the bath temperature of the contact pads. The mixer gain in the hot spot model is given

by:
2(IoCrr)*PLoR 1
Gmixer - (0 RF) L(2) L Ro—R 9 (23)
(Ro+Re)*> (14 Cpclirirzt)?

where Cgrr and Cpc are the heat capacities of the absorbed DC and RF power. The
mixer noise temperature of the hot-spot model similar to the lumped element contribution
from Eq. [I9]by [40]. The noise temperature contributions at the minimum of the IF is given
by.

. 2T,RI?
Johnson — 55
o-Pro
2T2G
Triuctuation = W- (24)
RFTLO

22



2.4 Detection Principle

As shown in Sec. [[.3]the heterodyne detection is preferred for observation of spectral re-
solved transition line in the THz range.

In the THz-range no low noise amplifiers (LNAs) were available. Thus heterodyne
mixers were used to down converting the THz signals (RF) into the GHz range. After down
conversion to the GHz intermediate frequency (IF) signals can be amplified with LNAs. The
IF signals can then be processed and detected. For the heterodyne detection the RF signal
has to be combined with a reference signal. The reference signal has a large amplitude
(output power of about several W) at fixed frequency and preferably phase locked, with a
shift of about 1 GHz to the RF frequency. It is called a local oscillator (LO). In my work
I focus on the double sideband (DSB) heterodyne receiver which is shown in the shame of
Fig. [I9] The block diagram a.) shows the principle of the coupling of the signal and LO to
the spectrometer. In diagram b.) a schematic of a DSB receiver down converting process is
shown. The RF and the LO signal were combined with a beamsplitter. Then both signals

are coupled via an antenna to the mixer.

a.) b.)
Telescope Beam- . A‘Lu'
i splitter Mixer LNA BPF DSB LSB|USB
RF £RF+LOI IF |> I %_’ I »
Spectrometer || . .
@Local oscillator i Tl I_|I
/L b

Vise4Vuss v

VLo

Figure 17: a.) show a block diagram of a heterodyne receiver. b.) show a schema of the DSB mixing process.

The main property of a mixer is the highly non linear I-V characteristic. For classical
mixers such as a Schottky diodes the LO reference signal and the observation signals are
multiplied. For HEB mixer the sum of both voltage signals is mixed. The dissipated power
of the Signal and the LO in the mixer is equal to:

1
Prr = R [Vs-cos(wst)+Vio - COS(WLO)]2

1
ol VS2 -cos*(wst) + VL20 -cos®(wrot) +2VsVi - cos(wst)cos(wrot) | (25)

i

—~ g

1 2

where V the voltage and w the angular frequency (w=2xf). To approximate the dissi-
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pated power two trigonometric identities has to be used to simply the equation

_ 1 —cos(2x)
cos*(x) = —
_ cos(x—y)—cos(x+y)
cos(x)cos(y) = 5 .

Using those two identities the dissipated power is then given by:

1 V52 VL20

+ VioVs[cos((wpo —ws)t) — cos((wro + ws)t)]]

)
1[VE+VE, Viycos(wiot)  Vicos(2wst)
_ |5 Yo o Lot) | Vs COS\Ws )
R 2 2 2

T VioVsleos((wio — ws)r) —cos((wio+ wSmJ} . 26)

Only the difference of both signals (ws-wrp) 1s dominating the dissipated power. The

result of the output signal is given approximated by:

1 [V2V?2
Pop a0 — | 28 LO
RF R D)

+VioVs - [cos((lwro — WSDZ‘)]] : (27)

The frequency band above the LO frequency called the upper sideband (USB) and be-
low the LO frequency the lower sideband (LSB). Both sidebands the positive and negative
difference of the LO frequency mixed to the IF (see Fig{I9b.)). This type of mixer, a double
sideband (DSB) mixer adds signals and noise from both sidebands into the IF band.

During heterodyne measurement the so called direct detection effect can increase the
receiver noise temperature. The origin and a solution to avoid this effect were discussed in

the next section.

2.4.1 Direct Detection

HEB Mixers can also be used as a direct detector. The so called direct detection effect
appears in a HEB Mixer during a heterodyne measurement when the input port signal is
changed from the hot to the cold load at a constant LO input power level. Due to the low LO
power requirement of a HEB mixer the change in input power of the load is large enough
to be directly detected by the HEB, thereby changing the bias conditions for the heterodyne
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detection of the hot/cold load. The reason for the power change is the black body radiation,
which heats the electrons in the HEB. The measured bias current changes about 0.4 UA, at
an average current of 30 pA, for the case in Fig. [I8] Since the mixer gain is a function of
the bias current the gain changes, and the condition for an accurate hot/cold calibration of
the heterodyne sensitivity is violated. This direct detection effect is observable directly in
the I-V curve (see Fig. [I8)). The effect on the hot/cold calibration is such that the at the
hot load input the mixer DC current is smaller than at the cold load input, which reduces
the mixer gain, whereby IF output power at the hot load input less then without the direct
detection effect. The direct detection effect falsely increases the measured heterodyne noise

temperature using the Y-factor method.

150 /35 35
100 30 345
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z z20 =
g O 8 15 g 335
3 90 310 33
-100 —hot load —hot load 325 —hot load
—cold load 5 —cold load < —cold load
-150 32
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Voltage [mV] Voltage [mV] Voltage [mV]

Figure 18: DC-I-V curve of the optimal LO power level operation for a typical HEB. The red curve represent-
ing the hot load as an input port for the mixer and blue the cold load.

The change of the bias current leads to a change in the mixer gain. This change in gain

is followed by a reduced Y-factor and an increased T,... This effect can be suppressed by
adjusting the LO power level each time when changing the loads to keep the observed DC-
bias current identical for each load input [47]. For astronomical observation, particular for
an array, it is not possible to individually compensate for each single mixer to change the
LO power level.
The strength of the direct detection effect depends absolutly on the load temperatures and
on the RF bandwidth of the mixer. Waveguide mixers have the advantage of a low frequency
cut-off there below no signal is coupled to the HEB and a high frequency over-moding of
the waveguide where the waveguide probe is not so effective anymore. The RF bandwidth
of a waveguide mixer is generally less than 1 octave. In the laboratory, we also can use
the direct detection for measuring the broadband RF response of a HEB mixer which I will
explain in Sec. [5.2]

The definition of the sensitivity of a heterodyne receiver is discussed in the next section

with a focus on the 2 - 5 THz frequency range.
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2.5 Receiver Sensitivity

The sensitivity of a receiver system depends on the fundamental quantum noise limit and of

noise the different components. The output power of the receiver is written as:

Prec:Pin'GlGZ'"Gn+P1G2"'Gn+"'7 (28)

where P;, is the power of the input signal, G; is the gain and P; is the input noise of a
component. For P;, we usually use a blackbody. The spectral radiation of a blackbody is

given by Plancks law:

2hf3

cWom2sr T HZ Y (29)
lexp(g) 1]

Bs(T,f) =

where f is the frequency, T physical temperature, c¢ the speed of light, 4 the Planck
constant and kp the Boltzmann-Konstante. The power emitted per mode over a bandwidth
B from a black body is given by

PPlanck(Ta f) = . [W] (30)

=loiz

exp(kB—T) —1

At low frequencies f and high physical temperatures T the emitted power per mode
can be approximated by the Rayleigh-Jeans approximation because hf << kgT. The noise
power is then proportional to an T by P = kgT /B. For the frequency range of 2 - 5 THz
it can thus not be approximated because A f is in the same order of magnitude as kg7 for
temperature range of 10 K - 300 K. Instead of an approximation the Planck power emitted
per mode has to determine the power delivered by the blackbody input signal.

In the description of the dissipation-fluctuation theorem, the fluctuation noise is added

to the Planck power emitted per mode is given by Callen-Welton (CW) [48]:

hf
T hfB
s n S

Pew (T, f) =kgTB :
exp(,:;—fT) —1  2kp

(31

The additional noise is the fluctuation noise which is introduced by the receiver system
itself. The noise power in a bandwidth B is represented by a equivalent noise temperature:
T, = k%. A comparison of the equivalent noise temperature determined with the input power
calculated with Planck, Callen-Welton and the Rayleigh-Jeans as a function of the physical
temperature is shown in Fig. [T9]

At the operation frequency of 1.9 THz and between the temperatures 77 K and 295 K

the calculated mixer noise temperature determined using the Callen-Welton expression Eq.
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converges to Rayleigh-Jeans expression but at a frequency of 4.7 THz this is not valid
anymore.

In measurement Sec. 6] we used Planck power per mode to calculate the receiver perfor-
mance, which is used for observation at the telescopes. The Callen-Welton power per mode
was used for the calculation of mixer noise temperature because the additional quantum
noise which is always present was not attributed to mixer noise.

300 r r r 300 r r r
- Callen-Welton - Callen-Welton
< 250 1| — planck < 250 1| —planck
© 200 HLe Rayleigh-Jeans © 200 I Rayleigh-Jeans
3 & = o
® 150 ® 150
[} (]
g 100 £100
[¢5] o]
= 50t =1.89 THz = 50 f=4.75 THz 1

ol o=
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Pysical temperature (K) Pysical temperature (K)

Figure 19: Noise temperature as a function of physical temperature (operation frequency 1.9 and 4.7 THz)
determined by the input power per mode from Planck/Callen-Welton/Rayleigh-Jeans expression.

The equivalent temperature is determined by the input power from Planck and Callen-

Welton for two typical physical load temperatures of 298 K and 77 K operating at 1.9 THz
and 4.7 THz are listed in Tab. 31

Frequency 1.9 THz 4.7 THz
Physical temperature 298 77 298 77
K KKK
Planck 255 40 199 13
Callen-Welton 300 86 312 126

Table 3: Calculated temperature based on input power from Planck and Callen-Welton per mode from a two
typical physical temperature of 298 K and 77 K for the two operation frequency 1.9 THz and 4.7 THz.

From Eq. 28] the equivalent receiver noise temperature (7,.) is given by:

() I3 n

Tree =T1 + = e 32

e 1+G1 +G1G2+ +G1G2'“Gn—1 G2

The gain can be calculated from Eq. 28| by a different measurement. The sensitivity of

a receiver system is calculated by the "Y-factor"-method. The "Y-factor"-method enables

the calculation of the receiver noise temperature (7,..) with a calibration measurement. For

the measurement two black bodies with a well known physical temperature were necessary.
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The absorbing loads were approximated black bodies (perfect absorbers). The Y-factor is
defined as the ratio between the IF output power of the receiver at the hot (room temperature)
load input and at the cold load input (floating in liquid Nitrogen):

Pouuhot . Trec + Tin,hot

Y = = ,
Pout,cold Trec + Tin,cold

(33)
where T;y, 4o; and Tj, .14 are the equivalent temperatures. 7,.. can then by obtained by:
Tin,hot - YTin,cold

Y —1

This technique is used for the calibration for all observations. It assumes that the mixer

Trec - (34)

response varies linearly with input load temperature and that there are no saturation effects
of any component of the receiver. In addition, the gain can be calculated by the difference
of the output power which will be discussed in Sec.

In the next section we continue with the mixer circuit design and the fabrication steps
for the HEB mixer devices for The GREAT LFA and H-channel.
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3 Mixer Design and Fabrication

The following chapter deals with the design concept and the fabrication of the mixers. First
the conceptional mixer design for all mixers with coupling of the radiation to the HEB is
presented (see Sec. [3.1) followed by the individual design for the operating frequencies of
1.9 and 4.7 THz and the fabrication of the devices, mixer blocks and the feedhorns (see Sec.
as well as the assembly of the mixer blocks.

3.1 Mixer Design

The hot electron bolometer device as non-linear element is much smaller few ym in width
and few hundreds nm in length (see Sec. [2.3)) than the wavelength (158 or 63 um) of the
radiation it responds to. A small area of the film is required to reduce to required incident
LO power [40] and to match the impedance film of the circuit (see Sec [3.1.1). An antenna
is therefore required to effectively couple to the free-space radiation field. Principally, two
different technological approaches are used: One using a dielectric lens and a planar open
structure antenna [49] [50] and the other with a waveguide feedhorn and antenna. Both
options have their advantages and disadvantages. The quasi-optical mixers based on a circuit
on a substrate which is glued on a hemispherical silicon lens. This lens focuses the radiation
on the antenna. For the coupling of the free-space radiation to the HEB a twin slot antenna
or a spiral antenna is most commonly used [S1/],[52],[53]. The waveguide mixers based on
a feedhorn, which has a transition at the end of the horn to the waveguide.

I focus on our own development based on waveguide feedhorn coupling. One significant
advantage is the decoupling of the optical parameters of the circuit to the feedhorn. The
waveguide based mixers were well established in the GREAT and HIFI instrument ([S4],
[55D).

The 1.9 and 4.7 THz mixer designs based on a further development from Piitz et al.
[21] which was designed and simulated by Netty Honingh. The designs were adopted for
the different frequency and observation target. The circuits are designed (see Sec. [3.1.T)and
[3.1.3) for optimal coupling from the waveguide to the HEB over the designed RF band.

The input waveguide to the HEB device defines the low frequency cut-off frequency of
the mixer and also acts as a linear polarizer to the electromagnetic field. The electric field
vector is parallel to the short side of the waveguide. The longer length of the waveguide
defines the cut-off frequency which is proportional to the length (e.g. 48 um length, result-
ing in a cut-off frequency of 1.56 THz). The longer waveguide width defines the waveguide

impedance.
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The simulation of the mixer circuits is done with the Computer Simulation Technology
(CST) microwave studio (MWS) with 3D EM simulation packages [56].

3.1.1 1.9 THz Circuit Design

The 1.9 THz circuit design is based on the GREAT NbTiN mixer design [21]]. In this design
the waveguide probe is connected to a Co-Planer Waveguide (CPW) transmission line on a
substrate. The antenna is matched to the electrical field of a waveguide cavity, capacitors
and the RF choke. The combination of the capacitors and the RF inductors (on the IF line)
acts as low pass filter in the IF line, which reflects the RF radiation. The capacitor and the
Rf chokes are located in a substrate channel. Fig. [20|shows a 3D cut and S21 (square root
of the transition) coupling from the waveguide (port 1) to the HEB (port 2).

IF output line

capacitors
(RF chokes)

Sio,
Si membrane
substrate

port 2 (HEB)

beam lead

waveguide
P cavity

¥

waveguide
0.0 —T

S(2,1) (dB)

BT T
1.6 1.8 2.0 2.2 24 2.6 2.8 3.0

RF (THZ)

Figure 20: The top left and right are the cuts of the LFA-2 design in the CST MWS. The S21 (square root of
the transition) from the waveguide port 1 to the HEB port 2 is shown in the bottom plot in dB as a function of
the RF in THz.

The RF response is optimized to have a wide response between 1.9 - 2.5 THz to cover

several line transitions. One of the main transition to be observed in this frequency band is
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the C™ fine structure line at 1.9 GHz (see Sec. [L.1)). The circuit consists of a 200 nm thin
gold on a 2 pym Si membrane substrate. 400 nm of the dielectric SiO; is deposited for the
fabrication of the capacitors. The circuit is surrounded by a 3 um thick gold beam leads.
The beam lead technology is used for positioning the device on top of the waveguide and
for the contact to ground of the circuit. Also beam leads act as a RF ““gasket” between the
horn and the block with a clean electrical contact. Further, they buffer the strain caused by
differential contraction of different materials at cryogenic temperature to avoid mechanical
stress.

An impedance matching is important for low loss coupling of the RF radiation to
the HEB. Two designs (LFA1 and LFA2) with the similar circuit design with different
impedances (80 and 120 Ohm) are fabricated on the same wafer to concern the impedance
mismatch. The impedance depends of the width of the NbN film (4.5 um for LFA1 and 3.5
um for LFA2. The width of the film and small shifts in the direction of the waveguide can

be used to adjust the impedance for further wafer runs.

3.1.2 IF Impedance Mismatch

The device response is calculated from the waveguide to the HEB without the IF output of
the mixer. The IF mismatch between the HEB and the SMA connector is assumed to be
negligible. To verify the transmission from the mixer to the IF output at the SMA connector
a simulation in CST was done (see Fig. [2I). The result for typical resistance values are
shown in Fig. [22] The transmission losses are below -1 dB over the band from 0 - 5 GHz
with a maximum change of gain over the band of - 0.5 dB, assuming that the IF output

impedance of the HEB device equals its normal state resistance.
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IF output line

Figure 21: 3D model of the IF transmission path from the HEB to the SMA connector (IF output of the mixer
block).
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Figure 22: Transmission losses calculated with CST for typical impedance R=R,,/2 between 50 and 100 Ohm
based on the broken line transmission model (see [2.3.5).

3.1.3 4.7 THz Circuit Design

The focus for the 4.7 THz mixer is observing the O fine structure line at the rest frequency
of 4.7448 THz [57] (see Sec. [I.1). For the observation of this transition no broadband
response is necessary. For the 4.7 THz circuits two designs were chosen to fabricate. The
designs HFA-3 and HFA-1b are differ from the use of the dielectric SiO,. The HFA-1b
design based on a circuit without SiO, because the electromagnetic properties of SiO; at
cryogenic temperature and at the operating frequency of about 5 THz are unknown. The
HFA-3 design is based in principle of the LFA circuit which is scaled to higher frequencies.
The HFA-3 design has a broadband RF response of 1.5 THz to able to cover in addition also
other lines. The HFA-1b design has only a peak response with a bandwidth of 0.5 THz. The
design consists of a standard suspended micro strip, RF choke and an E-plane waveguide
probe. A A/4 inductive high impedance line is used as the DC and IF contact to the ground
on the other side of the waveguide. In Fig. [23|the 3D cut and the S21 from the waveguide
to the HEB are shown for both designs. Depending on the measurement results one of those

designs will be chosen for the upGREAT array.
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Figure 23: The top left and right are 3D cuts of the HFA-3 design in the CST MWS. The middle and the

bottom left are 3D cuts of the HFA-1b. The S21 from the waveguide port 1 to the HEB port 2 is shown in the
bottom right plot in dB as a function of the RF frequencies in THz for both designs.
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3.2 Fabrication and Assembly

The fabrication of a mixer unit can be divided into four steps. The first step is the fabrication
of the device. The second and third steps are mixer block and feedhorn/ clamp fabrications.

The fourth step is the mounting of all separated parts.

3.2.1 Devices

The device fabrication in the clean room facilities for all presented mixers is done by Karl
Jacobs and Patrick Piitz. The mixer devices for upGREAT mixers consist of several thin film
layers which are deposited on a Silicon (Si) on insulator (SOI) wafer. A SOI wafer consists
of a 300 um thick Si wafer with on a thin SiO; layer on top on which a 2 um (stress free)
high resistivity Si layer is deposited. These wafers are necessary to fabricate a device on a
thin Si membrane substrate [22]] [58]] [59].

High resistivity Si has the advantage of low losses at THz frequencies [60]. A measured
transmission of a thick 531 um high resistivity Si wafer shows no significant transmission
losses between 1 - 6 THz (see Fig. [61]. The transmission of the Si wafer is measured
with a FTS (see Sec. [5.2)). The periodically frequency dependent transmission of the thick Si
substrate originating from reflections. We assume that the losses are even lower at cryogenic
temperatures. By reducing the temperature less charge carriers are available to couple to the

radiation.

Transmission

0.2 o Silicon wafer
(531 pym) 0'01,5 "% 17 18 19 20 24 22 |
0.0 1 ) 1 Y T s | v ] v
1 2 3 4 5 6

Frequency (THz)

Figure 24: Transmission of a 531 pum thick silicon wafer measured with a Fourier Transform Spectrometer
(see Sec. between 1 - 6 THz. Inset shows a zoom in in the frequency range of 1.5 - 2.2 THz. [61]]

35



The wafers have a diameter of 3 inches (resulting in a 3 cm x 3 cm chip). One wafer is
divided into 20 sectors (A, B, C, ..., T) with devices and 6 sectors for layer tests of gold see
Fig. [25] The four point test structures for the Au thin film layers made of different single
gold layers are of the circuit layers. The structures with the shape of a square and a long line

can be used for measuring of the conductivity of the pure gold layer (see Fig. [23)).

sector R ; L ”sector N
LFA LFA

gold sectors

Figure 25: Left: masc of the upGREAT wafer with highlighted sectors which are used for the mixers. Right:
image of separated sectors from a manufactured wafer.

The wafer consists of several designs for different frequencies. The main designs are
LFA1/LFA2 (sectors B/J/N/P/R) and the HFA-1b / HFA-3 (sectors D/G/H/I/L/M) are used
for the GREAT and upGREAT instruments. The wafers are processed at the front and back
side [58]]. On the front side, the HEB and the planar circuit have to be defined (see [22]]).
On the backside of the wafer, the insulator is etched away and cut into separate sectors.

After device fabrication, the SOI wafer is diced into the separated sectors. At this stage, |
measured the devices for the first time with DC characterization. The results of the measure-

ments for several parts are shown in a later Sec. [6.1.1]and [6.4.1] After the characterization

of the sectors the ones with the best performance (highest 7, and 1. with a good impedance
matching) are chosen to continue for further processing to a HEB mixer. These sectors are
then etched on the back side and separated into the single devices ready for mounting into
the mixer block [22]].

In Fig. 26] scanning electron microscopy (SEM) images for two designs LFA2 (top) and
HFA-1b (bottom) are shown. A zoom in on the waveguide and a second zoom in on the
NbN film show the details of the fabricated circuits.

Three wafers upGREAT13-05 (13-05), upGREAT14-08 (14-08) and upGREAT14-11
(14-11) are used for the characterization of the HEBs. After the first heterodyne measure-
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Figure 26: Scanning electron microscopy (SEM) images of a LFA 2 (top) and HFA-1b (bottom) devices. Left
figure: device with the surrounding beam leads, middle figure: zoom on the porbe in the waveguide and right
figure: zoom on the HEB with Au contact pads [28].

ments of the wafer 13-05, I measured that the estimated required local oscillator power for
optimal operation is to high for an array receiver due to the limited output power of the LO
(see [7.1.3). In addition, both LFA designs also have a different power requirement due to
the difference film volume (about 30 %). The product of the volume and the critical current
density is a good measure of Pz [62].

The required LO power for the optimal operation was reduced for the new wafers. The
change from the wafer 13-05 to 14-08 and 14-11 is mainly the reduction of the film volume
by reducing the film thickness from 4.5 nm to 3.5 nm to reduce the LO power requirement.
In addition, the length of the devices on 14-11 and 14-08 was reduced. 200 nm for wafer
14-11 and 14-08 compared to 300 nm for wafer 13-05. Both LFA designs are reduced to
one design (LFA2) with the smaller width of 3.5 um. In addition, the number of devices
that can be used is increased, which increases the probability to have similar devices with

good performance for an array and to replace devices (more details see [3.2).

3.2.2 Mixer Blocks

A mixer block is used to mount the device, horn-clamp and the IF output components. The
mixer blocks are made of oxygen free copper tellurium alloy (CuTe) with a footprint of 17
mm X 17 mm and hight of about 15 mm. This material combination has the advantage of

a good thermal heat conductivity and is hard enough for manufacturing structures of a few
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Table 4: Table of the waveguide and substrate channel dimension and their tolerances. x is the larger and y
the smaller length of a rectangular shape. The tolerances restrict the variation in power coupling to less than 5
%.

desgin  waveguide x waveguidey depth channel x channely depth

(pm) (Hm) (Um)  (Umm) (um)  (um)
LFA 96 48 26 188 30 10
tolerances +5 +5 +5 +7/-0 +0/-10  +4/-0
HFA 48 24 22 106 14 4
tolerances +3 +2 +2 +0/-5 +2/-0 +2/-0

um into metal with sharp edges without burrs. These structures are the critical part of the
block. They consist of the waveguide cavity and substrate channel, which are manufactured
by direct metal machining on a precision CNC [63]. The blocks are manufactured in our
workshop which has experience based on the GREAT single mixers [S8]. A stamping tool
of hardened steel is also fabricated in-house to be able to achieve a precision of 1 um for the
stamped dimension of this structure. The structures are manufactured in series of stamping
and milling sequences of the block (See Fig. [27).

Figure 27: Waveguide (96 um x 46 um) and substrate channel (width 30 um) stamped into a LFA mixer
block. The block is fabricated in the workshop.

This procedure prevents the increases of burrs, which is an issue for a flat mounting of
the device into the block. This flatness is important for a good coupling of the signal and
reduces the stress on the thin device which is pressed with the horn-clamp. The waveguide
and the device channel dimensions for the different designs are listed in Tab. f]

Each mixer unit has to be checked for the tolerances which are determined by the CST
simulations for the waveguide and device channel. In addition to the mechanical tolerances,
the demands for mounting of the device have to be fulfilled. Furthermore, the residual

particles in the waveguide have to be removed from a substrate channel. At the end of the
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substrate channel, a second wider channel is milled into the block for the IF signal line.
Beyond that, a recess for an IF board is milled into the block. This board contains just a
line with an impedance of 50 Ohm. The output line board is used to reduce strain from the
connector to the device during the thermal cycling and for broadening the IF output line.
For the connector, a hole is milled perpendicular to the plane of the circuit board, through
the block. A SMA connector is used for the connection to the IF-output.

In Fig. [28] a set of LFA mixer blocks is shown. A zoom into the stamped waveguide
at the substrate channel shows the sharp edges of the high precision structures with flat
back-short.

Figure 28: 19 mixer blocks for LFA mixers fabricated in the workshop. A zoom in, with a magnification of
500, to the location of the device is shown in the lower right inset. A further zoom in, with a magnification
1000, to the back-short of the waveguide is shown in the lower left inset.
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3.2.3 Horn-Clamp

The optical interface between the waveguide to the receiver optics is a feedhorn. This feed-
horn consists of an extension of the waveguide from the block with a transition from the
rectangular to a circular end of the horn (see Fig. 29). It is a smooth-walled spline profile
horn [64]. The design is based on the horns of the GREAT mixer for 1.9 THz [21]. This
type of horn is adapted for LFA mixers to have a broad RF band coupling up to 2.5 THz.

In addition, horns are scaled to 4.7 THz for the H-channel and HFA. The optimization
for the bandwidth, the cross polarization characteristics and the manufacturing are done by
Radiometer Physics GmbH [65]. The feedhorn consists of copper with a thin gold layer on
the copper surface. After delivery of the horns, each horn has to be verified in a similar way
as the mixer blocks when all critical dimensions are in specified tolerances.

Then each signal horn has to be manufactured and press-fit into a horn-clamp fabricated
in our the workshop. This clamp is necessary to assemble the horn by the alignment of the
waveguides in to of each other and for clamping the horn on the mixer block. The clamps
are made from Aluminum because it has a larger coefficient of thermal expansion as copper.
During the cool down, the feedhorn will be compressed by the aluminum clamp. It can be
easily machined (instead of copper or steel). A LFA feedhorn and a clamp are shown in Fig.

The mixer can now be assembled in one unit.

Figure 29: The left figure represents a 3D model with a cut through the center of the horn-clamp. In the
center the horn profile is shown as cut of the 3D model [63]. The right a photo of a feedhorn press-fit into a
horn-clamp. The aperture of the profile is the small hole in the center of the horn-clamp.
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3.24 Mixer Assembly

The final step of the mixer fabrication is assembling the separate units together, which is
done by Micheal Schultz. The devices are assembled on top of the waveguide with a hexa-
pod micro-manipolator with an accuracy of 0.2 um. The micro-manipolator allows a mount-
ing of the device in respect to the waveguide of the mixer block with precision of < 1 um.
First, the IF-DC board which, is an output line on a 530 um thick Si substrate with an
impedance of 50 Ohm, has to be glued on the mixer block. Then the IF-DC board is con-
nected by wire bonds to the SMA output connector (see Fig. which is connected to a
load, to prevent electrostatic damage.

IF/DC-board ™ -

stamped
* structures

EH

SMA hole

Figure 30: IF/DC board mounted into the mixer block.

The advantage of the IF-DC board is the separation of the device from a momentum, on
the SMA inner connection during screwing of the IF connector. Then device mounting has
to be done, which is the most critical part of the entire process. Three main issues that might
occur during assembly, which could be a reason for a later poor performance: the device
position tolerances in the waveguide have to be less than 1 um (for 4.7 THz), electrostatic
discharges could damage the NbN film and mechanical failures (crack of the device, loss
bonds). The device is first aligned to waveguide via an optical microscope. For the ground
connection of the circuit, the beam-leads are connected by ultrasonic tab bonds to the mixer
block. The IF output line at the end of the device is bonded to an IF/DC board (see Fog[31).

At this stage of the mixer block assembly, the DC characteristics can be measured to
monitor the superconducting properties of the device. Then the normal state resistance (R,),
the shape of the DC-IV curve at 4 K and the superconducting properties 7. and /. are the
expected range the mixer can be further assembled. Otherwise, the device has to be removed

and replaced by another device.
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Figure 31: Microscope images of assembled devices. From Left to right: LFA, HFA-3 and HFA-1b mounted
devices and a zoom out from device HFA-1b to top of the mixer block with IF-DC board.

After this step, the horn-clamp can be assembled on the block. Similar to the device
the horn clamp is optical aligned by a microscope. The clamp is handled with a dedicated
tool to avoid displacement or rotation with respect to each other. The clamp is then fixed
with four M2 screws. This procedure is done during observing the waveguide alignment. A
complete assembled LFA mixer block with a view into the feedhorn where the device can
be seen at the end of the waveguide is shown in Fig. [32]

Figure 32: Assembled mixer block on the left side and on the right side a view of the probe antenna looking
through the feedhorn.
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4 Heterodyne Measurement Setup at 1.9 to 4.7 THz

A significant part of this thesis was the development of a stable and reliable setup for the
characterization of the mixers for the LFA mixers. The input signal of a mixer is called
Radio Frequency (RF) and the output Intermediate Frequency (IF). The heterodyne setup
for the measurements at 1.9 THz consists of several components that can be subdivided in
the RF section which operates at THz frequencies and the IF section that operates at GHz
frequencies. A schematic of the setup is shown in Fig. [33] and in the Fig. [34] where both
parts of the setup are highlighted. Both parts of the setup, especially for the RF setup for 1.9

THz for the LFA mixer characterization, are presented in this section.

RF  1.89 THz VDI AMC / 1.98 THz QCL |
IE mixer bias supply -

300K
amplifier

attenuator grid

grid / Mylar as

/ beam-splitter
..... /. . 4|, 77K/300K
loads

IF processor

[ gy
spectrometer absorber
1.5 GHz BW IR filter
BPF 12 Gl cross-polarization
) d . rejection grid
power meter liquid helium cryostat HDPE window

Figure 33: Schema of the 1.9 THz heterodyne setup. Red lines visualize is the RF path and green is the IF
signal of the receiver.
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Figure 34: Images of the 1.9 THz heterodyne setup. Red lines visualize is the RF path and green is the IF sig-
nal of the receiver. Left photo of the setup with indicated beam paths of the LO and the THz calibration source
of the Hot/cold load to the dewar. Right photos of the open dewar with the cold optics and IF components.
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4.1 Radio Frequency Setup for the Operation at 1.9 THz

The Radio Frequency (RF) part of the receiver system consists of the local oscillator source,
the THz calibration sources, the optical interface and the mixer. The optical coupling of the

radiation was calculated with the Gaussian beam optics [66] by Netty Honingh.

Depending of the application and operation frequency different types of local oscillators
are used like gun-oscillators, commercial Amplifier Multiplier Chains (AMC), gas lasers or
novel quantum cascade lasers (QCL) [67]. The Local Oscillator (LO) source for the 1.9 THz
receiver is an AMC (from VDI [68]) which multiplies the output signal at 13.125 GHz of a
synthesizer by a factor of 144 to 1890 GHz LO output. During the measurements, the LO
is constantly set to maximum output power. For the optimum adjustment of the LO-power
incident on the mixer, a rotatable wire grid is used to attenuate the LO. The LO beam is
guided with two flat adjustment mirrors on focusing mirror, which focus the LO radiation
to the center of the beamsplitter (BS). The THz calibration sources in the setup consist of
two blackbody microwave absorbers, one at room temperature (~ 295 K) and one cooled
down to 77 K by immersing it in liquid nitrogen which is reflected by a flat mirror to the BS.
The THz calibration source and the LO radiation are combined, either with a thin dielectric
foil (e.g. 12 or 23 um) or with a wire grid as a BS. The calibration sources radiation is
coupled in transmission through the BS and the LO in reflection to the dewar. A radiation
splitting factor of typically 90% calibration sources and 10% LO is chosen. From the BS

the radiation is coupled to the dewar window.

The dewar window consists of a HDPE foil with a thickness of 370 um which was cho-
sen for a high transmission of 1.9 THz and 4.7 THz. A low pass filter is used as an infrared
shield for the unwanted external radiation [69]]. The transmission of all used dielectric foils
was measured at room temperature with a Fourier transform spectrometer (FTS, see [5.2).
The transmission on the main LO test frequency of 1.89 THz and for both side bands of the
mixer is about 0.94 for the IR filter and approximately 0.92 for the HDPE window (see Fig.
33).

Since most of the LO radiation is transmitted through the BS, an absorbing load must
be installed as a beam dump. Else the significantly higher power of the LO can reflect back
into the signal path and create strong standing waves. The LO power variation coupled to
the mixer introduces a ripple in the IF band, which makes it more difficult to interpret the
data. The ripple is particularly large when a wire grid is used as a beamsplitter (see Fig.
[36)). In this case, the LO signal incident on the mixer has a component that is orthogonal to
the polarization of the mixer. This component is fully reflected at the mixer, and then again

partly reflected at the BS grid. To avoid a standing wave a cross-polarization rejection wire
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Figure 35: Left: THz transmission of 370 um HDPE foil measured with a FTS, right: THz transmission of
IR filter measured with a FT'S. Both measurements are done at room temperature in a evacuated compartment
in a frequency range between 1.8 - 2.0 THz.

grid was added in front of the dewar window. The wires of the grid were set perpendicular to
the electrical field of the waveguide to transmit the desired part of the LO signal. In addition,
the grid was set under a tilt of 15 °to the optical axis. In this configuration, the undesired
component of the LO was reflected out of the path between mixer and BS. The reflected LO
signal is directly coupled on an absorber load.
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Figure 36: Comparison of the measured receiver noise temperature as a function of the IF between 0.2 -
0.8 GHz. The in first measurement in red no additional wire grid is set in front of the dewar. In the second
measurement in blue a wire grid is set in front of the dewar. The grid removes all optical standing waves from
the measured noise temperature.

The path from the loads to the dewar window (~ 35 cm) and the LO path (~ 80 cm) were
under atmosphere. The transmission through the atmosphere leads to losses of the signals
(transmission of about 0.9) which are discussed in Sec. [6.1.4] A final focusing mirror inside
the dewar is mounted with the mixer on the cold plate (cooled with liquid Helium to about
4.5 K). The THz signals are focused to the feed horn and then coupled via the waveguide
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transition to the waveguide probe of the device and absorbed by the HEB bridge. Here the
LO and calibration signal are mixed and the signal is down converted to the intermediate
frequency (IF). The IF Signal is coupled out of the mixer via a low-pass filter integrated in
the device connected to the center conductor of a SMA connector which is the starting point

of the IF output chain.

4.2 IF Setup at 0.2 to S GHz for the 1.9 THz Measurements

From the Intermediate Frequency (IF) output of the mixer the IF is guided to an external
bias tee (bias T) see Fig. [34] The bias tee is a three-port network with a DC bias input, IF
output and IF input/DC output port. The DC bias is coupled to the mixer without disturbing
the IF signal guided out of the IF port.

The first amplification of the IF signal is done with a cryogenic Low Noise Amplifier
(LNA, [70]) with a bandwidth of 0.2 - 5 GHz a return loss of less than 10 dB and a gain
of about +30 dB. After the LNA the signal is coupled out of the dewar to 295 K. A second
warm LNA with a gain of +46 dB further amplifies the IF-signal before it is coupled to the
IF-box see Fig. I developed and build the IF box for the operation with an AFFTS which
is discussed in next sections and in Sec.

4.2.1 Intermediate Frequency-Box

The IF signals have to be amplified to match the right level for the signal processors which
follow the IF-box. For that purpose, an amplifier and attenuator chain is required. In addi-
tion, with internal mixers are used for mixing a bandwidth of 1.5 GHz from a higher center
frequency to an IF lower one (see Fig. [37). This mixing step of IF signal is necessary
to reconstruct the mixer IF bandwidth which is discussed in Sec. 4.2.2] In this thesis, I
did the development, the construction and test of IF box. In addition, the software for the
measurement setup was adapted.

Inside the IF-box the signal is first amplified by an amplifier (ZVA1 [71]) with a band-
width of 0.7 - 18 GHz with a gain of +26 dB. Switch 1 (SW1) defines the mixing path and
the direct path (see Fig. [37). In the direct path the signal is directly guided to switch 2
(SW2). Otherwise, the signal has to follow the mixer path (Sec. {.2.2)) before it is guided
back to switch 2. Next, the signal is amplified using an amplifier with a bandwidth of 0.1
- 18 GHz (ZVA3 [71]) and a gain of +26 dB. Next the IF power level is optimized with
a variable attenuator to -15 to 0 dB. A third switch (SW3) is used to provide six different
output options for the IF box. The LPF1 output port has a Low Pass Filter (LPF) with a
frequency of 1.45 GHz. The LPF2 output port has a LPF with a frequency of 2.35 GHz and
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Figure 37: Intermediate Frequency Box: optimized for the DFTS. Top: schematic (blue line direct path, red
line mixer path), bottom: photo.
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can be used for a spectrometer with 2.5 GHz bandwidth. Furthermore, the YIG-filter output
port with a Yttrium Iron Garnet filter (YIG) which was a tunable Band Pass Filter (BPF)
with a bandwidth of 15 MHz was available.

The YIG filter and the Power meter output of the IF box base on one a switch position
which was later divided. First a BPF between 1 - 2 GHz and then a DC isolator was used.
Behind the DC isolator the IF was spitted with a -10 dB coupler into two signals. The -10
dB signal is detected with a DC power detector and then amplified by a DC amplifier before
the DC detector signal was coupled out of the IF box. The second output of the coupler
was coupled as an output port for a power meter. The direct output of the IF-box is used
without any filter. The 1.44 GHz LPF and the power-meter output were mainly used for the
characterizations of the mixers. The frequency dependent sensitivity of the IF box is impart

of the calibration of the receiver setup. The measurement results are shown in Sec.

4.2.2 The Mixing Path

Due to the limited bandwidth of 1.5 GHz of the Digital Fourier-Transform (DFT) spectrom-
eter, the IF band had to be cut in different bands (see Sec. [5.4.3). Those bands have to
combine to able to reconstruct the mixer bandwidth which is in the range of 3.0 - 4.5 GHz.

I decided to measure the complete IF band in four overlapping bands a - d (see Tab. [5).

band IF-boxinput LO1 LO2 outputlF
(GHz) (GHz) (GHz) (GHz)

band a 02-1.5 - - 02-1.5
band b 1.2-2.7 8.9 7.7 0.0-1.5
band ¢ 24-39 10.1 7.7 0.0-1.5
band d 3.6-5.1 11.3 7.7 0.0-1.5

Table 5: IF band spit into four bands a-d. LO 1 and LO 2 frequencies configurations for all different bands.

For band a, the signal can bypass the mixer path as it already is at baseband. The other
bands b-d have to process in the mixing path.

At the mixing path, the signal has to converted at mixer 1 to higher frequencies with
a synthesized signal from LO 1. The LO 1 frequency is depended on the choice of the
IF band. The mixed signal was then filtered with a bandpass filter (BPF) between 5 - 7.5
GHz to remove all unwanted mixing products and remains of LO1. An additional amplifier
(ZVA3 [[/1]) with a gain of +26 dB is necessary to provide enough signal for the second
mixing step where the signal was down converted again. This filtered signal was mixed with

a second synthesizer signal from LO 2 at mixer 2 down to O - 1.5 GHz. Then it was coupled
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to switch 2. After switch 2 the IF chain is the same for all bands.

After the main part of the measurements were done two eXtended bandwidth FFTS
(XFFTS [72]) with a bandwidth of 2.5 GHz IF-box were added to the setup. Due to this
change and a need of an additional calibration measurement an adjusted version of the IF-

box were used to calibrate the main version by a mixer calibrated in both setups.

4.3 4.7 THz Single Pixel Receiver

During the first tests of the 4.7 THz single pixel no local oscillator operation was available
at 4.7 THz in Cologne. So heterodyne measurements were only possible in a collaboration
with the MPI in Bonn [22]. A schematic diagram of the receiver is shown in Fig. [38] The
cold load here is cooled by a cryocooler to a physical temperature of 130 K. The beamsplitter
in this configuration is a 3 um Mylar foil. The transmission of this foil at the frequency of
interest is 0.835. The optical compartment is evacuated to a pressure of 10~2 mbar. The LO
is a Quantum cascade Laser (QCL) developed by Richter et al. with an output power of 150
UW and a frequency range of approximately +2 to -4 GHz around the oxygen line [20]].

4.7 THz QCL

RF Mixer bias supply

IF L
p ~ 102 mbar Window— ==.'==, Rotatable
300K 1 attenuator grid
Amplifier !
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Power meter Liquid helium cryostat ™~ Optics compartment

Figure 38: Scheme of the Heterodyne receiver setup for 4.7 THz at the MPI in Bonn. RF part red area and IF
part green area.

4.4 Differences to the GREAT Receiver Channels

The main difference of the upGREAT receiver system to the heterodyne measurements was
the operation of 14 mixers in an array. In the heterodyne measurements only one single
mixer is measured. The signal paths were evacuated for the GREAT receiver channels. An
evacuated path leads to higher transmission of the signal and thus better calibration due

to well-established brightness temperatures of the hot and cold load. The receiver then
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operates under more stable conditions and reaches a lower noise temperature. In addition,
it increases the amount of available LO power per device which is crucial in the THz range
due to reduced losses in the optical path. The upGREAT LFA setup consists of two parts,
one for each sub-array. Each sub-array consists of 7 mixers which are fed by a one LO
unit. The LO and sky signal are combined with a beamsplitter and then divided into seven
beams by a phase grating. The phase grating divides the power equally for each mixer. This
beam bundle is then coupled into the dewar to the mixers [24] [19]. In addition GREAT
and upGREAT use DFTS spectrometers with a bandwidth of 2.5 GHz (FFTS [72]). The
spectrometers were upgraded to XFFTS spectrometers with a bandwidth of 4.0 GHz.
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5 Measurement Methods for HEB Mixer Characterization

The measuring methods which were used to characterize the mixer are listed in the following
sections. These characterizations can be split in the DC and the RF/IF parts where the
different methods are used. In Sec. [5.1] the DC characterization with the IV and RT curves
are presented followed by the measured method of the broadband RF response in Sec. [5.2]
The noise temperature is measured with the following methods: 1.) spectral intermediate
frequency response (see Sec. [5.4.3)), 2.) local oscillator power sweep (see Sec. [5.4.2) and
3.) Voltage sweep (see Sec. [5.4.1). Furthermore, the two methods of the determination of
the required local oscillator power are shown in Sec. The LO power is ether determined

by the incident coupled LO power or by the isothermal lines method.

5.1 DC Characterization

The DC characteristics of a HEB micro-bridge are the current-voltage (I-V) characteristic
and the resistance versus temperature (R-T) dependency. The HEBs are measured with a
dipstick in a liquid helium by immersing the device, and in the case of the R-T measurement,
slowly pulling it up.

After the final fabrication steps, the devices are separated and then integrated into the
mixer block. At this stage, the measurements of the DC properties are repeated to see if
there were any changes due to the last fabrication and mounting steps. The characterization
was either done with a different dipstick where the assembled mixer can be mounted on or
inside a dewar on a cold plate.

For the I-V measurements a DC bias supply is used as a constant current source that can
be swept from a voltage of -50 mV to +50 mV. The voltage is set as a bias and the current
and the voltage are recorded using a four-point measurement scheme.

The R-T dependency is measured with a calibrated temperature diode between room
temp and 4 K (between 25 K and 4.2 K on the cold plate). The R-T measurements of the
DC characteristics are performed using a dual lock-in amplifier setup, one for the voltage
and one for the current [73]. A small current modulation of typically 1 or 10 yA is used, to
measure the device resistance within a temperature range of 4.2 K and about 25 K (maximum
resistance of the NbN HEB). The critical current (/) and the critical temperature (7;) can be
taken from the measured data (see [2.3.3).
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5.2 Broadband RF Characterization

The bolometric direct-detection response of the HEB microbridge can be used as a tool for
the characterization of the broadband RF response. In the direct detection mode, the bath
temperature of the HEB mixer is increased until the DC I-V curve has approximately the
same heating level as an optimum operation level using a LO. The voltage bias is typically
set to the identically value as for optimum heterodyne response. The response can be mea-
sured with a Fourier transform spectrometer (FTS) by Bruker [74] (FTS model IVS 66v/S).
A FTS consists of a Michelson interferometer and a mercury lamp which behaves as a broad-
band THz source. The Michelson interferometer consists of two mirrors whereas one mirror
is fixed and the other one is movable [66]. By the variation of the distance of the mirror
to the beamsplitter, an interference pattern is produced which is measured by the HEB as a
variation of the DC bias voltage when the HEB is current biased. By Fourier transformation
of the interference pattern the response as a function of the frequency can be calculated. The
absolute height of the recorded FTS spectrum for each mixer depends on the bias conditions
of the HEB (voltage and temperature), the gain settings of the DC amplifiers in the FTS and
the bias box. These are the reasons why the measured response is not a good indication of
total spectral response. The internal FTS spectral transfer function (optics inclusive beam-
splitter, frequency resolution) can be calibrated with an empty "background" measurement
using the FTS internal DTGS detector circuit. In contrast, the measured frequency response
of the mixer in direct-detection mode is not affected by the HEB bias conditions for the range
of interest. The suitably scaled measured frequency response can be directly compared the
with expected spectral power coupling (S21)? as calculated by the circuit simulator CST
Microwave Studio [56]]. A typical mixer and calibration measurement of the FTS is shown
in Fig. [39] The FTS with the DTGS detector is used to characterize windows, filters and

other optical components.

5.3 Local Oscillator Power Requirement

A reliable estimate of the local oscillator power (Pzp) which is required to operate a mixer
is very important for building an array receiver. A typical approach for a heterodyne array
receiver is to use one local oscillator (LO) source for several mixers. In this case, the system
is less complex and require significantly less space by using only one LO unit. The LO beam
has to be divided in the optics into separated beams with equal divided power. Each mixer
should have than the same power requirement. Otherwise, the LO power of each mixer
inside the array has to be adjusted individually, which increase significantly the complexity

of the receiver.
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Figure 39: Left: the measured response of an empty FTS recorded with of the internal DGTS detector (blue
data set) as the background for calibration. The response of a 4.7 THz mixer of the HFA-3 design measured
as a function of frequency (red data set). Right: image of the FTS in the laboratory.

For the characterization of a single mixer a reference source which is in our case a
Virginia Diodes (VDI) Amplifiers Multiplier Chain (AMC) for the determination of the
requirement P; o is used. At the operating frequency of 1.89 THz (maximum output power
of the AMC) the output power of the LO is 21.4 uW + 0.4 uW given by the specification
from VDI. For the estimate of the required Py, we determine the incident Pz in front of
the feed horn inside the dewar. The electric field of the LO and the mixer waveguide are set
to be parallel and in the horizontal polarization. The incident Py is then dependent on the
angle of an attenuator wire grid in the optical path of the output of the LO (see Fig. 40).

a.) . . b.)

flat adjustment flat mirror

irTors 4.2 K dewar : : 0,
attenuator |Z| mixer /\\
wire grid T~

1.89 THzLO | -i

Figure 40: a.) LO signal path from LO to the HEB dewar b.) Wire grid angle ® definition (signal path through
the plane).

The LO has a diagonal horn designed for a center frequency of 1.9 THz. The wire grid
provides attenuation of the Gaussian beam via a computerized rotational stage. The grid
plane is tilted by an angle ¢ of 15 degree relative to the incident plane (see Fig. [40). This
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tilt avoids multiple reflections in the optics, which can cause standing waves. The rotational
angle of the grid ® is measured in the plane of the grid. The transmission through the grid
is given by the projection of the grid plane to the incident plane. This leads to an effective
angle ®, giving by [66]

®, = acrctan(tan(®) - cos()). (35)

The angle difference from O to ®, due to the tilt is 0.5 - 1 degree. The available Py is
reduced by this tilt at maximum by 10 %. Behind the grid three adjustable flat mirrors are
used for alignment. The two focusing mirrors are necessary to collimate the beam and to
optimized beam waist position. In front of the dewar the beamsplitter was replaced by a flat
mirror to have maximum LO power coupling to the mixer. The beam has to be transmitted
through the HDPE window with a transmission of 92 % and the IR filter with a transmission
of 94 %. At last the beam is focused to the mixer feed-horn with an elliptical mirror. 1
neglected the losses from the flat and focusing mirrors and assume to have an equal atmo-
spheric absorption for each measurement. The transmission for the in air path of about 80
cm are estimated for the conditions of a humidity of 50 % of about 80 cm path is approxi-
mately 0.84 %. It is based on extrapolation of a measurement with the THz Time Domain
Spectroscopy (THz-TDS) by [[75]. All devices are measured at a bath temperature of 4.5 K
(+/- 0.2 K). The bias conditions are set to the point of optimum performance (low noise tem-
perature) at a voltage of 1.0 — 1.5 mV. The setup was unchanged for all measured devices to

have a comparable power estimate.
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Figure 41: Change of the electric field vector due to interaction with the wire grid and the waveguide. The
electrical field of the LO and the waveguide is set parallel.

The incident LO power is determined by the grid angles and the waveguide polarization.
The electric field of the LO source (Ep) has to couple to the wire grid attenuator (see Fig. [41]).
Here only the field which is perpendicular to the grid wires E, 7 is transmitted to the grid.
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Then at the waveguide only the field which is parallel to the short side of the waveguide E,, 7
transmitted to the waveguide. Here the field is given by Ey = E - cos?(®). The transition
of the LO signal is given by

T = Ey = E§ - cos*(©). (36)

Another approach is the determination of the absorbed Py by the so called isothermal
technique [76]. In the lumped element model it is assumed that the device heated up in
the same way by Prr = PLo + Pyena and Ppc which is shown in heat balance equation @
Here all incident Py absorbed by the device. The resistance of the film is supposes only
depending on the temperature of the electrons which depend on the bath temperature and
the incident radiation coupling to the HEB. By comparing two IV curves, with and without
LO power radiation, with an isotherm as a straight line that crosses both curves in point p1

and p2, the amount of absorbed P is then equal to the difference in power between the

two points.
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Figure 42: Left plot: measured DC-IV curve for device R06 (wafer 14-08) with and without LO radiating on
the mixer. Right plot: zoom on the bias operation point p1 with a linear interpolation from zero to the IV curve
without LO power to the cross point p2. The absorbed LO power is given by the difference in DC power.

For the calculation of the absorbed power of this method the unpumped (no LO) and a
pumped (with LO) DC current voltage (IC) curve have to be measured (for a typical DC-IV
curves see Fig. [42)). The isothermal line starting from zero and crossing the pumped IV
curve at the operating point pl (I1,V;) [[76]. Further the line is extended to the cross point

p2 (1>, V>) to the unpumped IV. The absorbed power is then equal to difference in DC power
from the point p1 to p2:

Proiso = (bVa —11Vy). (37)
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5.4 Heterodyne Measurements Methods

For the heterodyne measurements, I used three different methods to determine the depen-
dency of the measured noise temperature (T,..) by three different parameters to determine
to optimal operation conditions. T,,. for all methods is calculated with the Y-factor from
Eq. 33] Each method delivers T,.. with a focus on a different property of the mixer. The
voltage sweep is used to determine the optimal bias condition for the HEB mixer. The local
oscillator power sweep is used for the determination of the optimal LO power and for the
estimation of the change T,.. due to the direct detection effect. The spectral response is used

to measure T, as a function of the intermediate frequency from O - 5 GHz.

5.4.1 Voltage Sweep

The Voltage Sweep (VS) method is based on a measurement with a power meter. The noise
temperature is averaged over the IF band between 1 and 2 GHz by measuring the IF output
power through a bandpass filter. The LO pumping level is fixed at optimal incident LO
power and the voltage is swept over a range of -50 mV to +50 mV. Here the optimal bias

voltage is between 0.5 - 2 mV for a typically measured HEB mixer (see Fig. 3.
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Figure 43: Voltage sweep: IF power measured as a function of the bias voltage for a hot load (red) and cold
load (blue) on the left axis and on the right axis is in receiver noise temperature (green).

5.4.2 Local Oscillator Power Sweep

During the Local Oscillator Power Sweep (LOPS), the receiver average noise temperature

is measured as a function of the amount of incident LO power (Prp) which is coupled to the
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HEB [[777]. The Py 1s varied by a rotating polarizer grid in front of the LO. It attenuates the
linear polarized LO radiation depending on the angle of the grid wires with respect to the
LO polarization. The detected IF power as a function of Py is measured by a power meter.

At a constant Prp and fixed bias voltage, the current through the mixer changed by
modification of the input signal from hot to cold load due to the direct detection effect (see
Sec. [2.4.1). The current change leads in Eq. [[1]to a modification of the mixer gain between
the measurement of the hot and cold load which is followed by an increase of T .

To determine T,.. without the direct detection effects, the output power for the hot and
cold load have to be used for the same bias current. The measured hot and cold load input
calibration signals as a function of the bias current are used for a polynomial interpolation
(polynomial of the 10th order). This interpolation is used to calculate the Y-factor from
Eq. [33] at the same bias current. The calculated T, is not influence anymore by the direct
detection because the device is now biased under the same mixing conditions (see [2.4.1]and
[78]], [[79]). The result of a LOPS for a typical measured mixer is shown in Fig.
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Figure 44: Local oscillator power sweep: IF power measured as a function of the bias current for a hot load
(red) and cold load (blue) on the left axis and on the right axis is the receiver noise temperature (green).

This method delivers the optimal amount of LO power (grid position) and bias current
for the fixed bias voltage at which the LOPS performed. The P; o at this stable operating
point is then kept fixed for the best performance in the spectral IF response from Sec. [5.4.3]

5.4.3 Spectral Intermediate Frequency Response

A Digital Fourier Transform Spectrometer (DFTS) is used for a spectral resolved measure-

ment. The Array Fast Fourier Transform Spectrometer (AFFTS) is a spectrometer with a
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spectral resolution of 212 kHz over a bandwidth of 1.5 GHz (8192 Channels) [80]. The
DFTSs is used with the mixing path in the intermediate frequency-box to measure the spec-
trum over a range of 0.2 - 5.0 GHz to cover the HEB mixer bandwidth (see Sec. 4.1)). A
DFTSs used in astronomy for example in GREAT and upGREAT (see Fig. |3)) for wide-band

and high resolution observations.
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Figure 45: IF power measured as a function of IF for the hot load (red) and cold load (blue). The standing

wave in the measured IF power coming from the optical standing waves which are constant and not influence
the noise temperature. On the right axis the receiver noise temperature (green) is plotted.
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6 Characterization of the HEB Mixers

The following chapter focuses on a detailed DC and heterodyne characterization of HEB
mixers for both 1.9 and 4.7 THz operation frequencies. As material for the superconducting
film two possible material combinations were studied. The first material combination is a
superconducting NbTiN film on a Si3zN4 membrane substrate. This material combination
was well studied for single mixers for the GREAT receiver by Piitz et al. [54]. The second
material combination is a superconducting NbN film on the Si membrane substrate. This
material combination was already very thoroughly studied by other groups and has consis-
tently proven to be the material combination that gives the best mixer performance [34] [37]].
Experimental data show that the mixer noise bandwidth of mixers bases on NbN is signifi-
cantly higher compared to those which are based on NbTiN. The noise bandwidth of NbTiN
HEB:s is in the order of 2 GHz and the one of NbN HEBs is in the order of 4-6 GHz [54]
[34]] [37]. For observations a large noise bandwidth is important to cover broad transition
lines with a single measurement due to the boarding from the Doppler effect. A comparison
of the measured performance of the HEB mixers based on NbN and NbTiN is shown in Ch.
(7l

This chapter is subdivided into five sections. In the first two sections, the results of the
1.9 THz mixers based on NbN for metal and Si inlay waveguide blocks are presented. The
main focus lies on the LFA mixers for LFA receiver channel for GREAT. In the third part,
the 1.9 THz mixer results for the NbTiN based device are shown. Furthermore the result
of a 4.7 THz mixer for the GREAT H-channel are present in the fourth part. In the in the
fifth part the HEB mixer is used for characterization of a QCL local oscillator. A detailed

discussion about the results in this chapter is shown in Ch.

6.1 HEB Mixers Based NbN

In this section, a detailed characterization of mixers based on NbN film on a Si membrane
substrate is presented. These mixers are devices which are later integrated into the LFA
receiver channel for GREAT [23] [19]. The DC properties and the change after the mounting
of the device is shown in the first half of this section. The RF properties of the broadband
RF response to the IF response are present in the second half of this section. In total, the
data from 19 mixers are used for all analysis because for these mixer a similar measured

data set were available.
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6.1.1 DC Properties

After the separating of the fabricated wafer into sectors (see Sec. [3.2.1)), the DC properties
of the devices are measured. The individual sectors are measured for the verification of the
device DC properties and for a preselection of devices for the mixer assembly. The DC
characterization of the devices is done for the current-voltage (I-V) characteristics and for
the temperature-resistance (R-T) dependencies. The R-T characteristics of a typical device

are shown in Fig. 46| It is a device from the wafer 14-11 from sector J.
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Figure 46: Left Plot(a): resistance dependency of the temperature between 4.2 - 295 K for the device 14 from
sector J of wafer 14-11. Center plot (b): resistance dependency of the temperature between 4.2 - 20 K. Right
Plot (c): Resistance dependency of the temperature between 4.2 - 8 K.

Three effects in different temperature ranges are shown. The first temperature range is
starting from room temperature until about 25 K. During cooling the device the resistance
increases with decreasing temperature (a) Fig. 46) and reaches the maximum of the resis-
tance about 25 K (b) Fig. [46). Afterwards, The resistance decreases rapidly until it reaches
the critical temperature T, which is 7.8 K for this test device. This transition belongs to the
characteristics of the NbN film between the two gold contact pads. After this transition, the
resistance reaches a plateau, which is thought to be the result from the proximity effect of
the gold contacts on the NbN layer (c) Fig. f6) [81]. The third transition, hardly visible,
below 5 K is thought to be due to the transition of the bilayer of NbN-Au leads (200 nm
thickness).

To check the uniformity, the measurements of the RT and IV curves were studied. How-
ever, the device IV and RT characteristics deteriorate slightly during the final handling steps
inclusive membrane etching and mounting into the mixer. So in addition, the RT and IV
curves are measured again after assembly. The comparison of all R-T curves for the sepa-
rated sectors and the assembled mixers is shown in Fig. 4/|for the sectors J and N of wafer
14-11, respectively in Fig. 48] for the sectors J and R of wafer 14-08. The devices from these

sectors are used for the LFA mixers. The residual resistance in the R-T curves on the handle
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wafer is attributed to the series resistance caused by the 3 mm long and 200 nm thick gold
leads on the wafer (see Sec. [3)) that is also visible in the IV-curves of Fig.’s 49]and [50] The
series resistance in the RT curves in the dewar is subject of further study.

In the following, we concentrate on the main transition of the RT and investigate changes
to T, and R,, and the increase in their variance related to processing and handling of wafer
sections.

The DC resistance of a mixer at room temperature is a probe for the device sheet resis-
tance at 4.2 K. The normal state resistance increases for all devices after the final fabrication
steps and assembly of the mixer unit. The results for the measured R-T curves and for the
I-V curve of a set of measured mixers are listed in Tab. [6l

The I-V measurements before the device separation and after the mounting was done
with a liquid Helium dipstick. It is very much visible that the device characteristics of sector
R changed significantly from on-wafer diptest to device mounting the mixer block. A further
analysis of the DC results is shown in Sec. [7.1.1]
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Figure 47: Set of R-T measurements for the devices from wafer 14-08 of sector J and R. Plots on the left side
are measured before the device separation and on the right side after the mounting of the devices.
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Figure 48: Set of R-T measurements for the devices from wafer 14-11 of sector J and N. Plots on the left side
are measured before the device separation and on the right side after the mounting of the devices.
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Figure 49: Set of I-V measurements for the devices from wafer 14-08 of sector J and R. Plots on the left side
are measured before the device separation and on the right side after the mounting of the devices.
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Figure 50: Set of I-V measurements for the devices from wafer 14-11 of sector J and N. Plots on the left side
are measured before the device separation and on the right side after the mounting of the devices.
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6.1.2 Analysis of the Resistance Change

The residual resistance (Ry4x) is measured at a bath temperature of 4.2 K and determined
from the linear slope of the IV curve around a bias voltage of 0 mV is shown in Fig. [51]
In addition the peak resistance at 20 K is shown in Fig. |3_7L The averaged Ry 5 value of
wafer 14-11 devices are 11 Q respectively 14 Q for 14-08. The averaged R4 vales of
wafer 14-11 devices are 150 Q respectively 130 Q for 14-08. The designed HEB impedance
is 120 Ohm. The difference to the design values leads to an impedance mismatch which
introduces loss into the circuit. This will be discussed in Sec.

20 T T T T T T T T T
ol - %
16 |

w SRR

R_, (Ohm)
- -
o N
e

—e—
—e—
e
e
—e—
—e—
e

o N B OO ©

0 2 4 6 8 10 12 14 16 18 20
Mixer #

Figure 51: Residual resistance at 4 K for both wafers (red 14-11, blue 14-08) detemined by the RT and IV
curve.
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Figure 52: Resistance at the peak of the RT curve at about 20 K for both wafers (red 14-11, blue 14-08).

66



wafer sector device Tc AT: Rusx Rpear~22k Raoox
(K) (K) (Ohm) (Ohm) (Ohm)

14-11 J 6 752 181 10.8 155 127
14-11 J 18 7.75 1.77 109 148 121
14-11 N 13 794 192 11.0 157 130
14-11 N 7 779 185 14.1 168 129
14-11 J 14 777 170 10.6 140 118
14-11 J 17 779 152 109 145 121
14-11 N 3 812 1.61 17.6 145 121
14-11 J 13 799 152 10.7 147 118
14-11 R 3 721 182 11.1 190 132
14-11 N 19 783 165 11.1 162 133
14-11 N 17 756 239 119 171 134
14-08 R 19 831 159 137 144 107
14-08 R 16 8.65 1.64 13.6 129 113
14-08 R 14 875 148 13.6 127 114
14-08 J 11 895 145 134 129 112
14-08 J 16 887 1.50 14.1 134 107
14-08 J 12 879 137 138 135 108
14-08 J 8 893 146 135 133 100
14-08 J 15 894 138 138 133 107

Table 6: Table of properties for a set of 19 mixers. The properties were measured and calculated from the R-T
curves of the assembled mixers.
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6.1.3 THz Broadband Response of the Mixers

A measurement of the broadband RF response of each mixer is an important instrument to
check the RF circuit of the HEB film. Measured deviations can be used as a feedback into
the RF design or point to issues with the feedhorn to waveguide interface. A shift in the RF
band is an indication of misalignment of the device inside the block or a shift of the feed
horn in respect waveguide of the block which is shown for a 4.7 THz device in Sec.
A flat and low intensity RF response is an indication a bad coupling to the HEB (e.g. losses
introduced by a particle inside the horn). A reason for this effect can be either an issue of
the feed horn or the antenna probe on the chip. Only a few measurements of the wafer 14-08
are available due a broken FTS beamsplitter during the measurement period. The response
measurements of the mixers were corrected for the frequency response of the FTS source.
The response of 11 mixers from the wafer 14-11 and one mixer from 14-08 are plotted
in Fig. The black dotted line is the simulation response from the design of the mixer’s
RF circuit (see Sec. [3.1.1) and the black dashed line indicates the frequency of the LO for
my heterodyne measurements. In addition the bottom plot in Fig. [53] shows a zoom of
the response between 1.85 - 1.95 THz. The frequency dependence of the response of both
wafers was very similar. The low frequency cut-off varies in about 0.1 THz for the measured
mixers. The overall shape of the RF responses is equal for all mixers which indicates that
the manufacturing of the waveguide is very precise. The absorption lines in the RF band
are caused by water vapor in the air path of 2 - 3 cm between the dewar and the FTS and
partly by the remaining water vapor inside the evacuated FTS. The difference between the
simulation and the measured RF response is discussed in the Sec. [7.1.2]of the Ch.[7]
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Figure 53: FTS measurement of 11 devices from 14-11 and one device from 14-08. The response of mixers
is measured in a.u. (auditory units) as a function of the RF frequency. Dashed line indicating the frequency of
the heterodyne experiments. The bottom plot shows a zoom on the operation frequency. The two absorption
lines at 1.86 and 1.92 THz are from residual water vapour in the optical path.
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6.1.4 Heterodyne Response

The HEB mixer sensitivity is measured by the receiver noise temperature. The receiver
noise temperature (T,..) can be calculated from the Y-factor method explained in Sec. |2.4
To be able to compare all mixers the measured data have to be corrected for the different
beamsplitter (BS) configurations. The BS coupling for the radiation is optimized for each
mixers individual for the different amounts of incident LO power for optimal operation. For
a higher incident LO power requirement the BS has to set to a higher reflection of the LO
radiation to the mixer and lower transmission of the radiation of the calibration loads.

For the mixers of wafer 14-08 a wire grid with different coupling (rotational angle) was
used as a beamsplitter in most measurements and for mixers of wafer 14-11 a 12 ym Mylar
foil (see Sec. {.T]and Fig. [33). The radiation coupling of 0.96 using the Mylar foil was used
for the mixers which need a incident LO power requirement below 1.5 u'W. For mixers that
required more incident LO power, a wire grid was used. The coupling depends on the angle
of the wire to the horizontal ranging from 0.44 - 0.96. The amplitude of the standing waves
in the IF (see Fig. [36) depending on the coupling of the LO radiation. The amplitude is
increased for higher LO coupling.

For a better comparison, the measured receiver noise temperatures (T, ) was corrected
for the transition of the radiation through the beamsplitter (Ggg). The measured input power
was elevated due to the additional input power coupled from the room temperature load
which couples in transition to the mixer. To calculate the T,.. ., the physical temperature
(T,;) of the load has to calculated first by:

Tt = Teotdioad - GBS + Troom - (1 — Gps). (38)

Besides the beamsplitter, all other components in the signal path of the receiver were
not corrected for. There individually measured transmission properties are summarized in
Tab. [/} The table lists two frequencies corresponding the two different local oscillator units

used during mixer characterization (see Sec. [6.5][82]).

The losses of the air path of 35 cm are estimated in Sec. 4.1} The total optical losses
ranging from 0.31 to 0.69 (-5.1 to - 1.6 dB). The receiver heterodyne performance is mea-
sured using three different routines (the local oscillator power sweep, DC current voltage
sweep and the spectrometer measurement) which are all based on the Y factor method men-
tioned in Sec.
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Gain Gain Physical Planck  Noise Noise
temp. temp. temp. temp.
frequency at at (K) (K) (K) (K)

(THz) 1.88 1.89 1.88 1.89
beamsplitter | 0.44 - 0.96 0.44 -0.96 298 255 379-12 379-12
air path 0.87 0.91 298 255 101-46 67-31
window 0.933 0.924 298 255 56-26 61-28

IR filter 0.863 0.849 90 52 34-16 37-15

Table 7: Optical components from the hot/cold load to the mixer with their gain at 1.88 THz and 1.89 THz.
Optical transmission (Gain) directly from FTS measurements. The Physical, Planck and noise temperature of
these components are listed.

6.1.5 Local Oscillator Power Sweep

A typical measurement of a local oscillator power sweep (LOPS) is shown in Fig. [54]
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Figure 54: The detected power measured as a function of the bias current (representing sweeping the LO
power for Mixer N19 from wafer 14-11 operating at a bias Voltage of 1.25 mV. Left edge of the plot is over

and right under pumped.). Red data points measurement of the hot and blue of the cold load. On the secondary
axis the DSB receiver noise temperature is plotted.

The detected power is measured as a function of the bias current at fixed bias voltage.
The current is changed by applying a varying amount of LO power modified by an attenuator
grid in steps of the order of 0.1°. The averaged receiver noise temperature corrected for the
beamsplitter coupling (T, ) between 1 - 2 GHz using a band pass filter is plotted on the
secondary axis against the bias current. T, . is almost constant over current range from 23

- 31 pA. Starting at the maximum of the power level T, . decreases for higher current (or
less LO power).
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When the LO power level leads to a mixer bias current of 32 - 34 uA, the device leaves
the stable operation point and T, . decreases rapidly to a minimum of about 400 K. In this
operating range a small change of LO power could lead to a significant change of the noise
temperature. The DC IV curve is under-pumped and show a residual of the hysteresis. The
under-pumped LO power level, we call the unstable region. Beyond that bias level the noise
temperature increases rapidly. The results at the optimum operating point of mixers with
devices from for both wafers 14-08 and 14-11 which were study are shown in Fig. [55 The
noise temperature corrected for the beamsplitter coupling is given by T,.. .. The averaged
T/ec,c for wafer 14-11 is (750 £ 50) K and for 14-08 was (700 £ 50) K.
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Figure 55: T, . of the optimum operation point from the LOPS for a set of 19 mixers. 11 mixers of wafer
14-11 in red and 8 from wafer 14-08 in blue.

6.1.6 Voltage Sweep

For a voltage sweep, the LO power is set to a fixed value and the voltage is swept in 0.01
mV steps from -50 to 50 mV. At every voltage point the DC current through the HEB and
the IF power at the receiver output in a 1-2 GHz detection bandwidth are measured with a
power meter. In Fig. [56] the IV curves for an unpumped (no LO power), optimum and under
pumped LO power levels are shown.

For the optimal and under pumped levels of the detected power, the noise temperature
and current are shown as a function of the bias voltage in Fig. Plot a) shows a zoom on
IV curve. The optimum pump level in comparison with the under pumped level (unstable
region) shows no residual hysteresis. The hysteresis should not be confused with a small
direct detection effect (see Sec[2.4.1)) which is visible as well, also in the optimum pumped

curve. Plot b) shows the measured power with a power-meter, scaled in arbitrary units. The
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Figure 56: Current plotted against the Voltage for three LO levels: LO on: under pumped, LO on: optimum
pumped and LO off. Right plot show a in zoom on the central part of the I'V. (device R19, wafer 14-08)

power in the unstable region is obviously connected to the hysteresis in the IV curve. In part
c.) the T, . for both cases are shown.

For a wide voltage bias range from 0.6 to 1.6 mV which is typical of NbN mixers a
nearly constant optimal T,.. . can be achieved. The unstable region shows a jump of T,
of about 50 % between 0.6 mV and 1.4 mV which is the voltage range of the hysteresis. The
unstable region appears for both wafers at a similar bias range 0.5 - 1.5 mV and at a current
of 30 - 50 pA and can also observe in the measurements of the NbTiN mixers (see Fig. [77).
The unstable region is there for all mixers I have tested, given a certain LO power and bias
voltage range.

The optically corrected noise temperature (T,...) averaged over the device from the
wafer 14-11 for this method is (820 4 80) K and for 14-08 is (800 + 60) K. The results for
wafer 14-08 and 14-11 are shown in Fig. [5§]
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Figure 57: HEB mixer IV curve for two different pump levels for an optimum operation and under-pumped
(unstable region). In plot a.) and b.) the red curves correspond to the measurements of the hot and blue of the
cold load. a.) Zoom on the DC IV curve. b.) Detected power level in a.u. as a function of bias Voltage. c.)
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Figure 58: The receiver noise temperature for optimum the operating point of voltage sweep measurements
(IF power between 1 - 2 GHz) of a set of 19 mixers. Device from wafer 14-11 in red and 14-08 in blue. The
measurement of Mixer number 19 is missing because the data set was not complete recorded.

6.1.7 Mixer Gain and Noise Temperature

For the de-embedding of the mixer performance from T, ., the IF chain which is an im-
portant part of a receiver system has to be calibrated. Here the IF noise temperature and
the IF gain have to be determined. The first calibration of the old IF chain was done in
the beginning of the LFA measurement series. This old IF chain was optimized for AFFTS
(see Sec. [4.2) with a bandwidth of 1.5 GHz. By the introducing of the two XFFTS, with
bandwidth of 2.5 GHz for each spectrometer, a new IF chain had to be cross calibrated to
be able to compare the measurements with both IF chains. As a calibration mixer I used the
mixer M40 (device J19) from the wafer 14-08 which is still available for tests in Cologne
(and not integrated into the upGREAT receiver). This mixer was measured in detail in with
both IF chains.

First, I calibrated for the new IF chain using a 50 Ohm load instead of a mixer inside
the dewar. This load has a good match to the impedance of the LNA input. A temperature
diode and a heater are mounted on the load to measure the output noise as a function of the
load temperature. The IF output noise can be measured either by a spectrometer or by a
power meter. The IF noise temperature can be calculated by the Y-factor method based on
measurements at least two different load temperatures. The resulting IF noise temperature as
a function of the IF measured with the an array fast Fourier transform spectrometer (AFFTS,
see Sec. 5.4.3) is shown in Fig. [59] The IF noise of the old chain is almost constant with

a value of 6.5 K over band form 0.4 - 5 GHz. The IF noise temperature of the new IF
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chain is measured with a different spectrometer. The spectrometer is a XFFTS [72] with a
bandwidth of 2.5 GHz and a channel number of 32k [72]]. Each channel has a width of 80
kHz. Also the result of the IF noise temperature for the new chain is shown in Fig. [59] The

noise temperature of the new chain also starts at 6 K, but rises up to 10 K.
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Figure 59: Noise temperature of the old IF chain measured with AFFTS spectrometer and new IF chain after
the integration of two FFTS spectrometer. The old IF chain is plotted in blue and the new in red.

The gain of both IF chains can be determined by measuring power at the output of the
IF chain for different but known input temperatures, provide one records the settings of the
variable attenuators. The measured power as a function of temperature is shown in Fig.
[60] In this plot the linearity of the new IF chain is shown which is important for reliable
measurement results for the power.

The averaged power measured in uW over a bandwidth of 1 - 2 GHz with the power-
meter can be used to calculate the averaged IF gain in this band. The gain is determined
by:

[Pyus (hot) — Py (cold)] - 104!t/10

Gir(1—-2GHz) = , (39)
( ) kB(Thor — Teola)
with an error calculated with the Gaussian error propagation of:
AP AB AT, AT,
AGip(1 =2 GHz) = { [2(—+———)2+ (—)? 2 2 40
1F ( z) \/(Po(h)—Po(c)) +(B) —I_(Th_Tc) +<Th—Tc)’ (40)

here P, (i) is the measured power in uW, art is the internal attenuator setting of the
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Figure 60: The cold IF chain measured with a 50 Ohm load at the input of the LNA as a noise source.
The detected power measured with a power-meter in UW between 14 and 7 K. Interpolation of the linear
dependency represented by the solid line.

IF box in dB, kp is the Boltzmann constant, B the filter bandwidth of the IF box and 7; the
physical temperature of the load. The output of the IF box for the power-meter is restricted
with a 1 - 2 GHz bandpass to a B of 1 GHz. The error of the power I estimated as 1 uW at
the power-meter (error < 1%). The measured temperatures are within 0.01 K, because the
temperature drifts due to the heating with heater over the integration time of about of 2 - 5
min. The attenuator assumed to have a negligible error in comparison to the other errors.
The averaged Gyr (1 - 2 GHz) is then equal to (86.5 + 0.3) dB.

For the calculation of the mixer gain the total receiver and the "gain" in the signal path
between the external calibration load and the mixer. The latter gain of the receiver system
can be calculated by the product of all lossy optical components listed in Tab. [/l The receiver
gain can be calculated from the measured power values at a heterodyne measurement with

a mixer. The averaged receiver gain at 1 - 2 GHz is equal to:

(Ph()t7()ut - PCUld,()uz) . 10att/10
kBB(Thot - cold) ’

with an error, giving by Eq. 40} Here the accuracy of the temperature of the hot load is

Grec(1—2 GHz) = (41)

assumed to be 5 K (resulting in a A T, = 20 K) because the room temperature was never
accurately measured during the operation of the mixer. The temperature of the cold load is
assumed to be more accurate because I used an absorber covered by liquid nitrogen with an
error of 1 K. The mixer gain of the individual mixer, then can be calculated in linear units
by:
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Grec

Gnix = —=——7"— 42
nix GIF G{)p 9 ( )
with an error calculated with the Gaussian error propagation of
A(;mi)c — Gmix (AGrec/Grec)2 - (AGIF/GIF)2 - (AG()p/G()p)2~ (43)

A list of the different gains is listed in Tab. [§] the IF gain of the old IF chain can be be
calculated by the results from the new chain. I assumed that the mixer gain is unchanged.
The gain of the old chain is then equal to 88.4 dB, which is about 2 dB higher in comparison

to the new chain.

device IF chain Gop Grec Gir Guixer
(dB) (dB) (dB) (dB)
J19 (14-08) new -55+0.1 7494+05 86.5+03 -6.14+04
(2016)
J19 (14-08) old -1.5+£0.1 809+02 884+06 -6.1+04
(2015) (assumption)

Table 8: Listed gain of the IF chains and the test mixer J19 for the calibration of both chains. The mixer gain
is assumed to be constant over time period of 20 months.

The mixer noise temperature can be calculated by (followed by Eq. [32):

Tir
Tmix — (Trec - To ) : Gop - G_; (44)
mix
where T, is the optical noise temperature of n optical components:
Ti(1-G1) Ti(1—-Gy) Ti(1—Gp)
1,, = e ——. 45
"6 a6 GG, )
The mixer noise temperature of this mixer J19 (14-08) is about 480 K £ 50 K which
hf

is 10 times the quantum noise limit of 90 K (ZkB)' The errors of the mixer gain and noise
temperature are calculated with experimental errors listed in Tab. [0

The measured resistance R, at the peak of the R-T curve shown in Sec. [6.1.2]in compar-
ison to the design value of 120 Ohm leads to a impedance mismatch. The change of the gain
for individual device is calculated in CST and considered in the calculation for the mixer
gain and noise temperature is in Sec. As discussed in Sec. [3.1.2] the IF impedance
mismatch is negligible for the mixer performance. The noise temperature and the gain of

the mixer of two sets of mixers from the wafer 14-08 and 14-11 are shown in Fig. [61]
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property estimated errors

power of the power-meter 1 uW
bandwidth of the 1-2 GHz filter 0.01 GHz
temperature of the hot load 5K
temperature of the cold load 1K
beamsplitter grid angle 2.5 °(0.04-0.03)
beamsplitter Mylar 0.01
window 0.01
IR-filter 0.01
air absorption 0.10

Table 9: Estimated losses of measured properties of the gain in absolute values.

The averaged mixer noise temperature is determined using the Callen-Welton expres-
sion from Eq. [31] corrected for the impedance mismatch of the device, is (410 + 30) K for
devices from the wafer 14-08 and (450 + 30) K for devices from wafer 14-11. The averaged
mixer gain from the devices of wafer 14-08 is about -(5.2 £ 0.3) dB and for wafer 14-11
(- 6.2 £ 0.2) dB which is comparable with the results of - 6 dB from Miao et al. [83]. A
single device can generally not be identified by its mixer gain and mixer noise as belonging
to one of the wafers. Taken all data from both wafers they can be distinguished as the overall
gain is higher and the overall noise temperature is lower for wafer 14-08. A discussion of

this results with a comparison to the theoretical lumped element model is presented in Sec.
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X
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iof e MR L
@ 200 S +
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00 2 4 6 8 101214 16 18 20 0 2 4 6 8 1012 14 16 18 20
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Figure 61: The averaged (1 - 2 GHz) mixer noise temperature for a set of 19 mixers are plotted in the left
figure. The averaged (1 - 2 GHz) mixer gain for the same set of 19 mixers are plotted on the right figure. Both
gain and the noise temperature are measured at the optimal operating conditions with a bias voltage of about
1.25 mV and an optimal LO power level with the lowest noise temperature.
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6.1.8 Spectrometer Measurements

The frequency resolved IF noise can be measured with an array fast Fourier transform spec-

trometer (AFFTS see Sec. [5.4.3)). In Fig. [62]a typical spectrum of a mixer is shown.

2500

2000 p+

500 =

rec,corrected for opt (K)
0 L L L L L L L L

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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Figure 62: The T, measured with the AFFTS as a function of the IF. The gray points show the uncut
and uncorrected measured noise bandwidth an offset of plus 250 K. The red points representing the cut and
reconstructed band. The green line is a single roll of fit of the spectrum. The blue points are the receiver band
corrected for all optical losses from the load to the mixer. The four artifacts (I-IV) are due to the measurement
set-up and not due to the mixer.

The noise band of each mixer shows the same four effects which are artifacts of the test
setup and not of the mixer. The effects are listed by the Roman numeral I to I'V. At the lower
frequency edge from O to 0.2 GHz the IF chain, especially the LNA gain rapidly decreases
towards 0 GHz (I). Therefore the noise temperature is increasing below 0.2 GHz. Due to
the limited bandwidth of the AFFTS spectrometer of 1.5 GHz, the band of the complete
receiver spectrum has to be measured in 4 separate measurements with slightly overlapping
frequency bands (II). Those bands have to stitch together to reconstruct the full band of the
receiver (see[d.2). In addition the receiver band shows a standing wave with a period of about
1.1 GHz (I1I). The origin of this standing wave is a mismatch in the IF between the mixer and
the LNA. The period is equal to length of 6.2 cm which corresponds to a transition trough
Teflon dielectric in the connectors and the bias-T. At 3.7 and 4.6 GHz there are two features
in the IF of the receiver (IV). Both are an artifact from the IF processor which are constant
in frequency and are neglected in the determination of the mixer properties. The origin of

those features is inside the IF-box due to issues of the mixing path with overlapping side
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bands. The averaged (1 - 2 GHz) optical corrected receiver noise temperature are plotted in
Fig. @ The mean T, . of the mixers of the wafer 14-11 was (900 & 60) K and from 14-08
(870 £ 40) K.
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Figure 63: Averaged (1 - 2 GHz) receiver noise temperature, at optimum conditions, for the set of 19 mixers.
11 mixers of wafer the 14-11 in red and 8 from wafer 14-08 in blue. Both are measured at the optimal
operating conditions with a bias voltage of about 1.25 mV and an optimal LO power level with the lowest
noise temperature.

6.1.9 Noise Bandwidth

The Noise Bandwidth (NBW) can be calculated by using the measured spectrometer data
from Sec. [5.4.3] This bandwidth can be fitted to first order by a single roll off fit to calculate
the receiver noise bandwidth for each mixer [31]. The noise band was fitted by:

TreC(f) = TreC(O) ) (1 + (f/fO)z)a (46)

here fy is the receiver NBW and T,..(0) the noise temperature at 0 GHz. A typical fit
of the data is shown in Fig. The mixer is biased at the stable operation conditions with

lowest noise temperature.
The NBW is calculated by Eq. [46] and plotted for all 19 mixers in Fig. [65]
The averaged bandwidth was 3.9 + 0.4 GHz. Both wafer 14-11 and 14-08 show similar

averaged receiver NBW.
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Figure 64: A comparison of the measured data from device J13 (wafer 14-11) with the fitted curve by using

the Eq. {6
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Figure 65: Receiver noise bandwidth for the set of 19 mixers. 11 mixers of wafer the 14-11 in red and 9
from wafer 14-08 in blue. The measured NBW is determined by a single pole roll-off fit to the spectrometer
measurement between an IF of 0.5 - 5 GHz.
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Figure 66: Receiver noise temperature as a frequency of IF corrected for the beamsplitter coupling. From top
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to bottom: wafer 14-08 sector J, sector R and wafer 14-11 sector J/N.
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6.1.10 HEB Mixer Gain Bandwidth

To determine the mixer gain (and noise temperature) as a function of IF, the gain and noise
temperature of the IF chain need to be known. To determine the gain of the total IF-chain
as a function of the IF the spectrometer measurements have to be calibrated with a power-
meter. The spectrometer gives as an output counts per channel which has to be translated to
power in uW. The power meter averages the complete power of the IF band which is defined
by a low pass filter (LPF). The LPF of the old chain is a filter with cutoff frequency of 1.45
GHz and 2.46 GHz for the new chain.

The XFFTS readout software cuts away the first 300 MHz. To estimate the missed
power from the lower frequencies, [ used a measurement from the main setup where the data
are not reduced. The ratio from the total counts in the first 300 MHz in comparison to the
full bandwidth of the low pass filter is about 3 % (6 - 10! /2 10'7). Due to the degradation
of gain from the amplifiers the contribution to the total power is low. So this small effect
will be neglected for the power estimation. The reference for the measured power over the
band is the power meter result. Here the absorbed power is averaged over the entire band.
The averaged count number per channel can be determined by the integration of all counts
from all channels in the band of the LPF (in total 28312). The total number of counts and
the detected power level for the measurement at between 7.5 - 22 K are listed in Tab.

temperature power (PM) counts (SM) variable attenuation

for SM
(K) (LW) 10" (dB)
7.48 57 2.31 2
8.06 59 2.39 2
8.65 62 2.48 2
11.19 73 2.95 2
15.10 88 2.78 3
22.05 116 2.89 4

Table 10: The power level and total count number measured at various load temperatures. In addition the
attenuation levels for the counts are listed. All measurements are amplified by 3 dB due to a reduced -3 dB
attenuator for the calibration.

The power level and the counts have to be corrected for different attenuator settings.
In addition -3 dB for all calibration measurements due to a removed attenuator. The power
can then be calculated by a linear interpolation of the power meter level and the averaged
spectrometer counts per channel. The interpolation and the data are shown in Fig.

The counts can be interpolated by:
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Figure 67: Power meter level as a function of averaged count from the XFFTS. The linear interpolation shows
that the neither that power meter or the spectrometer is saturated.

Pou(W) = (1.641-1013 . P, (counts) —3.02) uWw, (47)

where the power P, is calculated in W and P,,,,;s 1S measured in counts. None of
the measurements were saturated because the IF output power is linearly dependent on the

number of counts. The output power of the IF chain depends on the IF gain and is given by:

Pyt = kT BGr + kpTir BGiF, (48)

here kg is the Boltzmann constant, T the temperature of the load, T;r noise temperature
of the chain, B the bandwidth and Gjr gain of the chain. T;r is determined by a Y factor
measurement (see Sec. on the IF chain with two different input load temperatures. The

gain, then can be determined from:

B Pous (f)
Gir(f) = ksB(T +Tir(f)) )

The IF gain as a function of IF is shown in Fig.

The mixer gain can be determined by Eq. The results for a typical mixer is shown
in Fig. [69]

The gain data between 0.5 and 2.5 GHz are well calibrated. Below 0.5 GHz all ampli-
fiers in the IF chain loose gain rapidly. Above 2.5 GHz the IF chain has a different path with

other attenuator settings. The calibration is only done for the lower frequency part because
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Figure 68: The gain of the new IF chain in dB as a function of the IF.
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Figure 69: Relative mixer gain of device J19 from wafer 14-08 as a function of the IF. Data fitted with a single
pole roll-off fit.
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the gain bandwidth of the mixer is lower then 2.5 GHz. The IF gain bandwidth of these
mixers is about 1.6 (- 0.1 / + 0.2) GHz for the wafer 14-08 and 14-11. The gain bandwidth
for the set of LFA mixers are plotted in Fig. [70]
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Figure 70: Mixer gain bandwidth (GBW) in GHz, for the set of 19 mixers plotted against in the order of the
measured mixer.
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6.1.11 Local Oscillator Power Requirement

The required Local Oscillator (LO) power is estimated based on two methods presented in
Sec.

The incident LO power is estimated by the measured grid angle ® of an attenuator wire
grid. The results for a set of studied mixers is shown in Tab.

wafer sector number ©

©)
13-05 N 15 47.5
14-08 R 19 64.4
14-08 R 07 64.9
14-08 R 16 62.5
14-08 R 14 62.4
14-08 J 11 58.3
14-08 J 16 55.3
14-08 J 12 56.0
14-08 J 08 543
14-08 J 15 55.2
14-11 J 06 73.5
14-11 J 18 71.2
14-11 N 13 70.6
14-11 N 07 69.6
14-11 J 14 69.2
14-11 J 16 69.0
14-11 N 03 67.0
14-11 J 13 68.3
14-11 R 03 79.0
14-11 N 19 68.5
14-11 N 17 73.0

Table 11: Wire grid coupling angle ® in degree for device from wafer 13-05/14-08/14-11

In addition, the LO power is estimated with the isothermal method explained in Sec. [5.3]
The results of both methods are presented in Fig. The LO power for optimal operation
of both methods is shown as a function of the critical current. The difference between the
estimated optimum LO power by both methods is significant. Devices of all wafers show a
variation of the required LO power dependent on the position of the wafer. The LO power

followed empirically seems to follow the critical current as presented in Fig.
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Figure 71: Measured required LO power as a function of the critical current (I.). The incident LO power
measured with the attenuator gird is shown in circles and the LO power of the isothermal method is shown in
diamonds. In total 19 mixers measured from three wafers: 13-05 in cyan, 14-08 in blue, 14-11 in red.

To estimate the typical dynamic range of the incident LO power with a margin of about

10 % of the receiver noise temperature a LOPS measurement was used. LO power which

is coupled to the HEB was estimated by the angle of the rotating attenuation grid (see Sec.

[5.3). The receiver sensitivity as a function of the incident LO power is shown in Fig. [72]for a

mixer from wafer 14-11. The stable operation range (noise temperature within a variation of

10 %) for this mixer is between 0.62 and 0.85 uW of incident LO power. This corresponds
to the LO power deviation of + 15 %.
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Figure 72: IF power for the hot and cold load as a function of the input LO power with the receiver noise
temperature on the secondary axis. The stable low noise temperature operating LO power is between 0.62 and

0.85 uW
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6.2 Silicon Inlay Waveguides

The metal waveguide manufacturing, especially for multi pixel arrays with decreasing di-
mensions for higher frequency is an issue. The mechanical tolerance can only be fulfill with
elaborate effort, but for an array the fabrication of a series of similar waveguides remains a
challenge. Structures in the order of less than 100 um require a tolerance which is close to
the mechanical tolerances of the machines. Another approach for the waveguide structures
is the concept of a silicon micro-machining [84]. The silicon can be used as base material
for the waveguide where the waveguide is etched into the silicon by deep reactive ion etch-
ing (DRIE) technology. The waveguide is then gold plated with a 1 um layer. The silicon

waveguides can then be used as an inlay for a conventional a metal mixer block (see Fig.

wire bonds SMA conector

LEAY LEA2 SSP

Si waveguide

| “\ Recess for
i 1

beamleads

Figure 73: Left: gold plated LFA silicon inlay. Right: silicon inlay block with a assemlbed device.

At 1.9 THz, a prototype of the Si inlay block was fabricated and measured. The device
which is assembled to the Si waveguide block is device JO1 from the wafer 14-08. This
device is from one of the sectors which are used for the upGREAT array. The FTS response
of this mixer in comparison to a typical metal block mixer is shown in Fig. Both FTS
responses are similar to each other. The T,.. of device JO1 is about 20 % higher as that of a

similar device in a typical metal waveguide block.
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Figure 74: Left: FTS response for a typical metal block mixer in comparison with the first Si inlay block
mixer (device JO1 wafer 14-08). Right: DSB receiver noise temperature as a function of IF in GHz for a LFA
mixer with the same Si inlay waveguide.
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6.3 A 1.9 THz NbTiN HEB Mixer

The first measured phonon cooled HEB mixers in our lab were based on NbTiN which was
used for the mixers in the single pixel receiver channels L1 (1.4 THz) and L2 (1.9 THz)
of GREAT. One NbTiN HEB mixer was characterized in the same setup which is used in
this work for comparison. The mixers were fabricated for the GREAT 1.9 THz single pixel
receiver and for the STO project [54] [21]]. This device is based on the material combination
of NbTiN as the superconducting HEB bridge on a Si3N,4 substrate. The NbTiN bridge size
1s 0.4 um x 3.1 um with a thickness 4.5 nm. The Siz N, substrate has a thickness of 2 um.
A microscope image of the device built into the mixer block and an image of the complete

mixer unit is shown in Fig. [76

Figure 75: Left: Microscope image of a NbTiN device mounted in a mixer block. right: NbTiN mixer block
assembled with a feed-horn clamp.

The DC I-V characteristics of the mixer shown in Fig. [/6| are measured inside a liquid
helium cooled cryostat. The critical current of this device is about 220 uA. The R-T curve
of this mixer is shown in right plot of Fig. [T7] The critical temperature of the mixer is 7.9 K
with a width AT, of 1.6 K.

At an under pumped LO power levels, the NbTiN HEB mixer device also has an unstable
region at low bias voltages. The voltage sweeps (see Sec. [5.4.1) of two LO power levels are
shown for a lower and a higher incident LO power in Fig. By increasing the LO power,
the unstable behavior vanishes. The required incident LO power for the optimal operation is
about (0.5 £ 0.1) uW. In the stable region the receiver noise temperature is about 1400 K.

The spectrally resolved measured receiver noise temperature measured with the AFFTS
is shown in Fig. [78] The noise bandwidth of the mixer is about 2.1 GHz + 0.2 GHz. Jiang

et al. used NbTiN on a quartz substrate. They were able to achieve a noise bandwidth of 1.4
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Figure 76: Left: IV curves of a NbTiN mixer for different LO input levels. Right: zoom on the inset of IV
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Figure 77: Left: DSB T, for two different LO power levels (unstable region vanishes with higher LO power).
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GHz [83]].
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Figure 78: Left: DSB T,,. curve of a NbTiN HEB mixer. The noise bandwidth is determined by a single pole
roll-off fit, plotted as the dashed line. The black lines indicating the noise bandwidth. Right: Power coupling

as a function of RF frequency, measured with the FTS.

The mixer gain and noise temperature as the result from a LO power sweep (see [5.4.2))
are presented in Fig. The impedance mismatch of the NbTiN mixer is about + 0.2 dB,
which is considered in the calculation of mixer gain and noise temperature. The mixer noise
temperature at 1.5 GHz IF is in the order of 500 K + 50 K. The gain at that operation point
i1s -10 dB + 1.0 dB. A comparison between the performance of the NbTiN and NbN based

HEB mixers is presented in Sec.
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Figure 79: Mixer gain and DSB T, (CW) of a NbTiN HEB mixer measured with the LOPS method.
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6.4 4.7 THz GREAT H-Channel Mixer

The 4.7 THz mixer was developed for the GREAT H-channel [61]. It also serves as a
prototype of the High Frequency Array (HFA) of upGREAT consisting of 7 mixers similar
to the present mixer. The results of the two designs for the 4.7 THz HEB mixers, HFA-1b
and HFA-3 (see Sec. [3.1.3)), are presented in this section. The characterization of the 4.7
THz mixer is done in a similar way as the 1.9 THz [86]] [22]]. The setup differences in the
1.9 THz receiver system are described in chapter[4.3] The devices based of NbN film made
from a different wafer than the LFA mixer devices. The wafer which is used for the 4.7
THz mixer is wafer 13-05 with film thickness of 4.5 nm and the length 300 nm of the HEB
bridge. This larger volume of the film in comparison to the LFA wafers 14-11 and 14-08
corresponds to a higher LO power requirement for optimal operation which is not an issue
due to the high power LO at 4.7 THz. The DC properties of the mixer are tested at first.

6.4.1 DC Properties

The DC properties are measured for a preselection of the best device before mounting into
the mixer blocks. For the 4.7 THz device, two different designs were fabricated which have
to be analyzed which are introduced in Sec. [3.1.3] In Fig. [80| the I-V and in Fig. [§1] the
R-T measurements form devices of the design HFA-1b before and after the mounting into

the mixer blocks are shown. In Fig. [82]and Fig. [§3]the DC results for the HFA-3 design are
shown.

500 500

400 F HFA-1b wafer 13-05 400 b HFA-1b wafer 13-05 1

300 7 300 } mounted devices 1
< 200} ' < 200} ' :
= 100} =2 100} ]
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Figure 80: DC IV curve of the HFA-1b devices from the wafer 13-05 sector L. Left plot: pretested devices on
the wafer. Right plot two tested mixers which were mounted inside the mixer block.

After the final fabrication steps and assembly of the mixer, the measured critical current
is diseased from 450 uA to about 400 pA. The typical 7, decreases from 9.3 K to 8.9 K.
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Figure 81: RT curve of the HFA-1b devices from the wafer 13-05 sector L. Left plot: pretested devices on the
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wafer. Right plot showed a tested mixer which was mounted inside the mixer block.
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Figure 82: DC IV curve of the HFA-3 devices from the wafer 13-05 sector L. Left plot: pretested devices on
the wafer. Right plot showed a tested mixer which was mounted inside the mixer block.
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Figure 83: RT curve of the HFA-3 devices from the wafer 13-05 sector L. Left plot: pretested devices on the
wafer. Right plot one tested mixer which was mounted inside the mixer block.

Both designs have the same device volume, but they differ with respect to the RF and IF
circuit design (see Sec. [3.1.3).

6.4.2 FTS Response

The RF broadband response for the two different HFA designs are shown in Fig. 84 The
first design HFA-1b is based on the circuit without capacitors with a dielectric layer on top
of the IF output line to avoid potential losses in the 400 nm thick SiO, dielectric of unknown
RF characteristics. The disadvantage is a smaller RF bandwidth of 0.5 THz, which is not
a problem for the measurement of the O line at 4.7 THz, if the measured mixer response
is similar enough to the designed one. A comparison with simulated transmission from the
waveguide to the NbN HEB film is shown in the left plot. The measured response is well in
agreement with simulated response.

The second design HFA-3 is shown in the right plot. The main difference to the other
design is the broadband RF response of about 2.5 THz. It is based on the design from LFA
and required the additional dielectric material. The simulation follows well the measured
response. In both cases the response at the lower frequency edge of the band is reduced,
which is probably due to the cut off frequency of the real waveguide.

The RF response of the HFA-3 mixer was changed after the second cool-down. After the
first measured FTS response, the studied mixer was extracted from the one test-dewar and
assembled into another one of the heterodyne measurements. After the determination of the
LO power consumption and the noise temperature at 4.7 THz, which were both significantly
higher than expected the FTS measurement was repeated. The RF band was shifted by 0.5
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Figure 84: Response in arbitrary units measured as a function of RF with a FTS. Top plot results of the
HFA-1b design and bottom HFA-3 design. Dotted line represents the CST simulation and the dashed line the
frequency of the oxygen line. The HFA-3 response changes over time.

THz, which results in a decrease of 1/3 from the original value. After dismounting of the
horn clamp on top of the mixer an obvious mechanical failure was found. The device was
shifted by 5 um towards the channel (see Fig. [83), by thermal cycling or by (rough) handling
the mixer (horn-mixer interface). This CST simulation of a shift in this direction, causing
significant shift in the RF band.

iy <«— 9 Um shift

| 48 ym |

(LZ1°0 =xd @) § / mosdmm (g

Figure 85: Microscope image of the 5 pm shifted HFA-3 device mounted in the mixer block. Amplification
of 1000.

6.4.3 Mixer Sensitivity

The heterodyne measurement for the H-channel at 4.7 THz mixers were measured in co-
operation with the Max-Planck-Institut fiir Radioastronomie in Bonn. The LO for the 4.7
THz measurements is a quantum cascade laser (QCL) developed by the DLR-Pf [20]. At an
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operation temperature of 45 K the QCL provides a total output power of about 300 W mea-
sured with a Golay-Zelle. The sensitivity is only measured for the HFA-1b design because
the second HFA-3 design showing a failure during the measurement. The heterodyne setup
for 4.7 THz is completely evacuated to reduce the high atmospheric transmission losses at
4.7 THz. The losses occur due to water vapor in the air. The beamsplitter which is used in
the receiver is a 3 um thin Mylar foil. The calculated transmission of the foil is 0.835 at
4.745 including the absorption inside the foil. The estimated required LO power require-
ment with isothermal technique from Sec. [5.3|is about 400 nW. The dewar window is a Si
wafer with micro-electro-mechanical machined AR grooving [87]]. The measured transmis-
sion (with the FTS) of the window is 0.92 at 4.75 THz. The rest of the setup is equivalent to
the setup which is used for the 1.9 THz. The IR filter is a same QMC filter type [69]. The
transmission of the filter at 4.745 THz is 0.93. The IF spectrometer, which is used for these
experiments is a combination of two eXtended bandwidth Fast Fourier transform spectrom-
eters (XFFTS) with a bandwidth of 2.5 GHz each to cover instantaneous the complete band
from O - 5 GHz [72]. The mixer sensitivity is first measured with a LOPS method (see Sec.
[6.1.5). The results for the optimal bias conditions are shown in Fig. [86] The measured
power curves are interpolated with a polynomial of 19th order. This interpolation is conve-
nient to easily compare the measurement for the hot and cold load at the same pump current.
On the secondary axis the uncorrected DSB T, is shown. The minimum of T,.. was about
980 K averaged over the IF band between 1.25 - 1.75 GHz.

10 15 20 25 30 35 40 45
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Figure 86: LOPS measurement at the optimal bias conditions. On the left axis the detected power from the
hot and cold are plotted as a function of the bias current at a constant bias voltage of 1.25 mV. The secondary
axis shows the DSB T,...

The investigation of the best bias point is done with a series of LOPS and spectrometer
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measurements at different bias voltages. In addition the direct detection effect of this mixer
is measured as explained in Sec. [2.4.1] In Fig. the results for both the LOPS and
the spectrometer measurements are shown. The repetition of the LOPS measurement of
the different bias voltages presents the optimal bias voltage of 1.25 mV. A second set of
measurements was made with the spectrometer [72], for the same bias voltages and then the
results were averaged over the same bandpass of 1.25 - 1.75 GHz. The results are given in
Fig.

From Fig. the direct detection can be calculated by the difference in T,,.. The
averaged direct detection over all bias points is 10 % for this mixer. The T, values for the

spectrometer measurements are overestimated by 10 %.
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Figure 87: Comparison of the averaged (1 -2 GHz) DSB T,,, measured with LOPS and spectrometer. DSB
T, is measured as a function of the bias voltage between 0.7 - 4.0 mV.

6.4.4 1IF Noise Bandwidth

The receiver noise bandwidth (NBW) for the 4.7 THz receiver based on the previously
described mixer is calculated from the measurements of FFTS. Here we used Eq. [46] for
the calculation of the NBW. The NBW of the mixer is approximately 3.7 GHz with a T,,.(0
GHz) of 900 K.

6.4.5 4.7 THz Mixers Conclusions

The 4.7 THz HEB coupling measurement with the FTS is an excellent agreement with the
design of the circuits in CST (see Fig. [84). For device type HFA-1b the frequency of the

oxygen fine structure line sits in the center of the response peak. In a first test a device of
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Figure 88: The DSB receiver noise temperature as a function of IF in GHz for mixer from the HFA-1b desgin.

the HFA-3 design showed a shift of the horn position after assembly in the receiver at The
MPIfR (see[6.4.2)). This resulted in a weak coupling and bad sensitivity at the frequency of
the oxygen fine structure line. We therefore decided to concentrate on the deployment of the
HFA-1b designs, because of the pressing delivery time for GREAT. The performance of the
mixer from the HFA-1b design is comparable to the 1.9 THz mixers. The noise temperature
is similar, which indicates a superior RF design. The 4.7 THz mixer is only 8 times the
quantum limit (%) which is comparable to the result of Kloosterman et al. [S1]. The noise
bandwidth of a typical low frequency mixer is about 10 % higher than this mixers, due to
the different NbN film thickness of wafer 4.5 nm in comparison of 3.5 nm for LFA. The
reduction of the film thickness leads to increase of the bandwidth predicted by the lumped
element model.

The stability of the H-channel of GREAT, operating with a single mixer at 4.7 THz, is
not limited by the mixer but mainly determined by the noise of the QCL[88]. A spectro-
scopic Allan time of about 80 s determined in heterodyne setup at the MPIfR [22]]. The
measured sensitivity at the MPIfR [22] is similar to the results at SOFIA.

6.5 HEB as a Characterization Tool for Local Oscillators

A HEB mixer can also used be as a tool for the characterization of a local oscillator [89]].
I did these measurements together with M.Justen who built the QCL LO. Therefore, we
used the receiver system in two configurations with the same components except for the
LO. The first LO is a commercial AMC from VDI [[68]] with a multiplication of 144. It is
tunable from 1.8 to 2.0 THz. The output power of the typical operating frequency of 1.89

THz is 23 uW. It operation temperature of the LO is room temperature. The second LO is a
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quantum cascade laser (QCL) [82]. The LO is embedded into a waveguide split block with
a micro-strip to rectangular waveguide transition. The horn design of the output design is
same as the VDI horn. The maximum output power at an operating frequency of 1.98 THz
1s 650 uW (at an operation temperature 20 K). A second operation mode at 1.88 THz with

an output power of 90 uW is also available.

5 v T —TT r T
! FWHM = 170 kHz

tunability:
18 mA /1 GHz

-35 4

Power density (dB,_ /MHz)

-40 T T 7 T T T
1881.984 1881.985 1881.986 1881.987 1881.988
Frequency (GHz)

Figure 89: QCL power density in dB/MHz of the peak as a function of frequency.

At the first step we made a beat experiment to determine the output of the frequency
of the QCL. The VDI AMC is used as the LO. The QCL signal is used as a signal in the
spectrum. Therefore, its power has to be attenuated to prevent saturation of the spectrometer
due to the strong QCL signal. The result is shown in Fig. [89]

6.5.1 Characterization of the QCL

The heterodyne performance of the mixer using both LO subsequently in the same setup
is measured. The result of an IF spectrometer measurement from 0-5 GHz IF is shown in
Fig. [91] Due to the different LO output power levels of both sources, different beamsplitters
are used for the two measurements. To compare the two measurements, the beamsplitter
coupling is corrected in the receiver noise temperatures.

The QCL LO introducing spurs at the IF band between 0-1 GHz, the most sensitive part
of the receiver system. These spurs are an issue for observation of astronomical lines. The
investigation of spurs is done at a frequency of 4.7 THz using a different mixer and QCL. At
this operation frequency the similar spurs in the lower IF between O - 1 GHz. By introducing
a 4.7 nF NPO capacitor between the current source and the ground the amplitude of the spurs
was significant reduced (see Fig. {7).

The sensitivity of the receiver system using a QCL or a AMC LO is similar. The QCL
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Figure 90: Left: Comparison of a heterodyne measurement corrected for the beamsplitter coupling for the
AMC and QCL LOs. The receiver noise temperature using the different LOs is similar. Right: Zoom in on the
IF between O - 1 GHz. The main difference are the spurs in the IF.
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Figure 91: A Heterodyne spectrum with reduction of the spurs by using the QCL with or without an additional
capacitor at the DC current source of the QCL.
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can be used as the LO for observations. And the AMC LO does not add additional noise
compared to a QCL. The only major issue of the QCL remains the tuning of the RF output

frequency, which has to be solved for broadband applications.
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7 Discussion of the 1.9 THz Measurement Results

In this section, the comparison between the theoretical models and the measured data with
the main focus on the 1.9 THz mixers for the array application are presented. In addition,
comparison of the performance of NbN and NbTiN based HEB mixers, followed by an

interpretation of the results of the 4.7 THz measurements, are shown.

7.1 HEB Mixers Based on NbN

A large number of measurements (for 34 mixers) of the Low Frequency Array (LFA) mix-
ers facilitates a statistical analysis of the results. For 19 out of the 34 measured mixers, a
complete set of data is used for the analysis. During this thesis probably the largest number
of HEB mixers was characterized and should provide a better insight into the correlation
of measured DC selection and RF mixer performance characteristics. In addition, measure-
ments of mixers from different wafers increase the variety of the mixer properties under
study. It appears that the performance of the mixers from the same wafer is more similar
than the performance of mixers from different wafers, with the same nominal properties.
The focus in this comparison between the wafers is about the mixer noise, mixer gain, the
instantaneous intermediate frequency bandwidth and LO power requirement.

After the integration of the mixers into the upGREAT channel, the performance was
studied for the sensitivity and stability. The LFA channel of upGREAT is showing a simi-
lar sensitivity to the measured results in our heterodyne setup [24] [88]. Furthermore, the
stability of the mixers, which based on the thinner NbN film with the slightly worse super-
conducting properties (T, is reduced by 1 K), are enough to observe on SOFIA [24] [88]].

7.1.1 DC Characterization of NbN HEB Mixers

In the R-T curve of the NbN based mixers, two superconducting transitions can be observed
at T, and shortly below 7.. A plateau of approximately constant resistance is observed
between these transitions. In [90] and [91] the area of the NbN close to the gold contact pads
is identified as an intrinsic normal contact resistance at and below the critical temperature of
the HEB. The resistance is caused by the proximity effect between the normal conducting
gold and the superconducting NbN. Because the NbN is much thinner than the gold, the
critical temperature of the ends of the NbN film is reduced, leading to an additional series
resistance [81]. The additional step in the R-T curve arises from the proximitized part of
the contact pads. The influence of the multiple T, transitions on the mixer performance

is yet unclear, but the obviously resistance contribution has a negative effect on the mixer
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sensitivity [81].

The critical current measured in the DC IV-curve decreases after the separation and
mounting for all (19) devices (6.1.1). The mean reduction of I, for wafer 14-11 is (-100
+ 30) uA and for wafer 14-08 is (-70 £ 30) uA (see Fig. 92)). The mean reduction of I.
is between 30 to 50 % (see Fig. [92). Due to the non-reproducible changes of DC charac-
teristics on a run-to-run basis, a clear selection process of devices based on the dipstick IV

characterization is not feasible.
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Figure 92: 1. of both wafers before the separation plotted as diamonds plotted against in the order of the
measured mixer. The I, after mounting is plotted as dots for both wafers (red 14-08 and blue 14-11).

The mean device resistance of the peak value (at a temperature of 25 K) and at 4.2
K after the separation and assembly of the mixers are listed in Tab. [I2] In addition the
measured resistance of the thin gold seed layer was measured to determined the loss of the
gold layers of the circuit. We attribute the difference of the mixer resistance at 4.2 K to

difference of the gold layers of circuits of both wafers.

wafer | Rpeak Ryok Ryest
() () (L)
14-08 | 133 +2 13.7+0.1 4.5
14-11 | 155+5 119406 3.6

Table 12: Mean resistance of the mixers at 25 K, 4.2 K and the resistance of a test gold seed layer for wafer
14-11 and 14-08.

During the final processing steps T, and I. decrease compared to the values measured
when the devices are still on the handle wafer (see plots in Fig. 48| 7] 49 and [50). The
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average decrease in T, and I, is larger for batch 14-11 than for batch 14-08. More than one
sector (see Sec. [3.2.1) of both wafers has been processed, so an incidental process error
is not a likely explanation. Because the optimum LO power pump level of the devices of
wafer 14-11 is about one-fifth (see Tab. of that of devices of wafer 14-08 with the same
volume. The ratio of the sheet resistance from wafer 14-11/14-08 is about 0.91 + 0.03
which can be interpreted by a thinner film (or a bad film quality).

7.1.2 THz Response

The measured broadband RF response of the mixers presented in Sec. [6.1.3] shows a sim-
ilar THz frequency dependency for all 1.9 THz mixers. The low-frequency cut-off of the
response is shifted to the lower frequency with respect to the design curve. This shift can be
attributed to a larger waveguide width, of about + 5 pm, at the end of the feed-horn where the
horn contacts the mixer block. The comparison of the simulated response shown in Fig[53]
with the measured results shows a discrepancy between 2 - 3 THz. For the upper-frequency
range 2 - 3 GHz the RF response is reduced (Fig. [53). A similar behavior is observed with
the older NbTiN/SiN designs [92] and the fundamental cause is still under investigation.

7.1.3 Estimate of the Optimum Local Oscillator Pump Power

An established method to estimate the required LO power is the isothermal method which is
presented in Sec. [5.3] Another method of estimation of the required incident LO power is to
determine the transmission from the LO output to the mixer input. This calculation is based
on the assumption that the LO source has a constant output power (over time and frequency),
as specified in the manual. This power will be reduced in the optical path using a rotatable
wire grid, which is explained in detail in Sec. [5.3] The results of both methods of LO power
estimation for all measured devices on the wafers 13-05, 14-08 and 14-11 are presented in
Fig. For further analysis, the wafer 13-05 was neglected because not enough data were
available.

The experimental observation also shows that the LO power requirement depends on
both /. and T,.. Based on this observation the dependency of the LO power requirement on
T, and I, is shown in Fig. [94] A clear dependency from the parameters (7, and I.) can be
observed.

Since T, and /. are both correlated with about equal uncertainty, in the following the
critical current is examined as a measure for the LO power consumption. Especially for The
measurement of many mixers for an array, the advantage of using /. instead of 7 is that /.

is directly measured at 4.2 K, which is a routine measurement in the assembly procedure of
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Figure 93: Measured required LO power as a function of the critical current (I.). The incident LO power
measured with the attenuator gird is shown in circles and the LO power of the isothermal method is shown in
diamonds. In total 20 mixers measured from three wafers: 13-05 in cyan, 14-08 in blue, 14-11 in red. The
right plot is a zoom on the dotted square from left plot.

the mixer. To measure 7, instead, it is necessary to heat up the device slowly to check this
device property. Once, the mixers are assembled in the array it is especially more efficient
to measure the health status of the mixers via the /.. For further analysis, the isothermal
method is ignored because it is the incident LO power that is the relevant measure of the

power consumption of a receiver.

Empirical Dependency of the Optimum LO Power Consumption as Function of the
Critical Current

During the investigation of the HEB device performance, a strong correlation of the critical
current (I) to the required P power was observed. The data of the incident LO power
versus critical current from fig. [93| with linear interpolation is shown in fig. [95]

The amount of P;p which is needed for optimum operation appears to the first order to
be linearly dependent on I.. The slope of the fitted line and its ordinate seems to depend on
the film properties and are varying from wafer to wafer. The results of the linear interpola-
tion are listed in Tab. The first observation is that the devices of the 14-08 wafer require
more Py for the same I, than devices of the 14-11 wafer. In addition, the I. dependence of
the LO power is steeper for 14-08 than for 14-11 (see Fig. 03).

I was able to predict empirically the required Py of a device of a certain wafer using the
above linear interpolation based on a few measured mixers. For a new wafer, a measurement

of two or three HEBs is sufficient for the predictions of the LO power consumption of the
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Figure 95: Measured required incident LO power in front of the mixer inside the dewar as a function of critical
current for the wafers 14-08 (blue) and 14-11 (red). The dashed lines are linear interpolation of data points to
guide the eye.
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wafer slope ordinate
(ULW/uA) (LW)

14-08 0.0137 £0.0007 -1.74 £0.16

14-11 0.0036 £ 0.0001 -0.274 £ 0.016

Table 13: Linear regression of the incident LO power as a function of I,

other mixers. It would be efficient if a model based on only DC measurements could be
used to predict the required P; o power. Cherednichenko et al. propose that the product of
the volume and the critical current density is a good measure of Py [62]]. Consequently, the
wafers with smaller HEB bridges should have a lower LO power requirement. The reduction
of the volume from the wafer 13-05 to the wafers 14-08 and 14-11 indeed significant reduced
the required Pzp. On the other hand both wafers 14-08 and 14-11 were manufactured with
identical fabrication processes and process parameters (e.g. sputtering time) and have a
quite different LO power consumption. The average measurement results of the wafers are
listed in Table 141

wafer thickness length width T, I Pio *
nm nm um K UA uw

13-05 45405 30030 3.60+=0.10 9.24+0.2 440 +40 4.5 1

14-08 3.5£0.5 200+30 3.05+0.10 88402 215450 154+03 8

14-11 3.5£0.5 200+30 3.05+£0.10 78+02 13020 03+0.1 11

Table 14: Wafer 13-05/14-08/14-11 mean comparison: Volume, T, I, P o. Bath temperature during the I,
and Prp measurements: 4.5 K. The errors are calculated by the standard error of the mean. *Number of the
averaged mixer.

The measurements of the wafers 14-08 and 14-11 show that not only I. and the volume
seem to determine P, but that each film in addition has its own characteristics. For the
same NDbN film (meaning of one wafer), in general a device needs more Py with increasing
I. a device. The LO power requirement can still vary dependent on the position of the wafer
from sector to sector on the same wafer. In my measurements, this variation was smaller than
the variation between the 2 nominal identical wafers. At the moment this inhomogeneity
restricts the creation of much larger arrays. Further analysis of the difference of wafer 14-08
and 14-11 is done in the next section. The goal is to predict the LO power consumption

theoretically, only based on DC measurements.
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Theoretically Estimated Local Oscillator Power Consumption

To be able to give a prediction of the required incident Py, without measuring a large set of
mixers, the heat balance equation (see Eq. [)) is studied. Using the uniform heating model

for the heat balance equation the required Py is given by [40]

PLO _ V- (Tcn—1.6 . Tn/TCn—Z —n- TCn—2.6 . ATC)7 (50)

n-Te
where Y is Sommerfeld constant, V is the volume of the film, T is the bath temperature,
T, is the superconducting transition temperature, A7, the transition width of the supercon-
ducting transition, Tg the thermal time constant and n a material constant (see Eq. [7)) [40].

The ratio of %, n, T, and AT, should describe the difference between the wafers.
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Figure 96: Resistance of a HEB mixer as a function of bath temperature. The dashed lines showing the
definition of AT.. The two cross points of the slope at T, with the horizontal lines of the approximately
constant at the peak (at a temperature of about 25 K) and at the 4.2 K defines the width of the transition. The
offset at 4.2 K, which is attributed to the gold circuit leads, is subtracted.

AT, is determined from measurements of the T, transition (see Fig. [06). In the broken
line transition model [40], AT, can be determined by the slope at T, (see Fig. [06). The
results are listed in Tab.

According to [93]] and [52] the exponent n can be derived by measuring the normalized
T,ec as a function of bath temperature (7,,). Under the assumption that Ppc is significantly

smaller than Py according to the heat balance Eq. [§| P is proportional:

Pro < T;' = Tyu, (51

The DC power level for a typical operating point is in the order of 30 - 40 nW. In

comparison to Py the DC power is at least a factor of 10 smaller, even for the probably to
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wafer 14-08 wafer 14-11
sector number T, AT, | sector number T. AT,
K) (K K X
R 19 8.31 1.59 J 06 7.52 1.81
R 16 8.65 1.64 J 18 7.75 1.77
R 14 8.75 1.48 N 13 7.94 192
J 11 8.95 1.45 N 07 7.78 191
J 16 8.87 1.50 J 14 7.75 1.70
J 12 8.79 1.37 N 03 8.12 1.61
J 08 8.93 1.46 J 13 7.99 1.52
J 15 8.94 1.38 R 03 741 2.12
N 19 7.83 1.65
N 17 7.56 1.75
J 17 7.79 1.52
14-08  averaged 8.77 1.48 | 14-11  averaged 7.80 1.77

Table 15: T, and AT, for set of 19 mixers of the wafers 14-08 and 14-11.

low estimate by the intersecting line method, see e.g. Fig. [94] Therefore the DC power can
be neglected and the approximation of Eq. |51/ be used.

The receiver noise temperature T,.. is equal to the mixer noise temperature Ty, plus
the IF noise temperature T;r divided by the mixer gain Gy,;x. There is also a contribution
to Tyec from the optics in front of the mixer (see Ch. [6) which is a constant contribution for
all measurements. This contribution is not relevant if only the difference in T,.. is studied,
as it is done below. Both Ty,ixr (see Eq. [I9) and 1/Gyixer (see Eq. [I1)) are proportional
to 1/Prp. Since T;r is almost constant for temperature below 10 K, T, is proportional to
1/Pro. Trec can be approximated with the Eq. [51]by [93]]:

1
1 — (Toarn/ )™

where the exponent n is the only fitting parameter. For NbN films where the phonon

(52)

Trec o<

cooling is dominating the parameter n is about 3.6 [93]]. The parameter n does not need
to be identical for each wafer, because it is used as a free material parameter. The fit of
the data delivers an exponent of n(14-11) = 3.4 and n(14-08) = 3.6 (See Fig [97). The
result corresponds well to the literature value for phonon cooled films, which is 3.6 [40].
However, the value of parameter n is very critical because it appears in the exponent of Eq.
[B] Therefore a more accurate determination of n would be beneficial to the analysis. A

possibility would be to extend the measurement of Fig. (97| over a larger temperature range,
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especially close to 7;. In the following analysis I use n = 3.6 for both wafers.
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Figure 97: Normalized T,.. as a function of Tp,;: a) wafer 14-11 (device N19) and b) wafer 14-08 (devices
RO2 and J13).

If the value of 3.6 is used in Eq. [50] the average tabulated data for 7. and AT, (Tab.
lead to a ratio of the required LO power of about 8.8 between wafer 14-08, and 14-11. This
factor of 8.8 should be compared to the experimental factor of 5, as shown in Tab. [I4] The
power ratio is calculated under the assumption that V and y and 7 are identical for both
wafers. To check this assumption first, ¥ is further investigated. The Sommerfeld constant y

for the measured films can be determined by [94],

1
y= 57r2k,2;1)05(EF), (53)

were kp the Boltzmann constant and DOS(EF) determined the total electronic density

of states at the Fermi level [95]. The total electronic density of states,

1

(54)

depends on the elementary charge e, the normal state resistivity py and on the diffusion
constant of the quasiparticles D (in nm?/ps). The normal state resistivity is determined from
to the product of the resistance Ry above the 7, times the area of the HEB film (width of
3050 nm and thickness of 3.5 nm) divided by the length of 200 nm. The diffusion constant
was not measured and had to be taken from the literature. S. Krause determined the diffusion
constant by D = 40 cm? /s for 5.3 nm thick NbN film (10 wm x 70 um) [96]]. The diffusion
constant is strongly dependent on the film thickness which leads for a thinner film to a lower

value of the diffusion constant. For a more accurate calculation D has to be determined
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separately for both measured wafers. By using the literature value of D the Sommerfeld
constant () for our films is determined (see Tab. [I6). The literature value of ¥ is about 3

times larger as the calculated value for our thinner films.

wafer Ry (Ohm) d(nm) y(J/K?>/m?)

14-11 157 3.5 73
14-08 134 3.5 86
[94] 420 6 220

Table 16: Sommerfeld constant determined for wafer 14-11, 14-08 and for a film by Bartolf et al. [94].

To get a theoretical expression for Py as a function of I, the dependence of T, in in
Eq. [50 has to be replaced by one on I... I, as a function of the ratio of the bath temperature
(Tpasn) to T¢, can be estimated from the Ginzberg Landau theory by [97]:

el [T e

where 1.(0) is the critical current at O K. The measured data of I, as function of T, from
Tab. [ are shown in Fig. O8] The I. in dependency of the measured T, calculated from Eq.
[55)is also plotted. The value of I (0) is set arbitrarily to 250 1A to describe the averaged L.
Here it is obvious that the calculated values of I, are not a good description of the measured

values.

300
250 F ®ep]

* IC (TC) calculation

7 7.5 8 8.5 9
T (K)

c

Figure 98: 1. as function T, for the measured data inside the liquid helium dewar at bath temperature of 4.5
K. The measured data are plotted in circles and calculated results by Eq. @]plotted in diamond.
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Subsequently, I investigated if the arbitrary chosen I, (0) depends on the wafer and if a
better estimate for I. (0) would be possible on the wafer. The value of 1.(0) is determined for
each wafer by using a calibration measurement of I. between 0 K and T, (see Fig.[99). The
I is measured for several devices (two for wafer 14-11, three for wafer 14-08) as a function
of bath temperature. The fit by Eq. [55]of the data reveals that the I.(0) is not constant for all
devices on one wafer. Based on the data in Fig. [99] I assume that I.(0) depends to first order

linearly on T,.
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Figure 99: 1. as a function of bath temperature: a) wafer 14-11 (devices R03 / N19) and b) wafer 14-08

(devices RO2 /L15/L11).
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The 1.(0) as a linear function of T, for both wafers is listed in Tab. where o is the
slope and f is the intercept with 1.(0) at T, = 0 K (fit to the data is shown in Fig. [100).

400 v T v
[ ] 14-11'data I I 7 .
" e e e 14-11 model I. e® 1
300 [ & 150, RO wafer a B
—_— i o... ’
2 200} o 4 i (LA/K)  (uA)
8,_, [ .-". I’ 1 14-08 339 -2606
100 @ o y 14-11 | 154  -1015
b V4 1
0 . 14 1 . 1 .
7.0 7.5 8.0 8.5 9.0
T_(K)

Figure 100: Linear dependency of I, was a function = Table 17: Temperature and gas flow during grow-
of T.. ing process.

By solving, then the Eq. [55]self-consistently, replacing 1.(0) by the linear interpolation,
for each device it is possible to calculate T, as a function of I.. I am using the result as a
basis for Eq. [50|to determine the required Pz as a function of ..

The electron temperature relaxation time Tg remains as the last free parameter for the
model of P, and is estimated from the fitted gain bandwidth as shown in section [6.1.10]
The results of the measured gain shown in Fig. are about (1.6 +0.2/-0.1) GHz, which
correlates to a Tg of (99.5 +6.6 /- 11.1) ps. An optimum LO power of about 10 nW is
calculated for devices from wafer 14-11 and 14-08. This value is not in correspondence
with the measured values of 300 - 1500 nW (see Tab. [I4)).

This result shows that the theoretical model based on the lumped element heat balanced
equation in this case cannot be used to reproduce the measured incident required LO power.
The determination of y based on the diffusion constant taken from the literature for a signif-
icant thicker film is probably not accurate enough. A measurement setup with a magnetic
field of significantly stronger than 1 T [96]] would be necessary to measure the diffusion

constant which was not available.
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Figure 101: Required LO power for optimum operation as a function of critical current. The measured incident
LO power (P.p(data)) in compared with the theoretical required LO power (Prp(theory)). Pro(theory) is
scaled for both wafers. The top figure in shows in red wafer 14-11 and the bottom figure wafer 14-08 in blue.
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7.1.4 Mixer Sensitivity

The sensitivity of the mixers is determined using the Callen-Welton expression (see Eq. [31)
to determine the input power from the calibration load (see Sec. [6.1.4). For a comparison of
the mixers, the unavoidable quantum noise which is about 45 K for the Double Side Band

(DSB) mixers at 1.9 THz, is separated from the mixer noise for the analysis of the mixer.

The influence of the direct direction effect explained in Sec. [5.4.2) was estimated with a
comparison of the averaged receiver noise temperature (T,.. ) measured with a spectrometer
compared to that with the LOPS measurement. The averaged noise temperature at an IF of
1.5 GHz measured with the spectrometer was 900 K which is about 30 % higher as the result
of the LOPS measurement of 700 K.

Theoretically, the mixer noise temperature and gain (see Sec. have a dependence
on the critical temperature (T,.) [40]. The theoretical dependence of the mixer gain on T,
(Fig. [15)) and the fluctuation noise (see Eq. [20) which is the largest contribution to the
mixer noise, depends linearly on T,. The measured results of the gain and noise temperature
in dependence on T, and I, are shown in Fig. [I02] The inaccuracies shown in the plot are
calculated by systematic errors of the measurements (see Sec. [6.1.4)). The gain and the noise
temperature do not show a significant a dependency of T, and I.. The larger systematical
errors, allowing no further conclusions of the dependence of mixer properties on the T,
and I.. Both wafers (14-08 / 14-11) can only slightly be distinguished by the difference of
average mixer.

The measured normal state resistance (R,) listed in Tab. [6] for both wafers shows a
significant difference to the simulated value of 120 Ohm. The dependency of the gain of the
measured R, is shown in the left plot of Fig. [I03] The gain shows a dependency on the R,
indicating that the impedance mismatch has an influence on the mixer performance.

For a fair comparison, I have separated the influence of the mismatch from mixer gain.
This is done by introducing the measured value of R, into the simulation. The difference
in calculated power coupling using the real value of R, compared to that using the design
value I call the gain difference. The gain difference is in the order of (0.18 + 0.13) dB for all
devices, which should thus be added to the de-embedded mixer gain. The gain as a function
of R, corrected for the impedance mismatched is shown in the right plot in Fig. [[03] This
result shows that the impedance mismatch of a HEB has not a significant influence on the
de-embedded mixer noise performance and will be neglected.

Furthermore, a comparison of the measured results with the theoretical broken lines
transmission model was done, with the following approximation and assumptions: the bath
temperature (Tjq,) is well below the T, (T >> T ), n ~ 3.6 (see Fig. , the supercon-
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Figure 102: Top: Mixer noise temperature in dependency of the /. (left) and T, (right). Bottom: Mixer gain
in dependency of the I. (left) and T (right).
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Figure 103: Left plot: Mixer noise temperature as a function of the R,. Right plot: Mixer noise temperature
as a function of R, corrected for the impedance mismatch.
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ducting transition width AT, is small in comparison to 7, Ry = R, /2 and the self heating
parameter C ~ 1. A comparison of the theoretically calculated and measured gain at an IF
of 1.5 GHz is shown in Fig. [I04] In addition, the theoretically calculated and measured

mixer noise temperature is shown.
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Figure 104: Left: Measured gain in comparison with theoretical calculated broken line transition model as
a function of the mixer # in order measurement. Right:Left: Measured gain in comparison with theoretical
calculated broken line transition model as a function of the mixer # in order measurement.

Obviously, the measured gain is in a good agreement with the theoretically calculated
gain based on the broken line transmission model. The gain difference to the averaged mea-
sured (-5.9 £ 0.2) dB is less then 2 dB. The measured gain results fit to the measurements
from Miao et al. where a similar mixer gain of -6 dB is measured [83] for comparable
devices.

The noise temperature is deviating significantly from the theoretical model. The model
noise temperatures are a factor 4 - 8 lower as the measured results. Miao et al. measured a
mixer noise temperature of about 200 K which is also a factor 3 - 4 lower than the theoretical
value.

Both results indicating that the gain of the mixer is well understood. The mixer noise
temperature of the HEB mixer is not completely understood. An additional noise mechanism

which is not included in the model could be the reason for this discrepancy.
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7.1.5 IF Noise and Gain Bandwidth

The IF noise bandwidth of the mixers for both wafers 14-11 and 14-08, presented in Sec.
[6.1.9] is compared with the predicted noise bandwidth determined from Eq. [14] (see also
Fig. [I5]and [I05). The model based on Eq. [16] (at T, of 8 K) predicts a bandwidth of about
13 GHz based on the empirical Eq. [34] [36] [42]. This bandwidth is a factor of about 3
to 4 larger than the measured result of 4 GHz. In the literature Miao et al. show a difference
in the noise bandwidth by a factor 2 in comparison the measured values [83]]. The noise
bandwidth of the 4.7 THz mixer from the wafer 13-05 is about 3.5 GHz [98]] which is about
0.5 GHz lower than the typical bandwidth of mixers from the wafers 14-11 and 14-08. This
result is in agreement with a longer phonon escape time due to the thicker film of 4.5 nm
instead of 3.5 nm which leads to change of bandwidth of about 0.6 GHz (see Sec. [2.3.5] Eq.

14).
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Figure 105: Noise bandwidth of a set of 19 mixers. 11 mixers of wafer 14-11 in red and 8 from wafer 14-08
in blue as function of T, in comparison to a theoretical model of the broken line transition model.

A comparison of the gain and noise bandwidth from Sec. [6.1.10/and[6.1.9]is presented in
Fig. [[06] Both wafers, 14-08 and 14-11, show the same averaged noise bandwidth (NBW)
of 4 GHz and averaged gain bandwidth (GBW) of 1.6 GHz determined by a single pole
roll-off fit to the data.

Here I do not observe any dependence of the critical temperature (T.) although this is
also predicted by the lumped element model [40]. The ratio of about 2.5 between the noise
and the gain bandwidth is calculated from Eq. [3|and Eq. [16]
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Figure 106: Receiver noise bandwidth and the mixer gain bandwidth for the set of 20 mixers. 11 mixers of
wafer 14-11 in red and 9 from wafer 14-08 in blue as function of T..

7.1.6 Silicon Inlay Technology

The concept of the Si inlay technology is presented in Sec. 6.2l The waveguide with di-
mensions of 96 um x 46 um was etched into Silicon (Si) and then gold plated with a 1 um
layer [54]. These inlays were assembled into a copper block containing the IF connector and
a slot for the Si piece with the waveguide cavity, the substrate channel and the IF contact
board, all in one piece of Silicon. Afterward, the heterodyne performance of the block is
measured as usual in a vacuum liquid-cooled helium dewar, using the same set-up as for all
other mixers. The FTS response is in a good agreement with the metal waveguide block.
The measured noise temperature in comparison with the metal waveguide blocks is about
20 % higher. A possible reason for the reduced sensitivity could be increased losses inside
the waveguide because of a bad coverage of the waveguide walls with sputtered gold, which
was visible in SEM photos. Due to the urgent measurement for the LFA array, no further

investigations towards this concept were done.

7.2 Comparison of NbN and NbTiN Based HEB Mixers

A comparison of HEB mixers based on a NbN bridge on a 2 um Si membrane with NbTiN
HEBs on a 2 um SiN membrane is discussed in this section [99]. The measurements of all
mixers compared here were done using the same heterodyne setup presented in Sec. [4.1]
The volume of the film was reduced by approximately a factor of 2, by reducing the
lateral dimensions and the thickness of the film. The result from this reduction and a com-

parison of the main properties of the NbTiN mixer and the different wafers of NbN mixers
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NbTIN NbN (LFA) NbN (LFA)
wafer: 13-05 wafer: 14-08 / 14-11

HEB dimensions (nm3) 4 x 400 x 3100 4.5 x 300 x 3600 3.5 x 200 x 3050

NBW (GHz) 2.1 3.5 39+0.2
gainixer (dB) -10£1 - -6+ 1

Thixer (K) 500 £ 50 - 4107450

incident LO power (uW) 0.5 4 1.5/0.3

Table 18: Comparison of the NbTiN and NbN HEB mixer performance for different wafers.

are listed in Tab. [I8] For the device N15 from wafer, the 13-05 no de-embedded noise
temperature and gain were available since those devices were rejected for the array, because
of their high LO power consumption. The focus of the measurements were the 14-08 and
14-11 wafer mixers.

One of the main differences between NbTiN HEBs and NbN HEBs is the receiver IF
noise bandwidth. The bandwidth for NbTiN mixers is about 2.1 GHz in comparison to
NbN mixers with a bandwidth of 4 GHz for wafer 14-08 and wafer 14-11 (see Fig. [107).
The bandwidth of the mixer from the wafer 13-05 was about 3.5 GHz. The reason for this
reduced bandwidth is given by the difference in the film thickness of 4.5 nm in comparison
to 3.5 nm. The bandwidth scales inversely proportional to the phonon escape time, which
depends linearly on the thickness of the film [36]].
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Figure 107: Comparison of the receiver noise temperature as a function of IF for two mixers based on a
NbTiN and NbN film (14-11).

In addition the incident LO power which is required for the optimum operation varies
significantly for both materials and wafers as mentioned before. For an array the incident LO

power requirement is crucial due to the limited output power of the available LO sources. A
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comparison of the incident LO power for the devices from the three measured NbN wafers
and the NbTiN device is shown in Fig. [I08] For a similar volume of the HEB, the NbN HEB
needs about a factor of 10 more LO power as the NbTiN mixers. The mixers from wafer
14-08 and 14-11 required in average 1.5 uW and 0.3 uW for a similar NbN volume. At
first the mixers from the wafer 14-08 were integrated into the instrument and measurement
showed that the second LO source had not enough output power to operates those devices.
So new mixers from the wafer 14-11 were required to be able to compensate the low output

power of the LO source.
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Figure 108: Comparison of the incident LO power as a function of critical current for mixers based on a
NbTiIN and NbN films (13-05/14-08/14-11).

Both mixers types have a similar sensitivity of about 400 K, averaged of a 1 - 2 GHz
IF bandwidth. The measured mixer gain for the NbTiN mixers is about - 10 dB which is
- 4 dB lower as the average NbN mixer gain. Both, mixer noise temperature and the gain
are de-embedded from the receiver contributions. The theoretically predicted gain with the
broken-line transition model from Eq. [I§|can be adapted to the measured value by taking
a value of about 0.85 £ 0.20 for C for the NbN HEBs. The measured NbTiN gain of - 10
dB in comparison to the theoretical gain is - 3 dB lower. The theoretical gain cannot be
corrected with a different C for a higher gain. The discrepancy of the theoretical gain to the
measured gain is unclear and further measurements have to be done to verify this result of a
single mixer. The theoretical mixer noise temperature calculated by Eq. [20]is 50 K for both
types of mixers which is far below the measured noise temperature of 410 - 450 K.

The difference of the required incident LO power, for devices from the wafer 14-11 and
14-08 with a similar volume, shows that the film thickness is at the limit of the film thickness.
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The required incident LO power varied more than a magnitude for the device with almost the
same thickness. Furthermore, the devices showing the effects of aging which are particular

issue for the device with the small LO power requirement.
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8 Summary and Outlook

I started with the development of a waveguide HEB mixer for operation at 4.7 THz for the
H channel of the GREAT receiver [18] [22]]. The 4.7 THz mixer was the first waveguide
mixer at this high operation frequency [22]]. The mixer shows excellent performance at the
H-channel receiver with a noise temperature of 900 K at an IF between 1 - 2 GHz. In this
mixer we used for the first time a NbN HEB layer on a Si substrate, contrary to earlier
developments where a NbTiN HEB layer was used on a SiN substrate [100]. Compared to
the latter, the NbN HEB on Si shows a 2 times higher instantaneous IF bandwidth of almost
4 GHz. The LO power consumption of a NbN HEB turned out to be almost a factor of 10
higher than for NbTiN HEBs, for a devices of roughly the same dimensions and sensitivity.

The waveguide blocks are made of a CuTe alloy and are fabricated in house [22].

The NbN layer was optimized for highest T, at a reasonable and reproducible thick-
ness of approximately 5 nm. The Si substrate is around 2 um thick, fabricated using SOI
technique, and contacted by beamleads [21]]. After the successful development of the 4.7
THz waveguide mixer 14 waveguide mixers were fabricated, measured and integrated for
the upGREAT Low Frequency Array (LFA) receiver operating at 1.9 THz, using the same
device technique [19] [23] [24]. The HEB devices for these mixer all originate from the
same wafer, of which the NbN layer was optimized for lower LO power consumption. The
LO power consumption could be reduced in average by a factor of 4 compared to a similar
mixer, at the same operating frequency, using a device from the wafer used for the 4.7 THz
wafer [23]. Due to a lower than expected output power of one of the two LOs in the up-
GREAT receiver a replacement of an additional 7 mixers was also developed. The devices
for these mixers came from another wafer, where the NbN layer was even further optimized
for low LO power consumption, resulting in another average factor of 2 - 3 reduction in

power consumption.

For a later wafer unfortunately the spread in HEB properties was higher and also the
device layer was much more sensitive to handling steps during fabrication, assembly and
test than the previous wafers. This resulted in a low yield in mixers similar enough to be
part of an array. Presently this prohibits the development of focal plane array receivers with
many more pixels, where one would actually want to reduce the LO power consumption per
mixer even more, to be able to pump more pixels with the same LO source. From mixer
development point of view, a stable process for the development of mixers with the lowest
LO power consumption, involving passivation layers for NbN bridge and probably also a
somewhat different mechanical design would be the next step towards array receivers with

many more pixels. Another approach, to also reduce the LO power per pixel would be the
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development of balanced mixers [[84] [101] [102]. In these mixers there are separated ports
for the LO and the signal in the mixers, so the beamsplitter (which couples only about 10%
of the LO power) no longer necessary.

Both th H-channel and the LFA array were successfully commissioned for GREAT/
upGREAT on SOFIA and are regularly used for observations since 2014 and 2015. The
integrated mixers have state of the art performances. The mixer calibration results in the
GREAT receiver are consistent with the lab measurements showing that my setup is ade-
quate to characterize the mixer. In addition, the stability of the mixers that we could not
measure in the laboratory, has shown to be sufficient for astronomic line observations, even
for the mixers with the smallest HEB bridges and the lowest LO power consumption. The
performance of the LFA mixers and that of the 4.7 THz mixer are surprisingly similar. Ap-
parently our HEB devices have no significant frequency dependence from 1.9 to 4.7 THz
(L8] [19] [22] [23] [24].

In total I measured the performance of 34 mixers at 1.9 THz, 20 mixer devices from
the wafer with a medium LO power consumption and 14 of the wafer with the very low
LO power consumption. The measurements of the many mixers with devices of those two
wafers gave me a large dataset for empirical investigations. The noise and gain of the mixer
itself was de-embedded from the calibration measurements. The DSB mixer noise tempera-
ture averaged over all delivered mixers over an IF of 1 - 2 GHz is about (430 + 20) K with
a noise bandwidth of (3.9 & 0.2) GHz. The mixer gain is about (-5.9 4 0.2) dB. This mixer
performance is fairly similar for devices from the same wafer and even between wafers there
is not a very large difference. When mixer gain and noise are regarded separately a small
difference of about 1 dB in gain can be observed between the two wafers, whereas the noise
is really indistinguishable.

The measured performance results of the LFA mixers are compared to the broken-line-
transition model which theoretically predicts the mixer gain and noise temperature, based
on the measured resistance versus temperature curve of the bridge. The correspondence
between the measured results and the theoretical ones is not very good. The de-embedded
mixer gain corrected for the antenna impedance mismatch is 1 - 3 dB lower than the the-
oretical predicated gain. The measured mixer noise is in average unfortunately a factor
of 6 higher than the theoretical prediction. The accuracy of the measured results is not
high enough to investigate a dependency of the mixer properties on the T, and I. of the
HEB bridge. The accuracy of the measured results is not sufficient but much more accurate
measurements would be necessary to relate this to the wafer properties. Finally also the
theoretically predicted LO power consumption is more than an order of magnitude lower

than the measured one. This confirms that at present no adequate model for the HEB mixer
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properties is available [11]]. For future array receiver development however, it would be very
advantageous if the final mixer performance could be predicted as early as possible, espe-
cially for a uniform HEB LO power requirement and mixer sensitivity. Currently, a number
of mixers have to be measured to conclude on an empirical level, whether it is within the
specifications required for uniform array operation.

Although it is not the main focus of this thesis, it interesting to note that the fabrication
of the waveguide blocks and the assembly accuracy of the devices are in general very re-
peatable. The RF response bandwidth of the HEB mixers measured with the FT'S shows a
reproducible response for all mixers. The comparison of this measured broadband response
with simulated response in CST shows a fair agreement of the response at the lower part
of the frequency of the LFA mixers [56l]. Around 4.7 THz, the FTS response for two dif-
ferent designs HFA-1b and HFA-3, is very well in agreement with the simulation of the RF
circuits. The promising approach of a Si inlay technology, which would reduce the toler-
ances in the waveguide dimensions as well as in the assembly of the devices, was tested in a
heterodyne measurement for one mixer. The FTS response is indistinguishable from that of
the metal waveguide blocks, but the measured receiver noise temperature is unfortunately
about 20 % higher [84]]. We conclude that this mixer performance is so far not comparable
to metal blocks. Additional measurements and development have to be done for which the
development for the upGREAT array unfortunately left us no time. Another unknown of
the Si inlay technology is the reliability of the performance after a series of thermal cycling
which is important for long-term observations.

For a further increase of mixer IF noise bandwidth of NbN based HEB mixers, an im-
proved acoustic matching between the HEB micro-bridge and the substrate, leading to a
shorter phonon escape time, might be achieved by using another material combination. S.
Krause et al. have used GaN as a buffer-layers to improve the escape time [103] [104].
Recently Novoselov et al. [S3]] published the results of heterodyne measurement of a HEB
based on MgB, film on SiC substrate (T, of 30 K). The presented noise bandwidth was
about 11 GHz at a noise temperature of 1100 K measured at 1.6 THz [53]]. However for
optimal operation, this HEB needed at minimum 13 uW power. For an array operation at
the LFA receiver, this LO power requirement has to be reduced at least by a factor of 10.
At present the development of this material combination cannot be fabricated in our micro
fabrication laboratory.

Optimization on the HEB mixer IF side is also of interest. Instead of the simple IF board
with a 50 Ohm impedance transmission line, a matching circuit could reduce the mismatch
between HEB device and LNA [105], avoiding the standing wave between the mixer and

the LNA. In order to design this matching network it is required to know the HEB mixer
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output impedance for a particular mixer design. Development of a microwave reflection

measurement setup would be required for this task [106].
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