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Chapter 1

Introduction

1.1 The Terahertz Gap

There is a strong interest from the astronomical community in the terahertz frequency
regime (0.1 − 10 THz), as it contains a large fraction of the universe’s integrated spectral
brightness, as shown in Fig. 1.1a), yet is poorly explored. This is largely due to low at-
mospheric transmission caused by water absorption lines, which makes observations from
ground based telescopes difficult for frequencies of 0.1 − 1 THz and practically impossible
for 1 − 10 THz, requiring balloon- or satellite-based experiments. Additionally, detector
technology for this frequency range has only become available in recent decades. Astro-
nomical sources in this frequency range include protostars and protoplanetary disks [1],
dust in the interstellar medium [2], sub-millimeter galaxies [3] and the cosmic microwave
background (CMB) [4], with the latter two of particular interest in the context of this
thesis.

Precise measurements of the E- and B-modes of the CMB polarization around > 0.1 THz
are a probe of the earliest universe, as detection of primordial B-modes in the CMB would
be direct evidence for inflation theory [5]. However, these measurements must be carefully
corrected for the foreground signal of polarized dust. Proper isolation of the foreground
requires observations at different frequencies, which are ideally carried out with the same
instrument [6, 7].

The Sunyaev-Zeldovich (SZ)-effect is a modification of the CMB spectrum caused by
inverse Compton scattering of CMB photons with high-energy electrons in hot gases [8].
Observations of the SZ-effect are of particular interest in the study of galactic clusters where
they offer insights into the intracluster medium, complementary to X-ray observations (see
Fig. 1.1d)). These observations require measurements of the (medium resolution) spectral-
and spatial dependence of CMB fluctuations in the range of 0.05 − 1 THz [9].

Sub-millimeter galaxies (SMGs), also sometimes referred to as luminous infrared galax-
ies or dusty star-forming galaxies, are very dusty galaxies in the early universe with high
star formation rates [3,10]. Optical signals from sources inside these galaxies are absorbed
by dust, which is heated and re-emits light at lower temperatures. Consequently, these
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galaxies are almost exclusively visible in the far-infrared regime and make up a large part of
the cosmic infrared background (CIB). While a vast number of SMGs have been detected
with continuum imaging surveys [11] (see Fig. 1.1b)), spectroscopic surveys are required
to determine their redshift and physical properties.
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Figure 1.1: (a) Spectral energy distributions of the highest intensity backgrounds in the universe and
their approximate brightness in nWm−2sr−1 written in the boxes. From left to right: the Cosmic Opti-
cal Background (COB), the Cosmic Infrared Background (CIB) and the Cosmic Microwave Background
(CMB) (From [11])(b) The Herschel-SPIRE 2 degree COSMOS field [11] at 250 µm (blue), 350 µm (green)
and 350 µm (red). Each point represent a sub-millimeter galaxy with thousands visible in this field of
view. (c) Polarization map of the CMB, overlayed on the temperature fluctuation (both smoothed to
5deg), measured by Planck (from [4]) (d) Composite image of the Shapley super-cluster, overlaying optical
from DSS (white), x-ray from ROSAT (pink) and the thermal Sunyaev-Zeldovich effect seen by Planck
(blue)(From [12])

1.1.1 Low Temperature Detectors

Astronomy, aside from the recent successes in detecting neutrinos and gravitational waves,
is intrinsically limited to detecting the amplitude and phase of light as a function of di-
rection and frequency. This can be separated in imaging or spectroscopic observations. In
the terahertz regime, different types of low-temperature detectors are currently used to fill
these roles separately.
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High-resolution spectroscopy is carried out with heterodyne detectors, using either
superconductor-insulator-superconductor (SIS)-mixers or hot-electron bolometers (HEB)-
mixers. The frequency range of SIS-mixers is limited to the superconducting bandgap,
with a current upper limit of 1.2 THz using NbTiN [13]. HEB-mixers are generally used at
higher frequencies, where SIS-mixers are not available. Heterodyne receivers preserve both
amplitude- and phase-information of the incoming signal over a bandwidth of several GHz.
This makes them intrinsically suitable for high-resolution spectroscopy (' > 1, 000, 000),
but also notoriously hard to multiplex as each receiver requires its own broad-band ca-
bling, cryogenic amplifier and room temperature electronics. Current instruments are
consequently limited to array sizes of the order of ∼ 10 pixels [14], where the largest array
is implemented in the SuperCam with 64 pixels [15].

Dedicated imaging observations are therefore carried out with direct power detectors,
primarily transition edge sensors (TES)-arrays [16] or microwave kinetic inductance de-
tectors (MKID)-arrays [17]. TES arrays currently employ time-domain multiplexing or
frequency-domain multiplexing in the MHz range, limited to ∼100 pixels per readout line.
For MKIDs, frequency-domain multiplexing in the microwave regime enables ∼1000 pixels
per readout line. Current imaging arrays contain in the order of ∼103 pixels [18], with the
largest arrays implemented in NIKA2 [19] with ∼3, 000 MKID pixels and SCUBA-2 [20]
with 10, 000 TES pixels

While spectroscopy and imaging are possible independently, there does not yet exist
a combined imaging spectrometer in the terahertz regime comparable to the integral field
units (IFU) used in the optical regime [21], where a spectrometer is attached to each spa-
tial pixel, thereby offering observations with instantaneous spatial and spectral resolution.
On one side, Heterodyne detectors offer intrinsic frequency resolution, but they can not
be scaled to large arrays due to system complexity. On the other side, TES and MKID
arrays can be combined with dispersive elements, such as gratings, analogous to optical
instruments. This has been realized in instruments with < 10 spatial pixels [22, 23], but
the required grating size at terahertz frequencies turns this approach unfeasible for larger
arrays. Another method for TES or MKID based spectroscopy is to place a Fourier Trans-
form Spectrometer (FTS) in front of an imaging array, as implemented in the KISS [24],
CONCERTO [25] and SPIRE [26] instruments, essentially exchanging the spatial scanning
of a dispersive instrument for spectral scanning. This approach has the advantage, that
existing imaging arrays can be easily repurposed for spectroscopic measurements, however
it suffers from additional photon noise compared to a dispersive instrument, as each de-
tector receives the full frequency band, thereby increasing integration time compared to
the narrow-band detectors of a dispersive instrument. Consequently, an FTS based instru-
ment requires a large pixel count = compared to the resolution ' to achieve mapping speeds
comparable to a single pixel dispersive instrument with equal resolution. Both grating and
FTS based instruments can obtain spectroscopic images, but require either spectral or
significant spatial scanning for this purpose. This significantly limits the mapping speed
of these instruments compared to the instantaneous spatial and spectral resolution offered
by an IFU.

A way around the limitations of both FTS and grating spectrometers in order to realize
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an imaging spectrometer at terahertz frequencies, would be the integration of spectroscopic
elements with an MKID or TES array on a single chip using low-loss superconducting trans-
mission line technology. Such a superconducting integrated circuit (SIC) could circumvent
the size constraints of a grating spectrometer, by miniaturization via two paths: First,
transmission lines exhibit a more compact lateral field distribution than that of a qua-
sioptical beam propagating in vacuum, which allows for smaller and more tightly spaced
elements. Small element sizes are further supported by a reduced wavelength due to the
larger dielectric constant of a transmission line. Second, transmission line circuits can be
used for more intricate spectrometer designs, which could not be implemented using op-
tical elements. Compared to an FTS instrument, it would offer the lower photon noise of
narrow-band detectors. While the large number of detectors (=×') required to cover both
spatial (=) and spectral resolution (') of a true imaging spectrometer can be challenging
to achieve, it represents a limitation by the readout system and not by the fundamen-
tal properties of the optical system. However, creating an efficient imaging spectrometer
with SICs requires highly complex, yet near lossless circuitry, and is therefore a significant
technological challenge.

1.2 Superconducting Integrated Circuits

(a)

triplexer
inline

bolometer
95 GHz

bolometer
220 GHz

bolometer
150 GHz

10 μm

antenna
sinuous

5 mm

(b)

Junc�ons

Tuning Circuit
IF-out

Wiring Layer
Ground Layer

Junc�ons Wiring Layer

Ground Layer Substrate

Dielectric

(c)

Figure 1.2: (a) Twin-junction SIS-mixer for ∼ 1 THz with a NbTiN/SiO2/Al microstrip tuning cir-
cuit(adapted from Ref. [13]). (b) Cross section of the circuit shown in panel a)(adapted from Ref. [13]).
(c) Single pixel of SPT-3G, showing the broadband sinuous antenna, inline triplexers that define the three
observing bands, and six TES bolometers measuring three bands in two polarizations (From [27]).

While SICs are relatively well established at microwave frequencies, due to their use
in qubits [28] and microwave readout of TES/MKID arrays, scaling them to terahertz
frequencies is not a trivial matter and often requires completely new approaches.

The first SIC at terahertz frequencies can be considered in the context of SIS-mixers,
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where a small tuning circuit is necessary for impedance matching (see Fig. 1.2a)) [29, 30].
Later additions to the terahertz circuit include the use of planar double-slot antennas
instead of horn antennas [13], and on-chip local oscillator signal generation using flux flow
oscillators [31]. It should be noted, that while the combination of flux flow oscillator and
SIS mixer represented the first integrated receivers based on superconducting circuits, they
suffered in noise temperature compared to the non-integrated devices as they could not be
optimized as easily. This critically put the technology out of contention for state-of-the-art
instruments.

Similar developments occured for imaging instruments in order to integrate spectral
resolution and independent detection of orthogonal linear polarizations. This led to the
creation of multichroic and multipolarization cameras by moving optical elements, such
as polarizers and low-pass/high-pass filters, onto the chip, thereby separating the signal
from a single wideband antenna into different components which are then fed to separate
detectors [27] (see Figure 1.2c)). One pixel on such a camera then corresponds to a single
antenna with multiple detectors, with multiple pixels placed on a single chip. These devices
are primarily used for CMB experiments, using TES as detectors [27, 32]. While such a
camera could already be argued to be a very-low resolution imaging spectrometer (' ∼ 5),
the real target for an imaging spectrometer should be considered to have at least medium
spectral resolution (' > 300) over an instantaneous bandwidth of at least one octave
(> 1 : 2).

1.2.1 DESHIMA Filterbank

The DESHIMA instrument represents the first step towards such an imaging spectrometer,
realizing a medium resolution on-chip filterbank. A first prototype of DESHIMA has
recently demonstrated this technology with first light at the ASTE telescope [33], with other
similar instruments, such as SuperSpec [34] and Micro-Spec [35] currently in development.
The DESHIMA prototype chip, shown schematically in Fig. 1.3a), has 49 spectral channels
at 330 − 370 GHz with resolution ' ≈ 300 behind a single narrow-band antenna (≈ 10%
bandwidth). Each spectral channel consists of a terahertz-resonator which is coupled on
one side to the transmission line connected to the antenna and on the other side to a
MKID. The resonators act as filters, selecting the frequency of the signal detected by the
attached MKID with the spectral resolution given by the resonators quality factor & = '.
All elements of the filterbank are realized with co-planar waveguide (CPW) transmission
lines made of a single superconducting NbTiN layer, which is lossless up to its bandgap
frequency of 2∆#1)8# ≈ 1.1 THz (for )2 = 15 K). Incoming terahertz radiation is absorbed
in a small Al section of the hybrid Al/NbTiN MKID [36], due to the lower bandgap of
2∆�; ≈ 90 GHz.

DESHIMA successfully measured the spectrum of a luminous infrared galaxy, resolving
a slightly redshifted CO emission line as shown in Fig. 1.3b). However, several issues need
to be addressed on the way to a fully operational and competetive instrument.

• Efficiency: The prototype has a coupling efficiency of only 2% from in front of the
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cryostat window to being absorbed in the MKID, which is primarily due to radiation
loss in the CPW terahertz resonators. This can be solved with an improved filter
design [37] and moving to microstrip transmission lines, thereby eliminating radia-
tion losses. However, while microstrips do not radiate significantly, they suffer from
material dependent dielectric losses which can limit efficiency due to losses in both
the resonator and the transmission line from the antenna.

• Resonator quality factor: A spectral resolution of ' & 500 is desired, up from the
prototype of ' ≈ 300. Spectral resolution is given by the resonators quality factor
' = &. Therefore, achieving this without suffering from losses inside the resonator
requires a dielectric material with &8 & 10, 000 when microstrips are used.

• Wideband filterbank: Finally, the narrowband prototype needs to be scaled to a
wideband instrument, requiring a wideband antenna with a bandwidth up to 1 : 3 and
high optical efficiency. Additionally, the number of channels increases proportional
to the filterbank bandwidth, increasing the complexity of the circuit [37].

An imaging spectrometer in the range of 0.1 − 1 THz can be envisioned with on-chip
filterbanks based on the large bandgap of NbTiN by drastically scaling the number of
spatial pixels. As each pixel is connected to an on-chip filterbank, massive miniaturization
of the superconducting integrated circuits is required. The key to this miniaturization
are low-loss microstrip transmission lines, as they provide slower phase velocities, reduced
cross-talk range, and simpler circuit elements than comparable CPW lines. However,
dielectric losses at sub-kelvin temperatures - the main loss mechanism in superconducting
microstrips - are extremely challenging to measure in the millimeter/sub-millimeter regime,
and therefore not well studied.

1.3 Outline of the Thesis

In this thesis, I present my work on building blocks required for a future imaging spectrome-
ter, with a focus on dedicated experimental techniques facilitating their development. This
includes the design of a cryogenic platform for fast and flexible measurements, measure-
ments of a wideband antenna prototype operating at 300−900 GHz and the development of
on-chip Fabry-Perot resonators which allow precise measurements of CPW and microstrip
transmission line losses at sub-millimeter wavelengths.

Chapter 2 provides the relevant theoretical background for this thesis, starting with
an overview of superconductivity and the complex conductivity of a superconductor based
on Mattis-Bardeen theory. We then treat superconducting transmission lines, focusing on
the propagation- and loss-properties of co-planar waveguides and microstrips. Building on
this, we introduce transmission line Fabry-Perot resonators (FPR) and how to obtain the
internal quality factor and consequently transmission line losses from the FPRs transmis-
sion spectrum. EM-simulations of different FPR components carried out in Sonnet are
also given here. Finally, we show the response and noise properties of microwave kinetic
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Figure 1.3: (a) Schematic of the filterbank design in the DESHIMA prototype. The path of a terahertz
signal at 339 GHz from the twin-slot antenna through the corresponding bandpass filter to the MKID is
shown in red. (b) Spectrum of VV 114 measured with the DESHIMA prototype, with the response of each
spectral channel plotted as a function of the channels peak frequency. See Endo et al. [33] for details on
the analysis. (From [33])

inductance detectors (MKIDs), specifically the hybrid Al-NbTiN design which we use for
all terahertz measurements in this thesis.

In Chapter 3 we collect the cleanroom fabrication route and experimental setups used
during the course of this thesis. This comprises three different chip types — a leaky-lens
antenna, a co-planar waveguide Fabry-Perot and a microstrip Fabry-Perot — as well as
three separate laboratory setups to measure terahertz spectra, antenna beam patterns and
optical efficiency. In the end, we discuss the multiplexing readout electronics common to
all of these setups.

In Chapter 4 we present the optical access design of the cryostat we used for most
experiments in this thesis. The optical access contains no reflective or refractive elements,
providing a direct line-of-sight between room temperature and the chip at sub-kelvin tem-
peratures. A first-order numerical approximation of the geometric throughput combined
with careful spectral filtering, including the use of RT-MLI (Radio-Transparent Multi Layer
Insulation), to achieve a large opening angle and wide spectral band despite the limited
cooling power of a 4He-3He sorption cooler.

In Chapter 5, we show the design and characterization of an ultra wide-band, super-
conducting leaky-lens antenna, based on previous leaky-lens antenna designs at different
frequency bands. Beam pattern and optical efficiency measurements at three frequency
bands (350 GHz, 650 GHz and 850 GHz) are in good agreement with simulations, with a
diffraction limited beam and an aperture efficiency of [0? ≈ 0.4 over the full 1 : 3 band-
width.

Chapter 6 presents the first on-chip FPR experiment at 350 GHz. Here, we measure
losses of CPW transmission lines with varying width made of a 100 nm, high kinetic in-
ductance NbTiN film. We extract the internal quality factor &8 from the measured loaded
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quality factor &! using simulations of the coupler properties &2. The measurements show
a suppression of radiation loss compared to a perfect electric conductor CPW, due to a
reduced phase velocity caused by the high kinetic inductance NbTiN. This result is in
excellent agreement with simulations, but the suppression is lower than expected from
analytic solutions.

In Chapter 7 we improve on the on-chip FPR design of Chapter 6 by including multiple
FPRs with differing lengths but identical line and coupler properties on a single chip. This
makes it possible to extract &2 and &8 independently from a single chip measurement
by exploiting the mode number dependence of &2. A chip with four NbTiN/a-Si/NbTiN
microstrip FPRs is measured and the loss tangent of a-Si at 350 GHz is given. Microwave
microstrip resonators on the same chip are measured to obtain power dependent losses
at 5.5 GHz. The losses at microwave frequencies are in agreement with two-level system
theory, but an unexpected increase is found at 350 GHz. We close by providing possible
hypotheses for this behaviour.



Chapter 2

Theory

2.1 Superconductivity

2.1.1 General Introduction

Electric Conductors

A single atom is made up of a single central nucleus surrounded by electrons which occupy
orbitals with discrete energy states. In a crystalline solid state material, nuclei are arranged
in a periodic lattice, surrounded by the more mobile electrons. The available energy states
are broadened into quasi-continuous energy bands separated by band gaps without available
states, which are determined by the lattice geometry and the ion-electron interactions.
Electrons occupy the lowest energy levels available in order to minimize the total energy of
the system. As electrons are fermions with spin 1/2, the Pauli exclusion principle applies
and a single energy state can only be occupied by two electrons of opposite spin, requiring
higher energy states to be filled. When all electrons are distributed the electrons occupy
states up to a certain energy, which is defined as the Fermi energy �� .

Depending on the configuration of the bands, band gaps and the Fermi energy, three
categories of electric conductors can be defined as shown in Fig. 2.1: Metal, Semicon-
ductor and Insulator. In a metal, the Fermi energy lies within a partially filled band and
vacant energy states are easily accessible to electrons. This allows the redistribution of
electron energies under an applied electric field, leading to a preferred direction in the
average electron momentum and thus generating a net current. In semiconductors and
insulators, the Fermi energy lies in the energy gap between two gaps. The lower band,
called valence band, is therefore fully occupied, and electrons must be excited to the upper
band (conduction band) for current to flow. A semiconductor has a relatively small energy
gap allowing thermal excitations into the conduction band. An insulator has a large energy
gap compared to the thermal energy and therefore does not conduct except in the case of
high energy excitation (e.g. photons).

In a normal metal, electron transport can be described with a free electron model
where the interactions between electrons are negligible. An intuitive model to understand
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Δ ≈ meV

Figure 2.1: The density of electronic states in a metal, insulator, semiconductor and superconductor.
Occupied states at low temperature are indicated by the black region with the Fermi energy given by
the upper edge of the region. The band gaps of the respective materials are shown in red. In the
superconductor, the Fermi energy of the normal conducting state is in the middle of the indicated band
gap.

the conduction of metals and semiconductors is the classical Drude model [38]. This
model describes the motion of conducting particles in a lattice as competition between the
acceleration by the electric field �⃗ and relaxation by scattering events. For an alternating
electric field of frequency l the complex conductivity of a normal metal is given by:

f(l) = f1 − f2 =
f0

1 + (lg)2
− 8lg f0

1 + (lg)2
(2.1)

where g is the relaxation time or mean time between two scattering events and f0 =
=24

2g/< is the conductivity for DC current given by the density of conduction electrons =2
and the electron mass < and charge 4. The real and imaginary parts of the conductivity
represent the resistive and inductive properties of the metal respectively. The latter is due
to the electron inertia and referred to as a kinetic term. As g for a metal is small even at
low temperatures, the kinetic term is generally negligible, though it can be significant for
large l

Cooper pairs

In a superconductor, electrons near the Fermi energy are in a bound state due to the
existence of an attractive force between electrons. Cooper [39] showed that any attractive
potential will bind two electrons in a pair, with the strongest effect occuring for pairs
of opposite momentum and spin. In a conventional superconductor, the attractive force
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emerges due to interaction with lattice vibrations (phonons) and is dependent on the
strength of electron-phonon interactions. This can be understood using a simple picture:
A negatively charged electron attracts the positively charged ions in the lattice deforming
it when moving through it. This deformation in turn attracts a second electron, pairing
its behaviour to the first. The importance of the lattice property has been realized due to
the dependence of the superconductors critical temperature )2 on the isotope mass of the
material [40] [41].

The pairing process is not limited to a single Cooper pair, but all electrons near the
Fermi energy will form pairs as long as it is energetically favourable. As Cooper pairs
are bosonic particles to which the Pauli exclusion principle does not apply, they condense
into a collective ground state. This ground state was postulated by Bardeen, Cooper and
Schrieffer (BCS) [42] and can be described by a macroscopic wavefunction

Ψ = ‖∆‖ exp(8q) (2.2)

given by the energy gap ∆ and a single phase q.

Quasiparticles

In a superconductor at ) = 0 K all charge carriers around the Fermi energy are condensed
into Cooper pairs. At finite temperatures, excitations arise in the form of quasiparticles
which have a minimum energy � ≥ ∆ and are due to the breaking of Cooper pairs via
absorption of a phonon or photon. Each broken Cooper pair creates two quasiparticles,
which can be both electron-like and hole-like or a mixture of the two, but can be treated
as single fermionic particles like in normal metals. As two quasiparticles are created, a
minimum phonon or photon energy of

ℎ̄l ≥ 2∆ (2.3)

is required for the process. Due to collective nature of the groundstate, its binding energy
is affected by these excitations. The resulting temperature dependent energy gap is given
by

1

#0+B2
=

∫ :�)�

∆())

1 − 2 5 (�)√
�2 −∆2())

3� (2.4)

where #0 is the single-spin density of states at the Fermi surface, +B2 the potential energy
describing electron-phonon exchange, )� the Debye temperature, ) the temperature, �
the energy relative to the Fermi level, and :� the Boltzmann constant. For fermions in
thermal equilibrium, 5 (�) is the Fermi-Dirac distribution given by

5 (�) =
1

1 + exp(�/:�))
. (2.5)

Eq. 2.4 gives an implicit relation for ∆()) and has to be solved iteratively. Only for ) = 0
and ) −→ )2 can an exact expression be derived [43]. For ) = 0, the energy gap in the BCS
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theory is related to the critical temperature as

2∆0 = 3.52:�)2 . (2.6)

The density of quasiparticles inside the superconductor is given by

=@? = 4#0

∫∞
0
#B(�,)) 5 (�)3� (2.7)

where #B is the normalized BCS quasiparticle density of states given by

#B(�,)) =
�√

�2 −∆())2
. (2.8)

In thermal equilibrium, 5 (�) is given by the Fermi-Dirac distribution of Eq. 2.5. If at low
temperatures ) << )2, the density of thermally excited quasiparticles can be approximated
as

=@? = 2#0

√
2c:�)∆0 exp

(
−∆0

:�)

)
. (2.9)

As the superconducting state is energetically favorable, any generated quasiparticles will
naturally recombine to a Cooper pair, emitting a phonon in the process. The timescale
associated with the recombination is given by the quasiparticle lifetime, which can be
approximated for a thermal equilibrium as [44]

g@? =
g0√
c

(
:�)2

2∆

)5/2
√
)2

)
exp(∆/:�)) =

g0

=@?

#0(:�)2)
3

2∆2
(2.10)

where g0 is the characteristic electron-phonon interaction time.

2.1.2 Complex Conductivity

Two fluid model

In a superconductor at finite temperatures, both Cooper pairs and quasiparticles contribute
as charge carriers. This system can be described using a two fluid model where the real
and imaginary components of the complex conductivity

f = f1 − 8f2 (2.11)

are determined by the quasiparticles and Cooper pairs respectively. This can be expressed
in the Drude model of Eq. 2.1 as

f(l) =
=@?4

2g

<
− 8 =B4

2

l<
(2.12)

where =@? is the density of quasiparticles and =B is the density of electrons bound in Cooper
pairs. The first term is resistive due to scattering of quasiparticles. The second term is
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inductive and due to the inertia of the superconducting Cooper pairs. In contrast to Eq.
2.1, where an inductive term can also be found, the kinetic inductance of the Cooper pairs
is generally not negligible. It should be highlighted, that while this term behaves analogous
to an inductor, it describes kinetic energy stored in the Cooper pairs and not energy in a
generated magnetic field.

Length scales

The behaviour of a superconductor depends on the relation of several length scales: The
magnetic penetration depth _<, the electron mean free path ;, the coherence length b0 and
in the case of thin films the film thickness C.

The magnetic penetration depth describes the length scale over which an applied mag-
netic field decays inside a superconductor and was first derived by London and London [45]
as

_! =

√
<

`0=B4
2

(2.13)

The magnetic field decays due to the generation of a screening current on the superconduc-
tor surface which creates an equal and opposite field, resulting in no magnetic field inside
the superconductor. This is known as the Meissner Effect.

However, first measurements of _< found values larger than predicted by Eq. 2.13 [46].
This is due to the non-local response of the superconductor. In a normal metal, the current
at a given location depends on the mean free path ; = E 5 g, given by the mean scattering
time and the Fermi velocity. The sphere of influence or the size of a single Cooper pair is
called coherence length

b0 = ℎ̄E�/c∆0 (2.14)

with the Fermi velocity E� , the reduced Planck constant ℎ̄ and the energy gap ∆0 at ) = 0.
In a normal metal, the current at a given location depends on the electric field in

a volume around it, where the volume is given by ;. The corresponding volume in a
superconductor is given by the effective coherence length [47]

1

b
=

1

b0
+

1

;
(2.15)

where the electron mean free path limits the range of b0 given by Eq.2.14.
Different limiting cases for the electrodynamic response of the superconductor can be

defined based on the relations of these length scales, with the two axes of clean vs dirty
and local vs non-local:

• The clean limit, ; >> b0, where b = b0

• The dirty limit, ; << b0, where the mean free path limits the coherence length b = ;

• The non-local limit, _< << b, where the Cooper pair is larger than the magnetic
penetration depth. This can be understood as a spatial variation of the field over
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the extent of a Cooper pair leading to a non-local response. In this regime, _< =
0.65(_!b0)1/3.

• The local limit, _< >> b, where the coherence length is shorter than the penetration
depth of the magnetic field. In this regime, _< = _!

√
1 + b0/;, which results in

_< u _! in the clean limit

• The extreme anomalous limit is the combination of the clean and non-local limits.
; >> b0, _< << b.

For thin film superconductors, the thickness of the film can also affect its electrody-
namic response. For superconductors in a magnetic field with C < ;, the thickness is the
limiting scattering lengthscale. When the applied magnetic field is is perpendicular to the
film, the magnetic penetration depth is given by the Pearl length, _⊥ ≈ _2

</C, due to the
interaction of magnetic vortices created by the field [48]. In this thesis, the focus lies on
NbTiN transmission lines and aluminum based Microwave Kinetic Inductance Detectors
(MKIDs). NbTiN has typical values of _< = 260 nm, b0 = 170 nm and ; << b0 (using
E� = 1.9 × 106 m/s and g = 3.0 × 10−16 s) [49], placing it firmly in the local (_< >> b) and
dirty (; << b0) limit. For bulk aluminum, typical values are _< = 16 nm, b0 = 1.6 × 103 nm
and ; = 525 nm (using E 5 = 2.03 × 106 m/s and g = 2.6 × 10−13 s), placing it in the non-
local _< << b and dirty (; << b0) limit. However, for the thin films used in this thesis
(C ≈ 50 nm), the mean free path is reduced to around ; ≈ 16 nm, therefore placing the film
in the local and dirty limit.

A convenient approximation for the penetration depth in the dirty and local limit is
given by [50] [51]

_< =

√
ℎ̄d=

c∆`0
≈ 105 [nm] ×

√
d[µΩ cm]

)2[K]
(2.16)

where d= is the normal state resistivity near the superconductor transition.

Mattis-Bardeen Theory

A solution for the complex conductivity, based on the BCS theory and valid in both the
dirty and the extreme anomalous limits, was derived by Mattis and Bardeen [52]. The
resulting real and imaginary parts of the conductivity are given by

f1

f#
=

2

ℎ̄l

∫∞
∆
| 5 (�) − 5 (� + ℎ̄l)|61(�)3�

+
1

ℎ̄l

∫−∆

min(∆−ℎ̄l,−∆)
|1 − 2 5 (� + ℎ̄l)|61(�)3�

(2.17)

f2

f#
=

1

ℎ̄l

∫∆

<0G(∆−ℎ̄l,−∆)
|1 − 2 5 (� + ℎ̄l)|62(�)3� (2.18)
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Figure 2.2: Frequency dependence of f1 and f2 calculated at ) = )2/10 and using ∆ = ∆0. The solid
lines are the full Mattis-Bardeen equations 2.17 and 2.18. The dashed lines show the approximation given
by Eqs. 2.21 2.22. The inset highlights the deviation between the full solution and approximation for f2.

where l = 2c 5 , f# = 1/d# is the normal state conductivity, ∆ ≈ 1.76:�)2 is the super-
conductors gap energy, 5 (�) is the density of states generally given by the Fermi-Dirac
distribution, and 61(�) and 62(�) are defined as

61(�) =
�2 + ∆2 + ℎ̄l�

(�2 −∆2)1/2
[
(� + ℎ̄l)2 −∆2

]1/2
(2.19)

62(�) =
�2 + ∆2 + ℎ̄l�

(∆2 − �2)1/2
[
(� + ℎ̄l)2 −∆2

]1/2
. (2.20)

The first integral in Eq. 2.17 describes the resistance due to the thermal quasiparticle
population, while the second integral is due to power absorption via the breaking of Cooper
pairs and therefore only relevant when ℎ̄l ≥ 2∆. f1 therefore shows a sharp absorption
edge at the gap frequency as seen in Fig. 2.2. The temperature dependence of f1 and f2 is
shown in Fig. 2.3. The integral boundaries assume a hard gap with no available states at
|� |< ∆, which will lead to deviations in the limits of ) −→ )2 and ℎ̄l −→ 2∆ in the presence
of sub-gap states or a broadened density of states.

For a thermal quasiparticle distribution and :), ℎ̄l < 2∆, Eqns. 2.17 and 2.18 can be
simplified to [53]

f1

f#
=

4∆

ℎ̄l
exp(−∆/:�)) sinh

(
ℎ̄l

2:�)

)
 0

(
ℎ̄l

2:�)

)
, (2.21)

f2

f#
=

c∆

ℎ̄l

[
1 − 2 exp(−∆/:�)) exp

(
−ℎ̄l
2:�)

)
�0

(
ℎ̄l

2:�)

)]
, (2.22)

where �0 and  0 are the modified Bessel functions of the first and second kind respectively.
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Figure 2.3: Temperature dependence of f1 and f2 calculated at ℎ̄l = ∆/20.

Surface Impedance

From the complex conductivity, the surface impedance then follows from [54] as

/B =

√
8`0l

f1 − 8f2
coth

(
C

√
8l`0(f1 − 8f2)

)
= 'B + 8l!B (2.23)

given in [/B] = Ω/� with the surface resistance 'B and the surface inductance

!B =
Im(/B)

l
. (2.24)

This surface inductance is due to the acceleration of Cooper pairs in an AC field while the
surface resistance is dependent on the number of unpaired electrons (quasiparticles) in the

superconductor. The term coth(C
√
8l`0(f1 − 8f2)) is only relevant for thin films (C / _<)

and is equal to unity otherwise.

Low frequency limit

For thick films, low frequencies and low temperatures (f1 � f2) simplified expressions can

be retrieved for the surface resistance and inductance as 'B =
√
`0l

f2
and !B =

√
`0
lf2

=

`0_<. The latter relation follows from the London equations (Eqns. 2.12,2.13) assuming
f ≈ −8f2. Additionally, it is useful in this regime to use the simplified expressions for f1

and f2 of Eqns. 2.21 and 2.22.

These approximations start to break down at frequencies a > 2∆/3, as shown in Fig.
2.4, where the full solution for !B shows a significant increase, while a constant value is
found in the approximations.
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Figure 2.4: Frequency dependent surface inductance for a thin film of NbTiN using )2 = 14.7 K, d# =
102 µΩ cm, C = 100 nm and ) = )2/10. The red line shows the full solution using Eqs. 2.17 and 2.18 in
Eq.2.23, the blue line is an approximation using the simplified expressions for f1 and f2 (Eqs. 2.21 and
2.22 in Eq.2.23) and the green line uses the thick film approximation !B = `0_< combined with Eq. 2.16.

2.2 Superconducting Transmission Lines

2.2.1 Transmission Line Basics

Concept

(a) (b) (c)

Figure 2.5: a) A co-axial cable. b) A Microstrip transmission line. c) A co-planar waveguide.

A transmission line is a structure consisting of at least two metal lines, separated by an
insulating dielectric material, which allows the controlled propagation of a traveling EM
(electromagnetic)-wave along it. Fig. 2.2.1 shows three commonly used geometries: Co-
axial line, microstrip and co-planar waveguide (CPW). The co-axial line consists of an inner
conductor surrounded by a concentric cylindrical outer conductor. It is most commonly
used for connecting cables in microwave applications. The microstrip and CPW are planar
transmission lines made of one or more layers, which makes them ideal for lithographic
processing.
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Lumped Element Circuit Model
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Figure 2.6: Transmission line circuit model. Figure after [55].

In circuit theory, individual elements are small compared to the electric wavelength
_. A circuit can therefore be described by discrete lumped elements, where the current
and voltage does not change significantly over the physical extent of one element. A
Transmission line however is generally comparable in length to _ or even many wavelengths
long. Consequently, the current and voltage on the line change significantly along its length
and it is therefore a distributed-parameter network.

In the lumped-element circuit model, the transmission line is split into infinitesimally
short sections across which current and voltage do not change significantly. Each section
of length XI can therefore be modeled by a lumped-element circuit as shown in Figure 2.6,
where the two wires represent the conductor and ground of the transmission line, while ',
!6, � and � are given per unit-length and defined as [55]:

• ' = series resistance per unit length, in Ω/m, due to the finite conductance in both
conductors.

• ! = series inductance per unit length, in H/m, due to the geometric inductance of
the conductors.

• � = shunt conductance per unit length, in S/m, due to leakage current through the
separating dielectric. For all applications relevant to this thesis, the shunt conduc-
tance is negligible due to the use of high resistivity dielectrics where � = 0.

• � = shunt capacitance per unit length, in F/m, due to the proximity of the two
conductors.

Characteristic impedance and Propagation Constant

The propagation of a wave along the transmission line can be described by two parameters,
the propagation constant and the characteristic impedance. Both can be found by applying
Kirchhoff’s law to the circuit model in Figure 2.6 and solving the resulting wave equations
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for voltage and current. The characteristic impedance is the ratio of voltage and current
of the propagating wave and given by

/0 =

√
' + 8l!

� + 8l�
(2.25)

which is generally a complex value. The propagation constant describes the evolution of
the waves complex amplitude

�(I) = �(0)4WI (2.26)

and is given by

W = U + 8V =
√

(' + 8l!6)(� + 8l�) (2.27)

with the loss in magnitude and phase velocity determined by the attenuation constant U
and the phase constant V respectively.

Attenuation Constant, Loss Tangent and Quality Factor

Ohmic losses for a superconducting transmission line at ) � )2 and ℎ̄l < ∆ are in
theory, and also in most practical cases, vanishingly small. However, depending on its
geometry, other loss sources need to be considered, primarily radiation loss and dielectric
loss. In order to quantify these losses three different parameters, attenuation constant, loss
tangent and internal quality factor, are being used commonly depending on the loss source
and the application. It is therefore convenient to be aware of the various definitions and
relationships.

• The attenuation constant U is defined via the propagation constant in Eq. 2.27. It
is the direct measure of the loss in amplitude of an EM wave traveling along a lossy
transmission line. When using the exponential Eq. 2.26 it has units of [Np/m], but
a decibel scale is also commonly used with units of [dB/m]. Conversion between Np
and dB is given by a simple factor: U[dB/m] ≈ 8.686 × U[Np/m].

• The internal quality factor is defined as the energy stored in the EM-wave to the
energy lost per cycle

&8 =
l�BC>A43

%;>BB
, (2.28)

where %;>BB is the power lost by internal dissipation. For a transmission line, this
relation is given by

&8 =
V

2U
. (2.29)

As it is also a fundamental property of resonators and comparatively easy to measure,
it is commonly used in this context. This is expanded on in section 2.3.
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• The loss tangent tan X is defined for the interaction of an electric field with a dielec-
tric material and as such only applicable directly to dielectric loss. It is a unitless
parameter and inversely proportional to the internal quality factor

tan X =
1

&8
. (2.30)

Effective Dielectric Constant

An EM-wave propagating in free space has a phase velocity of E?ℎ = 1/
√
`0n0, which is the

speed of light with `0 = 4c×10−7H/m and n0 = 8.854×10−12F m the vacuum permeability
and vacuum permittivity respectively. When the wave propagates through a dielectric
material its electric field interacts with the said material, leading to a retardation of the
wave. The resulting phase velocity can be expressed as

E?ℎ =
1

√
`0n0nA

=
2
√
nA

(2.31)

with the dielectric constant or relative permittivity nA . In many transmission line geome-
tries, only a fraction of the field is contained in the dielectric material, while the remainder
is in free space. This effect can be expressed using an effective dielectric constant n4 5 5 ,
which is determined by the field distribution of the wave resulting in

n4 5 5 = 22!� (2.32)

and has a value 1 ≤ n4 5 5 ≤ nA . Consequently, the phase velocity of a transmission line is
given as

E?ℎ =
2
√
n4 5 5

. (2.33)

2.2.2 Superconducting Lines

In a superconducting transmission line, the metallic conductors are replaced by supercon-
ductors with a sheet resistance 'B and sheet inductance !B which can be calculated using
Mattis-Bardeen theory (Eq. 2.23). 'B and !B are material parameters and therefore valid
for any transmission line geometry. However, the total resistance ' and kinetic inductance
!: seen by the propagating EM-wave are a function of the transmission line geometry.
Solutions for the resulting impedance and propagation constant of microstrips and CPWs
are given in sections 2.2.3 and 2.2.4 respectively.

While ohmic losses are small, they should still be considered in the case of very low
loss transmission lines. The quality factor of the line can be calculated using Eq. 2.28 to
be [56]

&8 =
l!

'
=

1

U:

l!B

'B
(2.34)

where

U: =
!:

(!: + !6)
(2.35)



2.2. Superconducting Transmission Lines 21

is the kinetic inductance fraction of the line.
It is often also convenient to include the effect of the kinetic inductance on the phase

velocity in the effective dielectric constant using

n B24 5 5 = 22(!6 + !:)�. (2.36)

This relation allows n4 5 5 > nA , which shows clearly that it should be considered a naive
approach to describe transmission line behaviour and does not represent an effect due to the
dielectric material. While it is commonly used in engineering, it can lead to quantitatively
wrong results if used improperly.

Dispersion near the superconducting gap frequency

For most cases, n4 5 5 can be assumed constant with frequency, in turn leading to a constant
phase velocity and a dispersionless transmission line. However, for a superconductor at
frequencies ℎ̄l > 2∆/3, the kinetic inductance has a significant frequency dependence, as
shown in Fig. 2.4. Consequently, n B2

4 5 5
is highly dispersive at frequencies approaching the

superconducting gap, as shown in Fig. 2.7.
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Figure 2.7: Effective dielectric constant of a CPW as function of frequency in the case of a superconducting
CPW (red line) and a normal conductor (black). The dielectric constant of the substrate is shown as a
dashed line. The CPW has a line and gap width of F = B = 3.5 µm, while the superconductor is the same
as that used for Fig. 2.4.

2.2.3 Microstrips

Geometry

A microstrip is a multi-layer structure as shown in Fig. 2.8a), consisting of a conducting
line of thickness C and width F separated from the ground plane by dielectric layer of height
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ℎ. The whole structure is usually on top of a thick substrate, but as it is fully covered by
the ground plane it does not affect the electromagnetic properties of the transmission line.
The field distribution of the propagating mode is shown in Fig. 2.8a).

w

h
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(a)

εr>1
εr=1

(b)

+ ++ + ++ +

-- --- -- ----

Figure 2.8: (a)Microstrip geometry (b) Electric field and current distribution in a microstrip.

Characteristic impedance and propagation constant

The propagating waves’ field is primarily confined in the dielectric medium below the
conducting line, however fringing fields due to the finite width of the line can generally not
be neglected. The effective dielectric constant due to the field distribution is given by [55]

n4 5 5 =
nA + 1

2
+
nA − 1

2

1
√

1 + 12ℎ/F
. (2.37)

The propagation constant is then given by

V< =
2c
√
n4 5 5

_0
(2.38)

where _0 is the wavelength in free space. The characteristic impedance of the line is given
by

/< =


60√
n4 5 5

ln
(

8ℎ
F

+ F
4ℎ

)
for F/ℎ ≤ 1

1√
n4 5 5

120c
F/ℎ+1.393+0.667 ln(F/ℎ+1.444)

for F/ℎ ≥ 1.
(2.39)

However, this is insufficient to describe superconducting microstrips, as Eqns. 2.38 and
2.39 do not consider the kinetic inductance. The best model currently available to describe
the superconducting case was derived by Yassin and Withington [57] as(

V

/0

)
=

(
V<
/<

) (
1 + 2j

_

ℎ

)1/2

(2.40)

where V< and /< are the model values given by Eqns. 2.38 and 2.39 respectively and _

is the magnetic penetration depth of the superconductor and j is the penetration factor.
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An analytic expression for j based on conformal mapping techniques is given by [57] as

j =

{
�B1+�B2+�61+�62+c

2 ln(A1/(A0))
for F/ℎ < 2

�B1+�B2+�61+�62+c
2 ln(2A1/(A0))

otherwise
(2.41)

which includes contributions from the bottom surface of the conducting line

�B1 = ln

(
2? − (? + 1)A0 + 2

√
?'0

A0(? − 1)

)
(2.42)

'0 = (1 − A0)(? − A0) (2.43)

the top surface of the line

�B2 = ln

(
(? + 1)A1 − ? − 2

√
?'1

A1(? − 1)

)
(2.44)

'1 = (A1 − 1)(A1 − ?) (2.45)

and the ground plane

�61 = ln

(
(? + 1)A1 + 2? + 2

√
?'1′

A1(? − 1)

)
(2.46)

'1′ = (A1 + 1)(A1 + ?) (2.47)

�62 = ln

(
(? + 1)A0 + 2? + 2

√
?'0′

A0(? − 1)

)
(2.48)

'0′ = (A0 + 1)(A0 + ?). (2.49)

A0 is given by

ln(A0) = −1 − cF
2ℎ
− ? + 1
√
?

tanh−1(?−1/2) − ln

(
? − 1

4?

)
(2.50)

and rb is given as

A1 =


A1> for F/ℎ ≥ 5

A1> −
√

(A1> − 1)(A1> − ?) + (? + 1) tanh−1

(√
A1>−?
A1>−1

)
−2
√
? tanh−1

(√
A1>−?
?(A1>−1)

)
+ cF

2ℎ

√
? otherwise

(2.51)

where A1> is given as

A1> = [ +
? + 1

2
ln E (2.52)

with
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[ =
√
?

(
cF

2ℎ
+
? + 1

2
√
?

(
1 + ln

(
4

? − 1

))
) − 2 tanh−1 ?−1/2

)
(2.53)

E = max([, ?) (2.54)

? = 212 − 1 + 21
√
12 − 1 (2.55)

1 = 1 + C/ℎ (2.56)

Two-level system loss

Superconducting microstrips exhibit strong losses due to the presence of the dielectric layer
between conductor and ground plane. This dielectric loss, &8,384; , is generally attributed
to a population of two-level tunneling systems (TLSs) in the amorphous dielectric medium
which is interacting with the electric field of the propagating wave and [58, 59]. The

Δ
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gy

m

Figure 2.9: Schematic of a particle of mass < in the double well potential of a two-level system with the
asymmetry energy ∆m the well distance 3, the ground state energy ℎ̄Ω/2 of the particle in an isolated well
and the potential barrier + . Figure after [60].

existence of TLSs is attributed to the disordered structure of amorphous materials which
allows an atom or group of atoms to switch between two local minima of the potential
energy landscape. At low temperatures switching between the two minima can only occur
via quantum tunneling through a barrier. While the exact microscopic origin of TLSs is
not certain [61], their macroscopic effects can be well described with the standard tunneling
model (STM), where a single TLS is given by a particle of mass < in a double-well potential
characterized by an asymmetry ∆)!( and a potential barrier + as shown in Fig. 2.9a). The
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energy difference between the two available energy levels in the TLS can then be derived
as [60]

�)!( =
√

∆2
)!(

+ ∆2
0. (2.57)

where ∆0 is the tunnel splitting given by

∆0 ≈ ℎ̄Ωe−^ (2.58)

with the tunneling parameter ^. For the potential geometry given in Fig. 2.9, ^ is given
by [60]

^ ≈ 3

2ℎ̄

√
2<+ (2.59)

where 3 is the well distance. The dielectric material contains a population of TLSs with
a density of states #(�). In the STM, both ∆)!( and ∆0 are assumed to be randomly
distributed, due to the random nature of the amorphous material, whereby the density of
states is energy independent and given as a sample specific constant #.
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Figure 2.10: a) Frequency dependence of the dielectric loss &8,384; in the weak field limit at different
temperatures. b) Electric field of dependence of &8 as function of �B, given by Eq. 2.62 for &8,384;/&8,A4< =
0.1.

TLSs carry a dipole moment ?, which allows coupling to an EM-wave propagating
along the microstrip. Interaction with the electric field alters the real and imaginary parts
of the dielectric constant, leading to dissipation and changes in the phase velocity. For
weak fields, the dissipation is given by the loss tangent as

X)!( =
1

&8,384;
= �X0

)!( tanh

(
ℎ̄l

2:�)

)
(2.60)
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where tan X0
)!(

= c#?2/3nA is the loss tangent at low temperatures () << ℎ̄l/2:�) and in
a weak electric field. The filling factor

� = , 4
A /,

4 (2.61)

represents the fraction of electric energy inside the TLS hosting dielectric , 4
A over the total

electric energy stored in the EM-wave. Figure 2.10a) shows the frequency dependence of Eq.
2.60 at various temperatures. Dielectric loss due to TLSs at 5 > 100 GHz is independent
of temperature for ) ≤ 1 K. At ) = 120 mK, where devices relevant for this thesis are
usually operated, tan X)!( only changes by a factor of 5 from 5 > 100 GHz to microwaves.
This relatively constant behaviour with frequency is due to the assumption of an energy
independent density of states #(�) = #.

For strong electric fields, the number of excited TLSs starts to become saturated,
leading to a reduction in dielectric loss. The total loss in the transmission line can then be
expressed by its quality factor as [60] [62] [63]

1

&8
=

1

&8,384;

√
1 + (�/�B)2 +

1

&8,A4<
(2.62)

where &8,384; is the quality factor in the weak field limit given by Eq. 2.60, �B is a saturation
field strength and &8,A4< contains all other loss sources of the transmission line. For weak
fields, the loss is dominated by TLSs, while stronger fields reduce the contribution of &8,384;
until it is negligible compared to &8,A4< (see Fig. 2.10b)).

2.2.4 Co-Planar Waveguides
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Figure 2.11: (a) CPW geometry. (b) Differential mode (also CPW mode) and common mode. Shown are
electric field lines and charge distribution due to current flow.

A co-planar waveguide (CPW), as shown in Fig. 2.11a), is a planar transmission line
with a central conductor of width B separated from two ground planes by a gap of width
F. The structure is deposited on a thick substrate with a dielectric constant nA > 1. While
the CPW can be covered by another dielectric, it is usually directly exposed to free space
with nA = 1. Unlike the microstrip, a CPW can support two fundamental modes as shown
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in Fig. 2.11b): The differential mode and the common mode. In the differential mode the
two ground planes are on the same potential and considered balanced. This is the intended
mode of propagation and also usually referred to as the CPW-mode. Any imbalance of
the two ground plane potentials, e.g. due to a bend in the line, is represented by an
excitation of the common mode. This mode represents a leaky mode excitation across
both slots of the CPW, and as such is strongly radiating [64]. Great care in circuit design
is therefore required to avoid common mode excitations where possible. In this thesis, only
the propagation of the differential mode is considered unless explicitly stated otherwise.

Characteristic impedance and Propagation Constant

The line capacitance and geometric inductance of a CPW are given by its geometry as

!6 =
`0 (:′)

4 (:)
(2.63)

� = 4n0n4 5 5 ,64>
 (:)

 (:′)
(2.64)

where : = B/(B+ 2F), :
′2 = 1− :2,  is the complete elliptic integral of the first kind and

n4 5 5 ,64> ≈ (1 + nA)/2 (2.65)

is the effective dielectric constant visible to the line capacitance due to the substrate below
the CPW line.

The kinetic inductance !: of the CPW can be calculated analytically as

!: = 62!B,2 + 66!B,6 (2.66)

where !B,2 and !B,6 are the surface inductances of the central line and groundplane as given
by eqs.2.23 and 2.24, and 62 and 66 are their respective geometry factors [65]

62 =
1

4B(1 − :2) 2(:)

[
c + ln

(
4cB

C

)
− : ln

(
1 + :

1 − :

)]
(2.67)

66 =
1

4B(1 − :2) 2(:)

[
c + ln

(
4c(B + 2F)

C

)
− 1

:
ln

(
1 + :

1 − :

)]
. (2.68)

The geometry factors were originally described in Foundations for Microwave Engineering
by R.E.Collin [66] for the losses in the central line and groundplane of a CPW, and have
been intuitively adapted to apply for the kinetic inductance contribution. This adaptation
has been verified by comparison with simulations, e.g. Sonnet, and has been found to be
in excellent agreement with experimental results over the last years.

In the case of a single film CPW with surface inductance !B = !B,2 = !B,6, Eq. 2.36
can then be rewritten as

n4 5 5 = 22(!6 + 6!B)� (2.69)
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with 6 = 62 + 66.
The characteristic impedance and propagation constant are obtained analogous to n4 5 5

using Eqns. 2.25 and 2.27 as

/0 =
√

(!6 + 6!B)/� (2.70)

V =
√

(!6 + 6!B)� (2.71)
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Figure 2.12: a) Radiation cone of the propagating CPW mode with radiation angle Ψ and CPW width
FC>C = B + 2F. b) Radiation loss UA03 of a perfect electric conductor according to Eq. 2.72 as function of
frequency for various CPW widths FC>C . The red shaded area indicates line dimensions which are difficult
to realize in fabrication.

For a perfect electric conductor (PEC), the effective dielectric constant is given by
Eq. 2.65, which is smaller than nA of the substrate. Consequently, the phase velocity
E?ℎ = 2/

√
n4 5 5 of the guided CPW mode is faster than that in the substrate. This creates

a shockwave in the substrate, leading to a radiation cone characterized by the radiation
angle Ψ as shown in Fig. 2.12a). The frequency dependent loss factor U at high frequencies
due to this shockwave has been derived by Frankel et al. [67] from the electric and magnetic
field distributions in the dielectric materials due to the current distribution in a PEC as

UA03 =
(c
2

)5
2

( (
1 − cos2(Ψ)

)2

cos(Ψ)

)
(B + 2F)2n

3/2
A

23 (
√

1 − :2) (:)
5 3 (2.72)

where  is the complete elliptical integral of the first kind and : = B/(B + 2F). The
frequency dependence of &8,A03 = V/2UA03 is shown in Fig. 2.12b) for different CPW
widths FC>C = B+2F. At microwave frequencies, small FC>C can be used to reduce radiation
loss to negligible levels. However, the strong increase at higher frequencies due to UA03 ∝ 5 3

can usually not be compensated this way, as the required dimensions F = B < 1 µm are
difficult to fabricate.
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It can be seen in Eq.2.72, that the magnitude of radiation loss is strongly dependent
on Ψ which is given by the discrepancy of the dielectric constants

cos(Ψ) =

√
n4 5 5
√
nA

. (2.73)

For a PEC CPW, this ratio is only dependent on the substrate and independent of the
conductor properties. However, for a superconducting CPW, the kinetic inductance mod-
ifies the lines phase velocity, which can be expressed as a change in n4 5 5 using Eq. 2.36.
Conceptually, using a CPW with high !: therefore leads to a suppression of the radiation
loss, as the radiative angle Ψ is reduced. If !: is sufficiently large to obtain n4 5 5 ≥ nA , the
radiative shockwave does not form as the phase velocity of the CPW line is slower than in
the substrate, resulting in theoretically zero radiation loss.

It should be noted, that Eq. 2.72 is derived from the field distribution of the propa-
gating CPW mode in the dielectric medium of a PEC CPW. As the reduction in E?ℎ due
to the kinetic inductance of a superconductor is not based on the field interaction with
the dielectric medium, substituting n B2

4 5 5
of Eq. 2.36 in Eq. 2.72 can lead to quantita-

tively wrong results in the regime of n4 5 5 < n B2
4 5 5

< nA . This does however not affect the

qualitative statement that the radiative shockwave does not form at all for n B2
4 5 5

> nA , as

that is a consequence of the phase velocity change and is not dependent on the exact field
distribution.

2.3 Superconducting Transmission line Fabry-Pérot

Resonators

2.3.1 Resonance Frequency

The transmission line Fabry-Pérot resonator (FPR), schematically shown in Fig. 2.13, is
an in-line resonator made of a transmission line section of length ;�% which is connected
to the feed network by a coupler on each end. Generally, two identical couplers are used,
either open-ended or shorted, resulting in a half-wave resonator with resonance peaks at
frequencies

�= = =
2

2;�%
√
n4 5 5

= =�0 (2.74)

where n4 5 5 is the effective dielectric constant of the transmission line, = is the mode number.
�0 is the resonance frequency of the fundamental mode = = 1 and also determines the
frequency spacing between adjacent peaks of higher order modes.

2.3.2 Transmission spectrum

The transmission spectrum of the FPR can be described by its scattering parameters,
where transmission through the resonator is given by |(21 |, with ports 1 and 2 defined
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Figure 2.13: Schematic of a Transmission line Fabry-Pérot resonator (FPR). The elements corresponding
to the ABCD matrices "�1, ";8=4, "�2 are shaded in blue and the FPR described by "�% is shaded in
red. Ports 1 and 2 of the FPR, as well as ports 1′ and 2′ of the individual couplers, are indicated at the
edges of their respective elements.

directly outside the coupling structures as shown in Fig. 2.13. The full transmission curve
including higher order resonances can be calculated by cascading the ABCD matrices of
the individual elements:

"�% = "�1";8=4"�2 =

[
� �

� �

]
(2.75)

where "�% is the ABCD matrix of the full resonator and "�1, ";8=4, "�2 correspond to
the couplers and resonator line as shown in Fig. 2.13. This approach requires the use of
ABCD matrices, as scattering matrices can not be cascaded this way.

The ABCD matrices of the individual elements are readily available in literature [55].
For the couplers, they can be obtained from the scattering matrix as

"�1 = "�2 =

[
(1+(1′1′)(1−(2′2′)+(1′2′(2′1′

2(2′1′
/?

(1+(1′1′)(1+(2′2′)−(1′2′(2′1′
2(2′1′

1
/?

(1−(1′1′)(1−(2′2′)−(1′2′(2′1′
2(2′1′

(1−(1′1′)(1+(2′2′)+(1′2′(2′1′
2(2′1′

]
(2.76)

where (8′ 9 ′ and /? are the scattering parameters and port impedances of the couplers as
shown in Fig. Fig. 2.13. Note, that the couplers are usually symmetrical and reciprocal
networks, setting (1′1′ = (2′2′ and (1′2′ = (2′1′. If the coupler is given by a simple in-line
capacitance, the matrix can be expressed as

"�1 =

[
1 1

8l�2

0 1

]
(2.77)

with the coupling capacitance �2.
The resonator line matrix ";8=4 is given by

";8=4 =

[
cosh(W;�%) /0,;8=4 sinh(W;�%)

1
/0,;8=4

sinh(W;�%) cosh(W;�%)

]
. (2.78)
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where /0,;8=4 and W = U+ 8V are the characteristic impedance and propagation constant of
the resonator line as defined by Eqns. 2.25 and 2.27 respectively.

The transmission through the FPR can then be retrieved using

(21 =
2(�� − ��)

� + �//0 + �/0 + �
(2.79)

where /0 is the characteristic impedance of the transmission line outside the resonator.
An example spectrum is shown in Fig. 2.14 using ; 5 ? = 10 mm, n4 5 5 = 12.
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Figure 2.14: (a) Transmission of a Fabry-Pérot resonator for no losses (U = 0 Np/m) and medium losses
(U = 4 Np/m). (b) Single Lorentzian peak at mode number n, with losses (U = 4 Np/m).

2.3.3 Quality Factor

Another approach to describe the FPR transmission spectrum is to treat it as a series of
independent Lorentzian peaks as shown in Fig. 2.14a). A single peak in the spectrum is
then given by (

|(21 |2
)
=

= �=
&2
!,=

&2
!,=

+ 4
(
5−�=
�=

)2
(2.80)

where �= = |(21 |<0G is the peak transmission and &!,= is the loaded quality factor given by

&!,= =
�=

�,�"=

(2.81)

where FWHM is the peaks full width at half maximum as indicated in Fig. 2.14b). The
loaded Q-factor &! is a measure of the resonators power loss, defined by Eq. 2.28, which
can be separated in a internal component &8 and a coupling component &2

1

&!

=
1

&8
+

1

&2
. (2.82)
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Coupling strength

The coupling Q-factor &2 is a measure of the coupling strength between the resonator and
the external circuit. As coupling relates to energy leakage from the coupler, a high &2
corresponds to a weak coupling.

The power loss per cycle through a single coupler of the FPR is given by

%;>BB = # 5 �BC>A43 |(2′1′ |2 (2.83)

where (2′1′ is the transmission through the coupler and # is the number of times the
coupler is encountered per cycle. For an FPR, # is given by the mode number as # = 1/=.
Combining Eq. 2.28 and 2.83 then results in

&21 =
=2c

|(2′1′ |2
(2.84)

The second coupler can then be included to obtain the total coupling Q-factor as

1

&2
=

1

&21
+

1

&22
=

=c

|(2′1′ |2
= =&20 (2.85)

where &21 = &22 is assumed for the latter relations and &20 is the coupling factor for
the fundamental mode = = 1.

Internal losses

Any energy lost from the FPR which can not be retrieved in the external circuit is combined
in the internal Q-factor &8. Depending on the transmission line geometry, the following
loss mechanisms need to be taken into account:

• Resistive loss &8,>ℎ<. The resistive losses in a superconductor are the result of quasi-
particle excitations. For ) << )2 and ℎ̄l << 2∆0 this loss is usually negligible (see
section 2.2.2), but should be considered in the case of very low-loss transmission lines.

• Radiation loss &8,A03. This is the dominant loss mechanism for CPW lines, due to
the shockwave formation in the substrate when n4 5 5 < nA (see section 2.2.4). This
loss can theoretically be completely eliminated if the phase velocity in the CPW can
be reduced such that n4 5 5 > nA . Furthermore, the common mode of the CPW due to
potential imbalances in the ground planes is strongly radiating and can contribute
to radiation loss, if it is excited.

In the case of microstrips, radiation loss is generally negligible as the fields of the
propagating wave are well confined between line and ground plane.

• Dielectric loss &8,384; . Dissipation in dielectric materials is due to interaction with
two-level systems (TLSs) which occur in amorphous structures (see 2.2.3). This is
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the dominant loss mechanism for microstrip lines, due to amorphous dielectric layer
between the conducting line and the ground plane.

For CPW lines, &8,384; is usually small as they are fabricated on a crystalline substrate.
However, TLSs at the surface and interface between metal and dielectric can occur
and contribute to the loss.

• Radiation loss at the coupler &8,2. In contrast to all other loss sources, this is not an
intrinsic property of the transmission line, but happens due to the coupling structure
which represents a discontinuity in the line and will therefore inevitably radiate
power. It can be difficult to accurately determine the absolute power radiated this
way. However, as this power loss only occurs at the coupler, the resulting &8,2 has
the same linear dependence on the mode number = as the coupling Q-factor &2.

When considering the behaviour of the FPR as a function of mode number, it is
therefore advantageous to consider &8,2 as an unknown modification to &2 as

&′2 = =
&20&8,20

&20 +&8,20
(2.86)

where &8,20 is the Q-factor for the fundamental mode = = 1.

However, this is not a valid approach when the total loss &8 of the resonator is in
consideration, e.g. when considering the peak heights of the transmission spectrum.

Lorentzian Peak Height

The maximum of the Lorentzian resonance peak can be expressed as

|(21 |<0G=
&!

&2
=

&8

&2 +&8
. (2.87)

Fig. 2.14a) shows the FPR transmission for two cases. In the coupler dominated case
(&2 � &8 for U = 0 Np/m) the transmission at the resonance frequency is unity, |(21 |<0G=
0 dB. If &! is dominated by losses (&2 � &8 for U = 0 Np/m), the peak transmission is
reduced and a strong function of &8.

Internal Power and Photon Number

The dielectric loss in a microstrip resonator depends strongly on the electric field (see
section 2.2.3). However, the field strength is often not uniform across the TLS hosting
dielectric. It is therefore often convenient to express equation 2.62 as a function of the
resonators internal power %8=C as

1

&8
=

1

&8,384;

(
1 + (%8=C/%B)

)1/2
+

1

&8,A4<
(2.88)
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where %B ∝ �2
B is the saturation power corresponding to the saturation field strength �B.

%8=C is defined here as the power of the forward- or backward traveling wave inside the
resonator,

%8=C =
+2

+

2/0
, (2.89)

with the voltage ++ = +− and characteristic line impedance /0.

The internal power is related to the total energy stored in a resonator of length ! = :_

as

�A4B =
2:%8=C
5

(2.90)

where the factor of two in Eq. 2.90 is due to the inclusion of both the forward- and
backward traveling wave, while : is related to the mode number = of a half-wave resonator
as : = =/2 (: = =/4 for a quarter-wave resonator).

The internal power can be retrieved from the applied readout power %A403 and the
resonators quality factor as [65]

%8=C =
1

2:c

&2

&2
%A403 . (2.91)

Note, that for the fundamental mode of the half-wave resonator (: = 1/2), the internal
power is seemingly directly given by the energy stored in the resonator %8=C = �A4B · 5 .
However, it is important to carefully distinguish between �A4B · 5 and %8=C for FPRs at
higher mode numbers (: ≥ 1), as only %8=C provides a direct measure of the local field
strength at a given point in the resonator, while �A4B · 5 is an integration of the field
across the whole resonator length. When considering two resonators with identical Q-
values and the same readout power %A403 but different : parameter, %8=C will be smaller for
the resonator with larger : value while �A4B · 5 is independent of :. However, as &2 ∝ = ∝ :,
the internal power %8=C of a single resonator in the &2-limited regime (&2 ≈ &) behaves
as %8=C ∝ &2/: = 2>=BC and is therefore independent of :, while �A4B · 5 increases linearly
according to Eq. 2.90.

Another commonly used approach, is to use photon number instead of internal power,
rewriting 2.88 as

1

&8
=

1

&8,384;

(
1 + (< =?ℎ > /=B)

)1/2
+

1

&8,A4<
, (2.92)

where =B is the saturation number and < =?ℎ > is the average photon number in the forward
traveling wave per _/2

< =?ℎ >=
%8=C

ℎ 5 2
(2.93)

with the frequency 5 . Note, that this definition is identical to that of the total photon
number in a half-wave resonator.
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2.4 Simulating a Transmission Line Fabry-Pérot Res-

onator

A Fabry-Pérot resonator (FPR) is very long compared to the relevant wavelengths (!�% &
40_) with feature sizes much smaller than a wavelength, due to the narrow transmission
lines. This makes a simulation of the full structure impractical, as the fine mesh and large
box size lead to prohibitively long simulation times. It is therefore preferable to split the
resonator into its separate components, i.e. the coupling structures and the transmission
line, and cascade them using ABCD matrices as discussed in section 2.3.2. The following
subsections will introduce the simulations relevant to the chapters of this thesis:

• CPW-CPW coupler in section 2.4.1 as used for Chapter6.

• CPW-MS coupler in section 2.4.1 as used for Chapter7.

• Radiation loss of a CPW line in section 2.4.2 as used for Chapter6.

• Radiation loss of a short CPW Fabry-Pérot Resonator 2.4.2 as used for Chapter6

All simulations are performed in Sonnet [68], which is a commercial 3D planar EM software
capable of simulating superconducting structures at high frequencies.

2.4.1 Coupler Simulation

CPW-CPW Coupler

The CPW-CPW coupler is simulated in a small box of 32 × 32 µm2 with a cell size of
0.5 µm as shown in Fig. 2.15a), resulting in the scattering matrix (, with (21 shown in
Fig. 2.15b) as function of frequency. The box size is chosen as small as possible without
impacting the simulation result. Both top and bottom of the box are defined as lossless
metal, with a layer of vacuum above and a layer of lossless Sapphire below the metalization
with ℎ384; = 100 µm for both layers. Superconducting NbTiN is implemented using the
”general model” with zero resistance and a finite sheet inductance !B. A lookup table with
the frequency dependence for !B, generated using 2.24, is used as input for the model. The
coupling structure is implemented as an overlapping coupler with a short to ground, where
the coupling strength can be tuned by changing the overlap parameter ? (see Fig. 2.15a)).

This coupler design is used in Chapter6, where port 1 on the left side is connecting
to either an antenna or detector, while port 2 is part of the FPR. The position of the
overlapping slots is adjusted for different CPW line widths on the resonator side to keep
B0 = 2 µm constant, which is the smallest possible feature size (due to fabrication con-
straints) and maximizes the coupling strength. Due to the frequency dependence of !B,
and thus the line impedance /0, the line will be slightly mismatched with the constant port
impedance /?. To account for this, a reference plane close to the coupler is used and the
port impedances are set to 50Ω. The scattering matrix for the correct port impedance is
then retrieved in post processing. This also makes optimization in the design phase easier,
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Sapphire (Lossless)
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Figure 2.15: (a) Sonnet box of the coupler simulation with inset showing the stratification and a zoom-in
on the the coupling structure. NbTiN is shown in green; substrate in white. (b) Simulated (21 of the
measured chip in Chapter6, where B = 1.95 µm and F = 2.15 µm and !B given by the NbTiN )2 = 14.7 K
and d= = 102µΩ cm. Output from Sonnet, with 50Ω port impedance.

as the port impedance does not need to be adjusted in the simulation setup if the line
impedance changes.

In order to obtain the coupler geometry for a desired &2 of the FPR, a sweep of ? is
performed from 300 to 400 GHz. Note, that the dimensions of the fabricated chip will differ
slightly from the design. Therefore, simulations for the fabricated chips are carried out
with the measured dimensions and a cell size of 0.05 µm to properly sample the geometry.

CPW-Microstrip Coupler

The simulation of the CPW-microstrip coupler uses a similar set up to that of section 2.4.1,
with a slightly larger box of 128 × 128 µm2, as shown in Fig. 2.16a), to account for the
larger coupler size. The addition of the microstrip requires another dielectric layer (here
using amorphous silicon (a-Si) with nA = 10), as well as another superconducting NbTiN
layer.

The coupling structure has the microstrip line continue over the shortened end of the
CPW in a paddle-like geometry, where the coupling strength can be tuned via the overlap
length !>E4A;0? as shown in Fig. 2.16a) and b). In order to minimize the effect of fabrication
uncertainties, such as misalignment and overetching, the overlapping microstrip line is
widened such that its width is given by

F?033;4 = F2?F + B2?F (2.94)

where F2?F and B2?F are the CPW gap and line width respectively.
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Box size [µm2] 128 × 128

Cell size [µm2] 0.5 × 0.5
F [GHz] 300..400
B2?F [µm] 1.95
F2?F [µm] 2.15
B0 [µm] 2
? [µm] 4.55
)2 [K] 14.7
d= [µΩ cm] 102
C [µm] 0.1

Table 2.1: Parameters used for the simulation of the CPW-CPW coupler shown in 2.15b) based on
fabricated chip dimensions. The surface inductance of the top (!C>?B ) and bottom layer (!1>CB ) of NbTiN
are obtained from the respective critical temperature )2, normal resistance d= and thickness C as given in
Chapter7.

Simulations to obtain &2 of the FPR as a function of ? are then carried out analogous
to section 2.4.1.

2.4.2 Radiation Loss Simulation

CPW line loss

Retrieving radiation loss of any structure in Sonnet requires a careful setup of the simula-
tion. Any loss in the structure corresponds to power that does not reach the ports of the
simulation and can therefore be obtained from the scattering matrix as

%A03 = 1 − %>DC = 1 − (|(11 |2+|(21 |2). (2.95)

The Sonnet box used to simulate the radiation loss in a CPW, shown in Fig. 2.17, fulfills
the following requirements for an accurate result:

• The structure is able to radiate freely.

• Radiated power is not absorbed in the ports.

• The structure is otherwise lossless (e.g. ohmic losses, dielectric losses).

An in-depth analysis of this simulation box can be found in [69]. In this section, the
resulting best practices are explained and summarized.

The CPW can radiate when the propagating field can couple to modes in the surround-
ing media, i.e. the vacuum above and the Sapphire substrate below. However, the lossless
metal walls of the Sonnet box act as a waveguide with a cut-off frequency given by the
box size, below which no modes can be excited. Therefore, the box is made sufficiently
large compared to the freespace wavelength _0 (.1>G = -1>G & 2_0 = 2048 µm) to allow
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Box size [µm2] 128 × 128

Cell size [µm2] 0.5 × 0.5
F [GHz] 350
a-Si thickness [µm] 0.25
F<B [µm] 2
B2?F [µm] 2
F2?F [µm] 2
F?033;4 [µm] 4

)
C>?
2 [K] 15.1

d
C>?
= [µΩ cm] 138
CC>? [µm] 0.3
) 1>C2 [K] 15.0
d1>C= [µΩ cm] 104
C1>C [µm] 0.22

Table 2.2: Parameters used for the simulation of the CPW-microstrip coupler shown in 2.16b). The surface
inductances of the top (!C>?B ) and bottom layer (!1>CB ) of NbTiN are obtained from the respective critical
temperature )2, normal resistance d= and thickness C as given in Chapter7.

Box size [µm2] 2048 × 2048

Cell size [µm2] 0.5 × 0.5
Groundplane width [µm] 400
CPW length [µm] 800..1800
Vacuum layer thickness _0/4
Lossless substrate thickness [µm] 100
Lossy substrate thickness [µm] 100,000
Loss tangent 1
F [GHz] 350

Table 2.3: Parameters used for the radiation loss simulation.
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(a) (b)

Vacuum
a-Si (lossless)

Silicon (lossless)
Stratification

1
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Top layer NbTiN

Bo�om layer NbTiN
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Figure 2.16: (a) Sonnet box of the coupler simulation with inset showing the stratification. The lower
NbTiN layer, containing the CPW and the microstrip groundplane, is shown in green with the substrate
in white. The top NbTiN layer, containing the microstrip line, is shown in red in a separate inset which is
shown offset to its true location indicated by the dotted outline. (b) Simulated (21 as a function of ? at
350 GHz for the coupler used in Chapter7 with the parameters given in Table 2.4.1. Output from Sonnet,
with 50Ω port impedance.

all relevant modes to be excited. All relevant dimensions used in the simulation are also
summarized in Table 2.4.2.

The simulation is set up as shown in Fig. 2.17a) with superconducting NbTiN and a
100 µm thick lossless Sapphire substrate equivalent to section 2.4.1, resulting in no ohmic or
dielectric losses. However, for a fully enclosed lossless metal box with no lossy components,
any radiated power will be reflected back and eventually absorbed in one of the ports and
result in %A03 = 0. To avoid this in the Sonnet simulation, the top and bottom walls are set
to free space, where radiation at the boundary is absorbed. However, surface waves in the
Sapphire substrate are still confined by reflections at the sidewall. A thick lossy layer of
Sapphire is placed below the lossless layer in order to attenuate these surface waves, before
they can be absorbed in the ports. Ports are set up as co-calibrated internal ports in a
push-pull configuration with a floating ground connection (see Fig. 2.17a)) and without
de-embedding. Note, that de-embedding is possible and can be preferable [69], but was
not functioning reliable during the work in Chapter6 and therefore not used.

To avoid reflections, the port impedance is set to the line impedance, which is retrieved
from a separate simulation. The metalization is confined to a patch in the middle of the box
such that the sidewalls do not affect the radiating structure. This approach also allows
for excitation of all relevant radiative modes, while minimizing the simulation time, by
keeping the ground plane size small.

In summary, the following design rules need to be followed:

• A large box size compared to the wavelength .1>G = -1>G & 2_0.

• The top and bottom wall of the box are set to the ”free space” boundary condition.
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• Two layers of substrate, one lossless layer (tan X = 0) of medium thickness directly
below the metalization and one lossy, very thick layer (tan X = 1) below that.

• Co-calibrated internal ports with a floating ground connection.

• The superconductor is a metal using the general model with !B set as the surface
inductance in pH/�.

To make certain that the simulated %A03 is not affected by any other systematic errors
in the simulation, a sweep of the CPW length !2?F is performed and a linear fit through
the resulting %A03(!2?F) is used to determine the loss factor U, as shown in Fig. 2.17b).
The groundplane can be kept at a constant width for this purpose. The corresponding
internal quality factor is then given by &8 = V/(2U), with &8 = 15100 for the narrowest
line with B = F = 2 µm.

This simulation method was verified by comparing a PEC simulation (!B = 0 pH/�)
with analytical models, which found good agreement as shown in Fig. 2.17c). Additionally,
good agreement was found with simulations of superconducting CPW carried out in the
3D EM software CST [70].

Xbox

LCPW

(c)

(b)(a)

21

Vacuum

Vacuum
Sapphire (Lossless)

Sapphire (Lossy)

Stratification

Figure 2.17: (a) Sonnet box to simulate the radiation loss of a straight CPW line with inset showing the
stratification of the dielectric layers. (b) Simulated loss as function of line length for different NbTiN
CPWs where s=w (2 µm: blue; 3 µm: orange; 4 µm: green; 5 µm: red). The Straight lines are linear fits.
(c) Loss factor alpha as function of CPW line width. Sonnet-SC corresponds to the fitted values of plot
(b). Sonnet-PEC is compared to the analytical solution for a PEC CPW, showing good agreement.

Resonator loss

While a full length FPR is too large to implement in Sonnet, shorter resonators can be
simulated as shown in Fig 2.18a) to obtain the loss at a given frequency as function of mode
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number. For this purpose, the same box as in section 2.4.2 is used, but the simple straight
line is exchanged for a 2-port FPR with the couplers as given in 2.4.1 and a resonator
length such that

!A4B = =
2

2�
√
n4 5 5

(2.96)

with the resonance frequency � = 350 GHz, the dielectric constant of the line n4 5 5 and the
mode number =, which is varied from 1 to 14. The simulation for each mode number is
carried out in a small range around the resonance frequency, resulting in a (21 peak which
is dependent on mode number as shown in Fig. 2.18b) for a CPW with B = F = 2 µm.
The downshift in resonance frequency at small mode numbers, shown in Fig. 2.18b), is
due to the coupling inductance, which represents a larger fraction of the total resonator
inductance for shorter resonators. The loaded quality factor &! of the peak is given by

1

&!

=
1

&8
+

1

&2
=

1

&8,;
+

1

&8,2
+

1

&2
(2.97)

with the coupling strength &2, the internal loss of the line &8,; and the loss at the coupler
&8,2.

Both &8,2 and &2 are linear in mode number and can be expressed as &8,2 = =&8,21
and &2 = =&21, where the index 1 corresponds to the value at = = 1. This can be
intuitively understood as a reduced impact of the coupler on the resonator behaviour when
the resonator becomes longer than the wavelength. The peak height of the resonator is
given by

|(<0G21 |=
&!

&2
, (2.98)

and can therefore be used to distinguish between internal losses and the coupling strength.
Fitting &2 and &8 results in &21 = 212, &8,21 = 1307 and &8,; = 16980. As &8,; is indepen-
dent of mode number, the resonator is in a &2 limited regime for low = and transitions to
a &8,; dominated regime at high =, while &8,2 is negligible in both regimes. The obtained
value for &8,; shows good agreement with the pure line simulation of &8 = 15100 in section
2.4.2. Slight deviations between these two values are expected, as the current distributions
differ between a resonating structure and a simple straight line, thus affecting the radiating
fields.

2.5 Microwave Kinetic Inductance Detector

Microwave kinetic inductance detectors (MKIDs) were first proposed by Day et al. in
2003 [17]. An MKID is a superconducting resonator capable of efficiently absorbing pho-
tons in part of its structure. Photon absorption changes the surface impedance of the
superconductor (see section 2.1.2), causing a change in resonator parameters, as will be
shown later in this section. The superconducting resonator is coupled to a readout line
as shown in Fig. 2.19a), through which a microwave signal can be sent. When the signal
frequency differs from the resonance frequency, the signal is not affected by the resonator,
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Figure 2.18: (a) Sonnet box to simulate the radiation loss of a short Fabry-Pérot resonator, with inset
showing the stratification of the dielectric layers. (b) Simulated (21 for different resonator lengths, corre-
sponding to different mode numbers =. (c) Quality factors extracted from the peaks in figure b shown as
points with fits for &8 and &2 shown as lines.

resulting in unity transmission |(21 |= 0 dB. For frequencies close to the resonance fre-
quency, power is reflected back to the input port, resulting in a lorentzian transmission dip
in |(21 |. MKIDs can be easily multiplexed in frequency domain by ensuring a resonance
frequency spacing of the different MKID resonators as shown in Fig. 2.19. In this case
each MKID can be probed by a signal or tone corresponding to its resonance frequency
since this tone is not affected by the other MKIDs.

2.5.1 Response

In a dark environment, where no photon absorption occurs, the superconducting resonator
has a certain resonance frequency 50 and loaded quality factor &!. For a quarter-wave
resonator,

50 =
2

4;
√
n B2
4 5 5

=
1

4;
√
!;�;

(2.99)

where ; is the resonator length and n B2
4 5 5

is the effective dielectric constant given by Eq. 2.36,

while !; and �; are the inductance and capacitance per unit length. If a photon with energy
higher than the bonding energy of a Cooper pair, 2∆, is absorbed in the superconductor,
it can break a Cooper pair, creating a number of quasiparticles proportional to the photon
energy. Since the complex conductivity depends on the Cooper pair and quasiparticle
densities, the absorbed photon will cause a change in complex conductivity which can be
derived in the limit of :), ℎ̄l < 2∆ by combining Eqns. 2.21 and 2.22 with Eq. 2.9 to
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Figure 2.19: (a) Circuit schematic of a superconducting quarterwave resonator in parallel to the microwave
transmission line. The resistance and inductance change when a photon is absorbed. (b) Microwave
transmission between ports 1 and 2 for the shown circuit containing four MKIDs in a frequency multiplexing
scheme.

give [53]

3f1

3=@?
' f#

1

#0ℎ̄l

√
2∆0

c:�)
sinh

(
ℎ̄l

2:�)

)
 0

(
ℎ̄l

2:�)

)
, (2.100)

3f2

3=@?
' f#

−c
2#0ℎ̄l

[
1 + 2

√
2∆0

c:�)
exp

(
−ℎ̄l
2:�)

)
�0

(
ℎ̄l

2:�)

)]
(2.101)

with f# is the normal state conductivity, ∆0 the superconducting energy gap at ) = 0
and �0 and  0 the modified Bessel functions of the first and second kind. l = 2c 5 , where
5 is the resonance frequency of the MKID. Note that the change in quasiparticle density
=@? is expressed as a change in temperature, where the relation between temperature and
=@? is given by Eq. 2.9. The change in f1 and f2 causes a shift in resonance frequency
X 50 which is given by

350

3#@?
=
U: V 50

4|f |+
3f2

3=@?
(2.102)

and a decrease in the intrinsic quality factor &8, given by

3(1/&8)

3#@?
=

U: V

2|f |+
3f1

3=@?
(2.103)

where + is the volume in which =@? is changed, #@? = =@?+ is total number of quasiparticles

in said volume, U: is the kinetic inductance fraction of Eq. 2.35 and V = 1 + 23/_
sinh(23/_)

with

the penetration depth _ and film thickness 3 (V = 2 for thin films where 23 < _). f1 and
f2 are given by Eq. 2.17 and Eq. 2.18 respectively. Fig. 2.20a) demonstrates the changing
resonator behaviour due to an increase in quasi-particle density. With increasing =@? the
resonance frequency shifts to lower frequencies and the transmission dip depth decreases.
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(a) (b)

dA
dθ

Figure 2.20: (a) Resonance dip of an MKID as function of quasiparticle density =@?. The dotted line shows
the change in transmission for a readout tone located at the resonance frequency at =@? = 8. (b) Resonance
circles in the complex plane corresponding to the resonance dips in the left figure. The amplitude and
phase response of Eqns. 2.104 and 2.105 as function of =@? are shown by the dotted line using the center
of the resonance circle for =@? = 8 as reference point.

Although the magnitude of transmission |(21 | gives a good indication of the resonators
response, it is more convenient to use the resonance circle in the complex plane for readout
as shown in Fig. 2.20b). In this case, the response due to a changing quasiparticle density
is given by [71] as a change in amplitude

3�

3#@?
= −U: V&;|f |+

3f1

3=@?
(2.104)

and phase
3\

3#@?
= −U: V&;|f |+

3f2

3=@?
. (2.105)

Here, &; is assumed to be constant. Phase response is usually the preferred read-out
method as it is larger than the response in amplitude (see Fig. 2.21) and, in contrast to
amplitude response, monotonic with power as can be understood from Fig. 2.20.

2.5.2 Noise

Various noise sources must be considered to understand the noise spectrum of an MKID.
The individual contributions will be introduced in the following section and can be broadly
separated into three different categories:

• Fundamental to pair-breaking detection - generation-recombination (GR) noise.

• Fundamental to detecting thermal radiation - photon noise.

• Non-fundamental sources, either of the detector or the microwave readout - two-level
system(TLS) noise and amplifier noise.
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Figure 2.21: Amplitude and phase responsivity for an example MKID at operating temperature ) ≈ )2/10.

Non-fundamental sources deteriorate detector performance and should therefore be reduced
to negligible levels.

Generation-Recombination Noise

Generation-recombination (GR) noise is the result of the dynamic equilibrium between
Cooper pairs and quasiparticles inside a superconductor [72] [65]. Both generation by
phonons and recombination are Poissonian processes in which the variance is determined
by the number of quasiparticles in the superconductor. The power spectral density in
amplitude (G = 0) or phase (G = \) is given by [65]

(G,�' =
4#@?g@?

1 + l2g2
@?

(3G/3#@?)
2

1 + l2g2
A4B

(2.106)

where gA4B is the ring time of the MKID resonator and 3G/3#@? is the response in amplitude
or phase given by Eqns. 2.104 and 2.105 respectively. The GR noise level is effectively
constant due to #@? ∝ 1/g@?. For aluminium based resonators operating at ∼ 5 GHz, the
roll off is given by the quasiparticle lifetime as g@? � gA4B.

Photon Noise

Photon noise is only present under optical load and is due to the random arrival rate of
photons at the detector, which is a fundamental property of thermal radiation sources. It
is therefore the fundamental noise source for any power integrating detector. The PSD is
given by [65]

(% = 2%A03 ℎ̄l(1 + [>?C$) (2.107)

where %A03 is the average radiation power and (1 + [>?C$) is the correction to Poissonian
statistics due to photon bunching for a single mode, with $ the mode occupation. [>?C is
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the optical efficiency, which is the fraction of %A03 that is absorbed in the MKID.

System Noise

Although not a inherent noise source of the MKID, the system noise can limit the perfor-
mance of the detector. System noise has a white PSD, which is related to the system noise
temperature )=>8B4 as [65]

(BHBC4< =
4:�)=>8B4
%A403

(
1 +

&2

&8

)2

. (2.108)

where %A403 is the microwave readout power in the feedline near the MKID. For a well
designed readout system the system noise temperature is limited by the low-noise cryogenic
amplifier and is therefore commonly referred to as amplifier noise. The second term in Eq.
2.108 corrects for the MKID dip depth. To reduce the effect of the system noise, a low
&2/&8 ratio is favorable. However, reducing &2 in order to reduce (<8=21 also reduces the
responsivity of the resonator. Hence, the typical ideal case is &2 = &8, which corresponds
to (<8=21 = −6 dB.

Two-level Sytem Noise

Two-level sytem (TLS) noise is the result of random fluctuations of TLSs in a dielectric
material (see section 2.2.3), which can be understood as a fluctuation of the effective
dielectric constant n4 5 5 . As a result, it is only present in the frequency or phase response
of an MKID, and not in amplitude. The noise spectrum has a characteristic slope of
()!(,\ ∝ l−0.5 and is reduced for larger readout signals ()!(,\ ∝ %−0.5

A403
[73]. In a CPW

resonator, TLS noise can be reduced by using wider lines, with a dependency of ()!(,\ ∝
F−1.6
C>C [74].

The absolute level of the PSD does depend strongly on the MKID geometry, readout
power and the properties of the dielectric materials and surface layers. However, using
empirical reference values, the universal behaviour can be used to express the PSD as:

()!( = (A4 5 ,<4C0;

(
,

,A4 5

)−1.6 (
%

%A4 5

)−0.5 (
�

�A4 5

)−0.5 ∫ !'4B

0
cos3

(
;

!A4B
c/2

)
X; (2.109)

where (A4 5 ,<0C is the reference value for a given material combination given at the power
%A4 5 = −40 dB m, noise frequency �A4 5 = 1 kHz and CPW width ,A4 5 = 7 µm (with
F = 2 µm and B = 3 µm). The integral takes into account the dependence on the varying
electric field strength along the resonator length !A4B.

2.5.3 Hybrid Design

The hybrid MKID consists of two sections, a narrow hybrid section with an Al center line
and NbTiN ground planes and a wide NbTiN section as shown in Fig. 2.22 [36]. Making
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Figure 2.22: Hybrid MKID picture.

the hybrid section narrow decreases the active volume + , which increases the detector
sensitivity (see Eq. 2.105). Al is chosen because of the following properties:

• Favourable energy gap frequency of roughly 90 GHz. The gap frequency of the super-
conductor determines the frequency to which the detector is sensitive. The MKID
is designed for the far infrared frequency range, 5 > 300 GHz, which requires a gap
frequency lower than 300 GHz.

• Aluminium based MKIDs have been proven experimentally to be the most sensitive
MKIDs [36].

The narrow Al section is placed at the shorted end of the resonator, where the current and
consequently the MKIDs sensitivity to changes in =@? is maximum. The section length is
such that > 90 % of incoming power is absorbed.

Unfortunately a narrow Al section suffers from TLS noise. This becomes evident in
a pure Al MKID as shown in Fig. 2.23, where the phase noise is dominated by TLS.
To decrease the the TLS noise of the MKID, the second section is made wider and from
NbTiN, which has a lower level of TLS noise (see 2.5.2). This section is placed at the
coupled open end of the resonator, where the electric field is strongest and the TLS noise
would thus be maximum. As a result, the total TLS contribution to the phase noise is
reduced to a point where the fundamental generation-recombination noise is dominant, as
shown in Fig. 2.23b).
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(a) (b)

Figure 2.23: (a) Noise spectrum in amplitude and phase of a CPW MKID made of only aluminum. Figure
from de Visser [65]. (b) Noise spectrum in amplitude and phase of a hybrid MKID. The model values are
retrieved from a-priori calculations based on the hybrid MKID geometry and response data.

2.6 Optical Efficiency

The response and noise of the MKID discussed in section 2.5, is a measure of the power
%01B absorbed in the MKID. However, the usual quantity of interest is the power %B>DA24
emitted by a given source. As such, any losses on the quasi-optical path between source
and MKID need to be quantified and calibrated to relate %01B to %B>DA24. This is generally
done by defining efficiencies for various aspects of the quasi-optical path, which can then
be multiplied together to obtain a total system efficiency

[C>C = [1 · [2 · ... · [=. (2.110)

Of particular interest here is the optical efficiency [>?C , which characterizes the per-
formance of the horn or lens-antenna coupling radiation to the MKID. In the following
section, the definition for [>?C as used in this thesis is given, and a calibration method is
shown.

Measuring [>?C requires a well defined power source. Figure 2.24 shows a simplified
setup, where an incoherent blackbody emitter is coupled to a lens-antenna through a lim-
iting aperture defining the opening angle Ω, and a filter stack with a frequency dependent
transmission �(a).

In the case of a single polarized system, achieved by adding a polarizer to the setup or
using a single polarized antenna, %01B can be related to %B>DA24 by using [75]:

%01B = [>?C(a)%(>DA24 (2.111)

=
1

2

∫
∆a
[>?C(a)�a_

2�(a)3a (2.112)
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Filter F(ν)
and Polarizer

Blackbody Radiator
(T)

Lens-antenna

Aperture

Figure 2.24: Simplified schematic to calibrate the optical efficiency of a lens-antenna. The blackbody
with temperature ) is coupled to the lens-antenna via a polarizer and filters with total transmission �(a).
An aperture is located between blackbody and lens-antenna without significantly restricting the beam
from the antenna. Not shown is the detector coupled to the lens-antenna. The schematic of a complete
experimental setup is shown in Fig. 3.9.

where

�)(a) =
a2

22

2ℎa

exp( ℎa
:�)
− 1)

(2.113)

is the spectral brilliance of the thermal radiator given by Planck’s law at the known source
temperature ) , �(a) is the transmission through the filter stack and _2 is the throughput
for a single moded antenna [76]. Note, that %B>DA24 is defined as the power from the radiator
in front of the lens, i.e. filtered in frequency, single polarized and single moded.

The term [>?C(a) is the optical coupling efficiency between the source and the detector
and is generally frequency dependent. It contains multiple effects, which can be separated
to first order into spillover- and radiation efficiency [>?C(a) = [B>(a)[A03(a). [B> describes
the spillover between the lens-antenna beam and the limiting aperture of the source while
[A03 describes the fraction of power which is absorbed in the MKID. [A03 is the product
of several terms which can typically all be obtained from simulations using commercial
software such as CST microwave studio:

• [?>; . The polarization efficiency describing the polarization purity of the lens-antenna.

• [A4 5 ;42C8>=. The reflection efficiency describing how much power is reflected at the lens
surface.

• [�C�. The front-to-back ratio of the antenna.

• [<0C2ℎ. The impedance matching efficiency between antenna feed and the MKID line.

• [�%, . The fraction of power which is absorbed in the Al center line of the MKID.

The absorbed power %01B cannot be measured independently from [>?C . However, it
is possible to obtain the optical efficiency via the detector’s experimental noise equivalent
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power (#�%4G?), taken at a reference frequency 5A4 5 if the MKID is known to be photon
noise limited. This is the case when [36]:

• The noise spectrum is white with a roll-off frequency given by the inverse of the
quasiparticle lifetime. I.e. the roll-off increases in frequency with increasing power.

• The noise spectrum changes significantly when the detector is going from a dark state
to an illuminated state.

#�%4G?(%B>DA24, 5A4 5 ) =
√
(\( 5A4 5 )

(
3\

3%B>DA24

)−1

= [>?C

√
(\( 5A4 5 )

(
3\

3%01B

)−1

(2.114)

where the phase noise (\ and phase responsivity 3\
3%01B

are the measurables in the experi-
ment. For a photon-noise limited detector, the NEP at the detector is given by

#�%2
Cℎ4>AH(%B>DA24) = #�%2

%>8BB>= + #�%2
�D=2ℎ8=6 + #�%2

' (2.115)

=

∫
2[>?C%B>DA24,aℎa3a +

∫
2[2

>?C%B>DA24,aℎa�(a)$a3a +

∫
4[>?C%B>DA24,a

∆

[?1
3a

(2.116)

where $a = 1
exp(ℎa/:�))−1

is the photon occupation number defined at the blackbody

emitter, ∆ is the superconducting bandgap energy and [?1 ≈ 0.47 the pair-breaking effi-
ciency [77]. Note that the bunching term #�%2

�D=2ℎ8=6
depends on [2

>?C , due to the reduced
photon density at the detector affecting the bunching effect.

In the case of a narrow bandwidth, the optical efficiency can be assumed constant and
can be taken out of the integral. One can then solve for [>?C(a0) at the band’s center
frequency a0 by equating Eqns. 2.114 and Eqns. 2.115

[>?C(a0) =

∫
2%B>DA24,aℎa3a +

∫
4%B>DA24,a

∆
[?1
3a

#�%2
4G?(%B>DA24, 5A4 5 ) −

∫
2%B>DA24,aℎa�(a)$a3a

(2.117)



Chapter 3

Experimental Background

In the following chapter, the required experimental methods for the different measurement
types carried out during the course of this thesis are discussed.

Section 3.1 provides an overview of the fabrication paths for three chip types: The
MKID-coupled leaky-lens antenna used in chapter 5, the co-planar waveguide (CPW)
Fabry-Pérot resonator used in chapter 6 and the microstrip Fabry-Pérot resonator used
in chapter 7. The process documents for each chip are provided in Appendix A for de-
tailed information.

Section 3.2 discusses the laboratory setup used for the measurement of terahertz spec-
tra.

Section 3.3 discusses the laboratory setups used for the characterization of antennas,
specifically beam patterns and optical efficiency.

Section 3.4 provides detailed information on the multiplexed microwave readout elec-
tronics used in all measurements.

3.1 Fabrication

3.1.1 Leaky-Lens Antenna

Figures 3.1a)-e) show images of the fabricated chip. The slot of the leaky-lens antenna is
located on a SiN membrane and coupled directly to the shorted end of a hybrid MKID
made of an Al center line and NbTiN ground plane as shown in Fig. 3.1c). The images
are front- and backside illuminated, clearly showing the membrane border in Fig. 3.1d).
In Fig. 3.1e), the transition from hybrid to wide NbTiN section in the MKID is shown, as
well as the removal of the SiN below the NbTiN section. A microwave readout line with Al
bridges is meandering between the antenna coupled MKID and two blind reference MKIDs
(see Fig. 3.1a)). The full chip has a size of 20 × 20 mm2.

The stratification for various elements of the leaky-lens antenna chip during processing
is shown in Fig. 3.2. Processing occurs both on the device side (containing the antenna
and MKID) and the backside of the wafer. For the detailed process flow document, see
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Figure 3.1: (a) Picture of the antenna and MKID area of the chip, taken with front- and backside illumi-
nation. The blue dotted line shows the outline of the SiN membrane. Areas marked with black rectangles
correspond to Zoom-ins shown in subfigures b), d) and e) as indicated. (b) Zoom-in of the antenna slot.
(c) Further zoom-in on the hybrid CPW of the MKID coupling to the antenna slot. The MKID is shorted
by the Al center line running on top of the NbTiN ground plane, providing a galvanic connection. (d)
Zoom-in of the membrane edge. (e) Zoom-in of the transition between the hybrid and NbTiN sections of
the MKID.

Appendix A.1. Unless stated otherwise, all processing was done at the cleanroom of SRON
(Netherlands Institute for Space Research) in Utrecht. The major steps shown in Fig. 3.2
are given as follows:

1. The fabrication process starts with a 375 µm thick 4-inch Si wafer (dielectric constant
nA = 11.44) coated on both sides with a 1 µm thick, low tensile stress (∼ 250 MPa)
SiN layer (nA = 7), deposited using low pressure chemical vapor deposition (LPCVD).

2. The SiN on the front side is etched with reactive ion etching (RIE) using 35 % SF6

and 65 % O2 to create a sloped edge.

3. A 350 nm thick, virtually stress free NbTiN layer is deposited on the front side using
reactive sputtering of a NbTi target in a Nitrogen-Argon atmosphere. The process
was carried out in a Nordiko 2000 machine in the cleanroom of Kavli Nanolab at the
TU Delft [78]. The film has a critical temperature )2 = 14.9 K and a resistivity of
d= = 130 µΩ cm.

4. The NbTiN layer is patterned to form the antenna slot, MKID sections and the
microwave readout line. It is then etched using the recipe of step 2.

5. A 40 nm thick layer of V-phase Ta ()2 ≈ 0.6 K) is deposited on the front side.

6. The Ta layer is patterned and etched to form an absorbing mesh.
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Figure 3.2: Stratification of the leaky-lens antenna chip at each step of the fabrication process. The cross-
section shows various important structures, from left to right: The V-Ta absorbing mesh, the SiN membrane
with the antenna and the hybrid MKID section, the wide NbTiN MKID section and the microwave readout
line with Al-Polyimide bridges.

7. A 1 µm thick layer of polyimide LTC9505 is spin coated on the wafer.

8. The polyimide layer is patterned and cured into dielectric supports for the bridges
along the microwave readout line.

9. A 50 nm thick layer of Al ()2 = 1.25 K) is deposited.

10. The Al layer is patterned to form the hybrid MKID center line and bridges along the
microwave readout line. The layer is wet etched using TechniEtch Al80 Al etchant
(Microchemicals GmbH ).

11. The backside SiN is patterned and etched to create a hard mask for the Si removal
in the next step.

12. The Si wafer is etched in a KOH bath to create the membrane opening from the
backside. The front side is protected with a commercial protection tool.

13. A 40 nm thick layer of V-phase Ta is deposited on the backside analogous to step 5.

14. The Ta layer on the backside is patterned and etched analogous to step 6.
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The leaky-lens antenna requires a 14 µm small gap between the planar antenna slot and
the silicon of the lens on top of the slot. This is realized using a separate, 350 µm thick Si
wafer as a spacer. This wafer is coated with 1 µm thick, LPCVD deposited SiN on both
sides. The SiN is patterned and etched to create a hard mask, followed by a short, 14 µm
deep KOH etch to create the required gap depth at the antenna location.

The device chip, containing the antenna and MKIDs, is placed in a gold-plated copper
holder, where it is fixated with small copper clamps pressing on the sides of the chip. Then
the spacer wafer and lens are mounted using a procedure descripted in chapter 5. Finally,
Al wire bonds are used to connect the microwave readout line to a PCB circuit board on
the holder which ends in an SMA-connector.

3.1.2 Co-Planar Waveguide Fabry-Pérot

50 μm 50 μm

Antenna

FP
MKIDs

GH
z R

ea
do

ut
Al

(a)

(b) (c) (d)

Couplers

Figure 3.3: (a) Image of the chip center with the tapered antenna slot to the left and the MKID running
along the center, coupled to the readout line at the right side. Additional blind MKIDs are located on the
top and bottom. (b) The leaky wave slot of the antenna on the SiN membrane. (c) Coupling structure
to the narrow section of the MKID. The Al center line is shorted via a galvanic connection to the NbTiN
ground plane. (d) Narrow MKID section at the membrane edge, marked by the dashed blue line. The 1 `m
thick SiN membrane is transparent and therefore appears slightly blue in the back and front illuminated
picture. Below the dashed line, the MKID continues on the SiN layer with Si substrate below. (e) The
transition between narrow and wide section of the MKID.

A schematic of the CPW Fabry-Pérot(FP) chip used in chapter 6 is shown in Fig.
3.3a). In this design, a NbTiN CPW FP resonator terminates in two identical coupling
structures shown in Figs. 3.3c)-d). One side connects to a double-slot antenna (see Fig.
3.3b), while the other end is connected to the Al-NbTiN section of a quarter-wave hybrid
MKID (see section 2.5). The FP-coupled MKID, as well as three other blind resonators,
are connected to a CPW microwave readout line with Al/Polyimide bridges to balance
the CPW ground planes. The chip section containing the MKIDs is separated from the
antenna by a labyrinth to reduce incoming stray light. A Ta-mesh on the chips backside
further reduces stray light to the detectors. The full chip has a size of 42G14 mm2. This
chip is fabricated on a Sapphire substrate instead of Silicon as it was based on previous
chip and MKID designs.
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Figure 3.4: Stratification of the co-planar waveguide Fabry-Pérot resonator chip (used in chapter 6) at
each step of the fabrication process. The cross-section shows various structures relevant to processing,
from left to right: The hybrid MKID section, the wide NbTiN MKID section and the microwave readout
line with Al-Polyimide bridges.

The stratification for various elements of this chip during processing is shown in Fig.
3.2 analogous to section 3.1.1. For the detailed process flow document, see Appendix A.2.
The major steps, as shown in Fig. 3.4 are given as follows:

1. The fabrication process starts with a 350 µm C-plane Sapphire wafer (n�A = 11.5, n ��A =
9.3).

2. A 100 nm thick NbTiN layer ()2 = 14.7 K, d= = 102 µΩ cm) is deposited on the front
side using reactive sputtering of a NbTi target in a Nitrogen-Argon atmosphere. The
process was carried out in a Evatec LLS801 machine in the cleanroom cleanroom of
SRON in Utrecht using the static deposition method as detailed by Thoen et al. [78].

3. The NbTiN layer is patterned to form the antenna slot, the Fabry-Pérot resonator
line, MKID sections and the microwave readout line. It is then etched with reactive
ion etching (RIE) using 35 % SF6 and 65 % O2 to create a sloped edge.

4. A 1 µm thick layer of polyimide LTC9505 is spin coated on the wafer.

5. The polyimide layer is patterned and cured into dielectric supports for the bridges
along the microwave readout line.

6. A 40 nm thick layer of Al ()2 = 1.28 K) is deposited.

7. The Al layer is patterned to form the hybrid MKID center line and bridges along the
microwave readout line. The layer is wet etched using TechniEtch Al80 Al etchant
(Microchemicals GmbH ).

8. A 40 nm thick layer of V-phase Ta ()2 ≈ 0.6 K) is deposited on the backside.
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9. The Ta layer on the backside is patterned and etched to create an absorbing mesh.

The finished chip is mounted in a gold-plated copper holder, where it is fixated with
small copper clamps pressing on the sides of the chip. An 8 mm diameter Si lens is aligned
using a microscope based, homemade tool and then glued to the backside of the chip
using Loctite 406 cyanoacrylate glue. Markers are located in backside Ta-layer to aid with
alignment. Al wire bonds are then used to connect the microwave readout line to a PCB
circuit board on the holder which ends in an SMA-connector.

3.1.3 Microstrip Fabry-Pérot

This chips concept is based on that of the CPW-FP chip shown in Fig. 3.3a), exchanging
the CPW-FP resonator for a microstrip FP resonator, while keeping everything else as
CPW. For a more detailed schematic see Fig. 7.1 in chapter 7. Microstrip structures are
made of NbTiN/a-Si/NbTiN, where the lower NbTiN layer contains the CPW elements of
the chip.
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Figure 3.5: Stratification of the microstrip Fabry-Pérot resonator chip (used in chapter 6) at each step
of the fabrication process. The cross-section shows various structures relevant to processing, from left
to right: The microstrip structures, The hybrid MKID section, the wide NbTiN MKID section and the
microwave readout line with Al-Polyimide bridges.

The stratification for various elements of this chip during processing is shown in Fig.
3.2 analogous to section 3.1.1. For the detailed process flow document, see Appendix A.3.
The major steps, as shown in Fig. 3.5 are given as follows:
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1. The fabrication process starts with a 375 µm thick 4-inch Si wafer (dielectric constant
nA = 11.44) coated on both sides with a 1 µm thick, low tensile stress (∼ 250 MPa)
SiN layer (nA = 7), deposited using low pressure chemical vapor deposition (LPCVD).

2. The SiN on the front side is etched with reactive ion etching (RIE) using 35 % SF6

and 65 % O2 to create a sloped edge.

3. A 220 nm thick NbTiN layer ()2 = 14.7 K, d= = 102 µΩ cm) is deposited on the front
side using reactive sputtering of a NbTi target in a Nitrogen-Argon atmosphere. The
process was carried out in a Evatec LLS801 machine in the cleanroom cleanroom of
SRON in Utrecht using the static deposition method as detailed by Thoen et al. [78].

4. The NbTiN layer is patterned to form the antenna slot, the Fabry-Pérot resonator
line, MKID sections and the microwave readout line. It is then etched using the same
recipe as step 2.

5. A 250 nm thick a-Si layer nA ≈ 10. is deposited using plasma enhanced chemical vapor
deposition (PECVD). This process was carried out in the cleanroom of the KAVLI
institute at the TU Delft.

6. The a-Si layer is patterned and etched, defining the dielectric layer of the microstrip
using the same recipe as step 2. As the process is not selective against NbTiN,
the lower NbTiN will experience overetch in places where a-Si is removed. This is
accounted for in the chosen NbTiN layer thickness during the design process.

7. A second NbTiN layer of 100 nm is deposited using the same process as step 3.

8. The NbTiN layer is patterned and etched to form the microstrip line using the same
process as step 2. Overetch will occur analogous to step 6, which is also accounted
for during the design process.

9. A 1 µm thick layer of polyimide LTC9505 is spin coated on the wafer.

10. The polyimide layer is patterned and cured into dielectric supports for the bridges
along the microwave readout line.

11. A 50 nm thick layer of Al ()2 = 1.28 K) is deposited.

12. The Al layer is patterned to form the hybrid MKID center line and bridges along the
microwave readout line. The layer is wet etched using TechniEtch Al80 Al etchant
(Microchemicals GmbH ).

13. A 40 nm thick layer of V-phase Ta ()2 ≈ 0.6 K) is deposited on the backside.

14. The Ta layer on the backside is patterned and etched to create an absorbing mesh

The final chip is then mounted in the holder using the procedure for the CPW Fabry-Pérot
given in section 3.1.2, only exchanging the single lens for a 2x2 Si lens-array with 2 mm
lens-diameter
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3.2 Terahertz Spectrum Measurement
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Beamspli�er
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Figure 3.6: Picture of the room temperature setup for terahertz spectrum measurements, showing the
arrangement of the photomixer diode (blue), beamsplitter (red) and the polarizer (yellow) mounted on
the cryostat window. Also shown are the two lasers (green) and the control electronics (turquois) for both
the lasers and photomixer diode. The control unit is accessed remotely via a PC.

Transmission spectra of superconducting transmission line Fabry-Pérot resonators (FPR)
in this thesis are measured using the setup shown in Fig. 3.6. A chip containing a lens-
antenna, FPR and MKID detector(s) is placed on the cold stage of a cryostat, where both
FPR and MKIDs are at ) ≤ )2/10. At room temperature, a frequency-tunable terahertz
source is located, which is coupled to the FPR via windows in the cryostat and the lens-
antenna on the chip. In the experiment, the frequency of the THz source is changed in
discrete steps and the response of the MKID is measured for each individual frequency.
Repeating this for a linear frequency sweep gives the spectral response. The separate
components of this experiment are given as follows.

Cryostat

Two different cryostats were used during the experiments. A dilution refridgerator operated
at a base temperature of )1 = 120 mK and a He3/He4 sorption cooler with )1 = 240 mK.
The design of the optical access, which was used in both cryostats, is described in detail in
chapter 4. For the measurements in chapters 6 and 7, a frequency band around 350 GHz
with > 20 dB out-of-band suppression is defined.
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Terahertz Source

For this thesis, a commercial photomixer continuous wave (CW) source was used (TER-
ABEAM 1550 TOPTICA Photonics AG). The source provides a linear polarized, single
frequency signal that is tunable between 5CℎI = 0.1 − 1.2 THz with a minimum step size of
∼ 10 MHz and an absolute frequency accuracy of < 2 GHz. A beam splitter is placed in
front of the source, attenuating the signal by ∼ 95 % to avoid saturation of the MKIDs.

Data Analysis

During measurements, the amplitude of CW source is electrically modulated with a mod-
ulation frequency of 5<>3 = 11.92 Hz, providing a roughly sinusoidal signal

%B>DA24 = %<0G( 5CℎI) sin2(2c 5<>3C) (3.1)

where %<0G is the maximum output power at the set signal frequency 5CℎI.
At each frequency step, the MKID response is measured for C = 1 s at a sampling rate

of 5B0<?;4 ≈ 159 Hz, resulting in time-ordered data (TOD) as shown in Fig. 3.7a). The
response - (where - can be phase, amplitude or frequency response) is proportional to
the source power as

- 5CℎI(C) ∝ [( 5CℎI)%B>DA24
3-

3%
(3.2)

where [( 5CℎI) is a generalized frequency dependent efficiency describing the path between
the source and detector, and 3\

3%
is the responsivity of the detector as given in chapter

2.5.1. The spectrum of the device under investigation (i.e. the Fabry-Pérot resonator) is
contained within [( 5CℎI).

The TOD data of the full frequency sweep is then analysed using a Python script. For
each frequency step, a fast fourier transform (FFT) is performed to obtain the response in
the frequency domain

-̂ 5CℎI( 5 ) = F (- 5CℎI(C)), (3.3)

resulting in a spectrum as shown in Fig. 3.7. The response at the frequency bin correspond-
ing to 5CℎI then corresponds to the signal strength at the measured terahertz frequency

-( 5CℎI) = -̂( 5<>3). (3.4)

Combining -( 5CℎI) of all measured frequency steps then provides the full spectrum as shown
in Fig. 3.7.

3.3 Antenna Characterization

3.3.1 Beam Pattern Measurement

Beam pattern measurements were carried out in the Cryolab in the EKL (Else Kooi Lab) at
the TU Delft using the setup shown in Fig. 3.8. The cryogenic setup is identical to that of
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Figure 3.7: (a) Time domain data for a Fabry-Pérot resonator measured at two different terahertz fre-
quencies 5CℎI = 349 GHz (on-peak of the Fabry-Pérot resonator) and 5CℎI = 354 GHz (off-peak of the
Fabry-Pérot resonator). (b) Frequency domain data of the data shown in subfigure a) using eq. 3.3.
The modulation frequency 5<>3 is shown by the dotted line. (c) Response as function of 5CℎI . The Full
spectrum of the measured device is shown by black line. The values at the frequencies shown in subfigures
a) and b) are highlighted by the red and blue dot.

the terahertz spectrum measurements (using the He3/He4 sorption cooler), while exchang-
ing the photomixer source with a hot source (Scitec Hawkeye IR-19 glowbar operated at
) ≈ 1150 K) which is mounted on an XYZ-scanner at room temperature. Blackened plates
are used to avoid reflections interfering with the measurement. Three different frequency
bands with center frequencies around 350 GHz, 650 GHz and 850 GHz can be measured
by changing the filterstack located in the cryostat. The full source assembly is located on
a movable optical table, which can be easily exchanged for a separate table containing a
different measurement setup.

A beam pattern is obtained by stepping the source through the antennas field of view in
a 2D plane, measuring the detector response at each position. Data analysis is then carried
out analogous to the terahertz spectrum experiment, but using a mechanical chopper to
modulate the signal at 5<>3 = 254 Hz, as electronic modulation of the hot source is not
feasible.

A complete discussion of the setup during the characterization of the leaky-lens antenna
is given in chapter 5. The design of the optical access for the cryostat was carried out as
part of this thesis and details on it and the cryostat are given in chapter 4.
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Figure 3.8: (a) Close-up picture of the source assembly, showing the chopper motor (orange) and the
glowbars casing purple. Also indicated is the location of the large blackened plate - Plate A (turquoise).
(b) Wide-angle picture of the source-scanner assembly backside. The axes of the scanner are indicated with
red arrows, and the backside of the large blackened plate - plate A - in turquoise. (c) Wide-angle picture
of the source-scanner assembly frontside, highlighting the two blackened plates - plate A (turquoise) and
plate B (blue).

3.3.2 Optical Efficiency Measurement

Optical efficiency measurements for the leaky-lens antenna (see chapter 5) were carried
out at SRON (Netherlands Institute for Space Research) in Utrecht. The cryogenic setup,
shown in Fig. 3.9, was previously used for measurements at frequency bands around
1.54 THz [79], 350 GHz [36] and 850 GHz [75]. For this thesis, the setup was kept identical
to these experiments, with the addition of a filterstack centered at 650 GHz, resulting in
the three measurement bands shown in Fig. 3.9.

In this experiment, the optical efficiency is obtained via a measurement of the detector’s
noise equivalent power (NEP) as shown in section 2.6. This method requires a well defined
power source with negligible stray light contributions. To this end, the device chip is placed
in a box-in-box setup on the cold stage of the adiabatic demagnetisation refridgerator
(ADR) at 120 mK as shown in Fig. 3.9, shielding the device from the black-body emission
of the cryostats 3K-stage. A small aperture is then opened in the box towards a black-body
source which is tunable between 3−40 K using a resistive heater. A well-defined filter stack
between the source and the device chip then selects a single frequency band, resulting in a
well known source power after filter transmission, given by Eq. 2.112.
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Figure 3.9: Schematic cross-section showing the cold stage of the cryogenic setup used for optical efficiency
measurements. The detector is located on the 120 mK finger and surrounded by a 120 mK box, reducing
emissions A blackbody can be heated with a PID-controlled resistive heater, to obtain temperatures
between 3 − 40 K. Multiple low- and bandpass filters, located between blackbody and detector, define the
desired frequency band. (Inset) The Inset shows the filter transmission for the three used filter stacks with
solid lines (350 GHz, 650 GHz, 850 GHz), as well as the normalized spectral brightness of the blackbody
source at 3 K and 25 K with dashed lines. (Figure after [65])

3.4 Readout Electronics

The microwave response of the MKIDs is measured using a microwave setup as shown
in Fig. 3.10, containing electronics at room temperature and in the cryostat. Frequency
domain multiplexing (MUX) is implemented using the SPACEKIDS readout system [80]
controlled by a PC running Linux.

In the DAC board, a complex IQ signal is generated using 2 separate DACs, each
at 2 Gsample/sec (see 3.1). After passing through a low-pass filter, the IQ components
are mixed in an IQ-mixer with a local oscillator(LO) signal as reference, which is also
generated in the SPACEKIDS electronics. In this step the 2 DAC ouputs are added in
I and Q such that they create a −1 to +1 GHz signal band around the LO frequency.
This signal can contain up to 4000 tones at discrete frequencies at multiples of 3.8 kHz,
where the magnitude of each tone can be adjusted separately. The LO is tunable between
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Figure 3.10: Schematic of the microwave readout electronics. The red box highlights the components in
the SPACEKIDS system, while the blue box highlights cryogenic components

5 − 7 GHz, resulting in a readout frequency (RF) signal of 2 GHz bandwidth anywhere in
the range of 4−8 GHz. The signal is then amplified and subsequently attenuated to obtain
the desired output power. The microwave signal is then fed to the cryostat through flexible
SMA cables and via a DC block, which separates the ground of the cryostat from the room
temperature electronics.

In the cryostat, the signal is attenuated by 20 dB at the 3K stage and 10 dB at the
1K stage, to reduce Johnson-Nyquist (thermal) noise from the previous stages. Additional
1 dB attenuators are placed at the other stages to thermalize the cables. from 300 K to
the 3K stage CuNi coax cables are used, with superconducting NbTi cables from the 3K
stage down to the cold stage to avoid signal losses. At the cold stage, a DC block is used
to interrupt the galvanic connection to the sample before the signal is fed to the sample.
Total attenuation between the MUX and the sample including cable loss is ∼ 38 dB.
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DAC ADC
Model AD9129 EV10AQ190
Manufacturer Analog Devices E2V
Resolution 14 bits 10 bits
Sample rate 2 GS/s 2 GS/s
Effective number of bits - 7.9 bits
SNR (max sine wave) - 49 dB
Noise spectral density (n=1) -165 dBc/Hz -142 dBc/Hz
Noise spectral density (n=1000) -121 dBc/Hz -98 dBc/Hz

Table 3.1: DAC and ADC specifications. (After [80])

The output signal is amplified with a low-noise high-electron-mobility transistor (HEMT)
amplifier mounted on the 3K stage with a noise temperature of 5 − 6 K and an amplifi-
cation of ∼ 35 dB (Y214G-1012 Observatorio de Yebes). Attenuators and DC-blocks are
used analogous to the input path to thermalize the cables. At 300K, the signal is fed back
to the MUX electronics.

In the SPACEKIDS input, the signal is amplified by a combination of a tunable attenu-
ator followed by an amplifier, with an additional optional amplifier which can be switched
in front of the attenuator if the input signal is too weak. This combination is referred to
as a tunable amplifier in Fig. 3.10. Following amplification, an IQ mixer with the LO
reference signal is used to downconvert back to a complex IQ signal in the IF band. The I
and Q signals are amplified and filtered before they are passed into the DAC board. Here,
the signal is digitalized and an FPGA-implemented Fast-Fourier Transform (FFT) is used
to generate the final data frames which are sent to the PC. Frames contain the complex
transmission data as function of frequency and can be generated with 219 bins at 159 Hz
or 216 bins at 1272 Hz.

Figure 3.11 shows the system noise per readout tone as a function of the total number
of tones =C>=4B. The noise due to the MUX electronics is dominated by the ADC (see table
3.1) and scales with the number of tones as [80]

("*- = −142 dBc/Hz + 10 log(=C>=4B) + 14 dB (3.5)

assuming a crest factor of 14 dB. The noise contribution of the LNA is given by

(!#� =
:�)

%C>=4
(3.6)

where ) ≈ 6 K is the LNA noise temperature and %C>=4 is the tone power at the LNA. In
the context of this thesis the system noise is dominated by the LNA, as measurements were
carried out with a small number of tones =C>=4B < 50 and high power %C>=4 ≈ 80−60 decibel.
It should be noted, that the noise spectra given here is with respect to the complex plane.
In order to obtain the KID noise, the PSD is divided by (1 − (21,<8=)/2 (compare 2.108).
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Chapter 4

Large Angle Optical Access in a
sub-Kelvin Cryostat

4.1 Introduction

Microwave Kinetic Inductance Detectors (MKIDs) [81] become an increasingly attractive
option for large scale imaging instruments [19]. An interesting alternative to lumped
element MKIDs [82] are lens-antenna coupled MKIDs [83], which couple radiation using a
coherent beam formed by the lens-antenna system. The advantage is that they are sensitive
to radiation over a limited angular throughput given by the lens-antenna design. Thereby
they reject large angle radiation, which allows the use of a higher temperature optics and
Lyot-stop. This results in cryogenically simple camera designs [84].

Imaging arrays of antenna coupled MKIDs have fast beams to reduce the chip area for
a given field of view: Fast optics result in a spatially small airy pattern, smaller pixels and
smaller arrays. A fast beam is characterized by a small beam waist radius and a large far
field opening angle. The beam width of these antennas at the −10 dB taper is typically in
the order of ±20◦, which makes measurements of the antennas full beam pattern, including
side lobes, challenging to implement. However, it is critical to measure the beam shape to
fully understand the detector performance [75]. In this paper we present a cryostat that
is designed to enable large angular throughput beam pattern measurements for antenna
coupled MKIDs. It fulfills the following requirements:

• Sub-millimeter(sub-mm) wave access from the laboratory through a window with a
large opening angle to the detector.

• No reimaging optics in order to measure the unperturbed beam pattern.

• Optical access to the detector over a spectral passband of up to 1 THz.

• Fast cooldown speed of the cryostat and easy assembly process motivated by the fast
turnaround speed (1-2 days) necessary for an efficient iterative antenna development.

• The cold stage temperature of less than 270 mK for operation of the detectors.
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4.2 System Overview

Figure 4.1: Cross section of the cryostat’s optical access, showing all windows including the filters. A
1 cm thick polyethylene window in the vacuum can is air-tight but transparent in the sub-mm regime.
In addition, a single thermal shader is mounted directly behind the vacuum window. The apertures in
the 50K and 3K radiation shields are made of gold-plated copper and serve as mounting point for the
filterstack: 7 layers of RT-MLI on the outer side of the 50K window, as well as reflective metal-mesh filters
on both the 50K and 3K window. The latter are oriented at angles with respect to each other and the
detector to avoid standing waves. Both the 1K radiation shield and the detector assembly are located in
tight proximity to the 3K window, with the 1K shield mounted on the 4He buffer head and the detector
assembly directly on the 3He cold head. The 1K shield is aluminum and serves as an optional mounting
point for additional filter. A cryophy magnetic shield is integrated in the detector assembly. (Color figure
online.)

A cross section of the optical access for the cryostat is shown in Fig. 4.2. The cryogenic
system consists of standard commercially available components. A pulse-tube cooled cryo-
stat (BlueFors Cryogenics) provides 0.9 W cooling power at 4.2 K, where a sorption cooler
(CRC-7B-002, Chase Research Cryogenics) is mounted that can reach temperatures down
to 240 mK. The sorption cooler is a two-stage, single shot system consisting of a 3He cold
head as the mounting point for experiments and a 4He buffer head.

The windows are in a cone-like configuration, providing a half opening angle of \ = 37.8◦
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to the center of a detector chip mounted on the cold stage of the sorption cooler. The
design of the geometry of these apertures is critical to the cooler performance and will be
discussed in detail in the next section. Access to the cold stage is possible by removing
only the vacuum can and heat shields, which allows for fast and efficient operation of the
system.

The detector assembly mounted on the cold stage can hold different chip dimensions
although only an area of (10x10) mm2 is optically accessibly. Connection to room temper-
ature electronics to read-out the MKIDs is provided by means of a single pair of semi-rigid
coax cables. From room temperature to the 3K stage, 2.19 mm diameter CuNi coax ca-
bles are used, while 0.86 mm diameter and 15 mm long NbTi cables (COAX CO., LTD.)
provide a lossless connection from 3K to the detector on the cold stage. The thermal load
on the cold stage due to the coax cables is only 16 nW, which is negligible compared to
radiative loading from the optical access. The readout signal is amplified at the 3K stage
using a commercial low noise amplifier [85].

Stage ) [K] %2>>; %;,A,20;2 %;,A,20;2 %;,<40B
50K (PT) 39.5 31.5 W @ 45 K 17 W - -
3K (PT) 2.85 0.9 W @ 4.2 K 217 `W - -
1K (4He) 0.81 250 `W @ 0.85 K 9.3 `W 0.6 `W <50 `W
sub-K (3He) 0.265 1 `W @ 240 mK 4.4 `W 16 nW 6.0 `W

Table 4.1: Operating temperatures ) and cooling power %2>>; for all stages of the cryostat in addition to
the calculated radiative (%;,A ,20;2) and conductive (%;,2,20;2) thermal loads as well as the measured thermal
load (%;,<40B) from the optical access. The conductive load is dominated by wiring as the high vacuum in
the cryostat (% ≈ 10−7..10−10 mbar) suppresses gas conduction. Pulse-tube stages are denoted with ’PT’
while 4He and 3He are the sorption coolers buffer and cold head respectively.

We design an infrared passband from 0 to 950 GHz by a combination of commercial
metal mesh filters (QMC Instruments Ltd.), gore tex sheets and a RT-MLI infrared blocking
assembly [86]. The combination of the optimized geometry and filter stack allows us to
reach a loading on the cold stage of 6 `W, while the total power entering the cryostat
window is 17 W. The spectral filtering thus reduces the input power by 40 dB and the
geometric baffling by another 30 dB.

The performance of the cryostat exceeds the requirements for operation (see Table 4.2),
reaching a base temperature of 265 mK on the 3He cold head for over 32 hours. A full
cooldown from room temperature to base temperature takes about 14 hours. In the next
section we will discuss the filter design and geometrical design in detail.

4.3 Detailed System Design

4.3.1 Spectral Filtering

The spectral window accessible for measurement in the cryostat is in first order a low-
pass with cut off at 52 ≈ 950 GHz in order to include the atmospheric windows accessible
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Figure 4.2: The transmission curves of the individual filters are shown in the top. At high frequencies,
marked by the dotted line, the transmission curve shown for RT-MLI needs be treated as absorbing
material in radiative balance. The bottom graph shows the total coherent transmission of the filter stack,
which provides rejection better than 106 at frequencies above 2 THz. Two inserts show the transmission
in the accessible spectral window on a linear scale (left) and the reduction of the spectral flux due to the
filterstack for a 300 K blackbody (right), where the reduction at high frequencies is dominated by the
goretex sheets. (Color figure online.)
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from high altitude sites such as the Atacama desert [?]. The filter stack in this cryostat
consists of four types of filters. A strong focus in the design is to avoid unnecessary filter
heating, which has been shown to be a major issue for large filters [87]. The rejection
better than 106 at high frequencies is necessary to fully suppress the contribution of this
regime’s blackbody spectrum to the total thermal radiation compared to the power in the
band of interest.

The first filter mounted in the cryostat is a thermal shader (QMC Instruments Ltd. )
mounted on 300K vacuum can, but which is in radiative balance. It is transparent in-band
and reflects power in the near-infrared.

The second filter is the RT-MLI (Radio-Transparent Multi-Layer-Insulation) [86] lo-
cated at the outward facing side of the 50K window. RT-MLI is a stack of # = 7 thin
layers of styrofoam, which is transparent up to 1 THz and behaves as a diffusive absorber
at higher frequencies. The individual layers of styrofoam have a uniform temperature pro-
file and are in radiative balance, leading to thermal radiation @ through the stack that is
inversely proportional to the number of layers # plus one:

@ ∝ 1

# + 1
(4.1)

Importantly, the RT-MLI reduces the broad-band infrared loading without relying on con-
ductive cooling of the filters. For our design (see Fig. 4.3.1), the radiative balance of the
RT-MLI stack is approximated by setting the minimum transmission at high frequencies,
where the scattering nature of styrofoam dominates, to 1/8 as predicted by Eq. (1).

The third type of filters consists of a 1 mm and a 2.8 mm thin goretex sheet which are
absorbtive at infrared and particularly optical frequencies. They further complement the
RT-MLI by blocking optical and reducing infrared radiation from the laboratory environ-
ment.

The final type of filters are commercial low-pass metal mesh filters [87] with sharp cut-
off frequencies given by the design of the metal mesh. For this cryostat, a 1.6 THz low-pass
filter is located on the 50K stage and a 1 THz low-pass filter is located on the 3K stage.

At the 1K stage of the system is an aperture in which we can place band-pass filters.
They reduce the load on the cold stage significantly and are intended for specific detector
measurements. They are not needed for cryostat operation and not further considered
here.

In the implemented design we use the thermal shader, RT-MLI and goretex to reduce
the thermal loading on the lowest temperature stages. This reduces possible filter heating
on the metal mesh filters at 50K and 3K. Additionally, the small diameter of the metal
mesh filters allows some conductive cooling via the mounting structure, further reducing the
problem [87]. The stepped shape of the 50K window is a direct result of this consideration,
reducing the diameter 350 = 72 mm of the goretex and low-pass filter by a factor of 0.6
compared to the RT-MLI located on the same stage.
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4.3.2 Geometric Throughput

The far-infrared access to the cold stage of the system is designed by minimizing the loading
of the cold stage and 1K stage while maintaining a large opening angle. Importantly, we
found during testing that the 4He stage of our sorption cooler is limiting the hold time.
Hence our goal to minimize the loading power on both stages of the sorption cooler. A
python program was developed to quickly simulate the thermal power on all stages for
various geometries using a first order approximation of the geometric throughput integral,
which underestimates the true value of the integral.
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Figure 4.3: On the Left, the geometry of the final cryostat design is shown as it is implemented in the
geometric throughput simulation. The (0,0) position corresponds to the antenna on the cold stage and the
shields (1K, 3K, 50K and vacuum can) are shown in grey. The maximum opening angle is shown in red
and the dimensions for the limiting aperture at the 3K stage are shown in blue. The inset qualitatively
shows the shape of a gaussian beam. The graph on the Right shows two cases for the thermal load on the
two stages of the sorption cooler (4He in red and 3He in blue) as a function of distance 3I (3I = 0 mm
indicating the actual position in the cryostat) while keeping a constant opening angle. The dashed lines
show the increase in power if only the detector assembly is moved inwards and solid lines show the case
if both the 1K stage and detector assembly are moved inward while maintaining equidistance with each
other. (Color figure online.)

For the simulations, the vacuum window is assumed as a perfect blackbody of ) =
300 K, while all radiation shields are perfect absorbers and the filters only transmissive
using the transmission curves shown in Fig. 4.3.1. The effects from filter heating on the
total thermal load of the sorption cooler stages are assumed to be negligible due to the
design of the filter stack. Additionally, reflections are neglected, as all surfaces around the
windows are coated with IR absorber, consisting of black Stycast 2850FT with 1 mm SiC
grains [88].

We design the apertures in the vacuum shield, 50K shield and 3K shield to accomodate
the previously described filter stack and allow for the vertical assembly of the cryostat.
The limiting aperture determining the opening angle is located on the outer edge of the
3K stage, which exploits the large cooling power of the pulse tube (see Table 4.2). We
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position the detector assembly and 1K stage as close as possible to the 3K stage, as this
results in the lowest possible loading on these two stages (see Fig. 4.3.2). This also leads
to small aperture diameters at the higher temperature stages (for a fixed opening angle),
which enables the use of smaller metal mesh filters, reducing the effects of filter heating.
Additionally, it limits the size of the required vacuum window. The windows are designed
in step shapes with a large outer aperture and a small inner aperture (see Fig. 4.3.2) to
reduce loading on the colder stages while avoiding grazing incident radiation, as SiC in
Stycast has a strongly reduced absorption efficiency at high incident angles [88].

To determine thermal loading of the cold stage from the measured temperature, a load
calibration %()BC064) was created using a resistive heater mounted on the stage under dark
conditions. Temperature measurements were then performed with an absorber mounted
at at the detector position with open windows. Simulation results are in good agreement
with the hereby obtained measurements, predicting a thermal load on the cold stage of
%;,A,20;2 = 4.4 `W compared to the measured %;,<40B = 6.0 `W.

4.4 Conclusion

We have designed a cryostat for beam pattern measurements in the sub-mm at large angles
up to \ = 37.8◦. A first-order thermal radiation model was developed and used to design
the apertures and their positions on the cryostat thermal stages. The model predicts a
load on the cold stage of 4.4 `W, quite close to the the measured value of 6 `W and well
within the expected accuracy of the model. A filterstack combining various filter types is
designed to improve rejection of out-of-band radiation and reduce filter heating. Operation
of the cryostat shows excellent performance, reaching a base temperature of 265 mK in 14 h
and hold time longer than 32 hours.
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Chapter 5

An Ultra Wideband Leaky Lens
Antenna for Broadband
Spectroscopic Imaging Applications

5.1 Introduction

The emergence of on-chip spectrometers for far-infrared and sub-millimeter astronomy,
such as DESHIMA [33], SuperSpec [34] and Micro-Spec [35], emphasises the need for
efficient broadband radiation coupling in the frequency range of 100 − 1000 GHz. These
spectrometers offer the ability of measuring medium resolution spectra (�/∆� ∼ 500)
with an instantaneous relative bandwidth of up to 1:3, complementing high-resolution but
bandwidth limited heterodyne instruments. Future versions of these instruments will move
towards multi-pixel focal plane arrays, creating sub-mm imaging spectrometers. These
large format focal plane arrays (FPA) are ideally based on broad-band antenna systems
with a single beam per feed, allowing a tight sampling of the focal plane. These FPA are
typically coupled to reflector systems with large Focal distance to Diameter ratio (F/D)
>3. Such antennas can also be used as an alternative for CMB missions using multi-color
pixels, such as PolarBear which is currently using a sineous antenna [89,90].

We demonstrate the leaky lens antenna as an ideal candidate for these applications.
This antenna, first demonstrated by Neto et al. [91, 92] at frequencies up to 70 GHz, is
characterised by a 1:3 bandwidth, frequency independent, linearly polarized beams and a
high, frequency independent aperture efficiency [93]. The first experimental demonstration
at 1.55 THz was presented in 2017 by Bueno et al. [94]. These experiments demonstrated
super-THz radiation detection with excellent detector sensitivity, but with a limited aper-
ture efficiency [0? = 0.24, evaluated only at a single frequency. The low aperture efficiency
was due to a combination of i) radiation loss in the antenna-detector ground plane, ii) a
slight misalignment between the feed and the lens and iii) a mismatch, due to fabrication
tolerances, between transmission line and feed. In this paper we demonstrate the fab-
rication and experimental validation of a leaky lens antenna coupled MKID (Microwave
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Applications

Kinetic Inductance Detector [81]), which does not suffer from these constraints, over a
broad frequency band of 300-900 GHz. We measure the absolute coupling efficiency and
far field patterns at 3 frequencies: 350, 650 and 850 GHz using narrow band-pass quasiop-
tical filters. From these we obtain an aperture efficiency [0? ≈ 0.4 using a Si lens without
anti-reflection coating, which is in good agreement with the predicted performance.

Figure 5.1: (a) Image of the chip center with the tapered antenna slot in the top and the MKID running
along the center, coupled to the readout line at the bottom. Additional blind MKIDs are located on the
left and right. (b) The leaky wave slot of the antenna on the SiN membrane. (c) Coupling structure to the
narrow section of the MKID. The Al center line is shorted via a galvanic connection to the NbTiN ground
plane. (d) Narrow MKID section at the membrane edge, marked by the dashed blue line. The 1 `m thick
SiN membrane is transparent and therefore appears slightly blue in the back and front illuminated picture.
Below the dashed line, the MKID continues on the SiN layer with Si substrate below. (e) The transition
between narrow and wide section of the MKID. (f) A schematic of the full 3D assembly including the chip,
spacer chip and lens. The total stack height is 4.325 mm. The radiation launched in the vacuum gap is
refracted at the Si/vacuum interface. (g) The simulated radiation efficiency and its component efficiencies,
with [A03 = [<8B<0C2ℎ[�C�[?>;[A4 5 ;42C8>=.

5.2 Device and Antenna Design

The leaky lens antenna [91] is a lens feed consisting of a leaky wave slot on a thin membrane
that is kept at an electrically small distance from the dielectric lens, in order to obtain a
directive radiation pattern inside the dielectric which illuminates efficiently the top part of
the lens. The leaky wave slot antenna is optimized via simulations in CST with an infinite
dielectric medium [95], following the same approach as in [93]. The resulting tapered slot
combines a high aperture efficiency which is almost constant over a 1:3 bandwidth and is
coupled to a single planar feed. The optimization of the slot to create a frequency inde-
pendent aperture efficiency results in a tapered slot with a length of 990 µm, slot tapering
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angle of 15.8◦ and a vacuum-gap between antenna and silicon lens of ℎ = 13.8 µm. The
tapering angle is a compromise between polarization purity and antenna beam width, while
the slot length is determined by the lowest frequency. The lens is optimized using a custom
Physical Optics (PO) code to create diffraction limited beams with maximized directivity.
We use the custom PO code, because the lens size (62 _ inside silicon) is too large to allow
for full-wave analysis in CST Microwave Studio. This also prevented us from treating mul-
tiple reflections inside the lens. This yields a truncated, hyper-hemispherical lens shape
with radius of curvature ' = 2.95 mm, extension length ! = 1.0 mm and truncation angle
\ = 53.1◦ without anti-reflection coating. The diameter of the truncated lens is 5.5 mm.
We achieve a simulated radiation efficiency [A03 between 0.45 and 0.55 across the whole
frequency band as shown in Fig. 5.1g. The dominant effect is the reflection efficiency due
to the lack of anti-reflection coating at the Si-lens surface. Secondly, the polarization effi-
ciency, representing the fraction of the total emitted radiation which is in the co-polarized
state, ranges from 94% at low frequencies to 82% at high frequencies due to the relatively
large thickness of the vacuum gap which constitutes an inherent tradeoff between polariza-
tion purity and directivity. All other contributions to the radiation efficiency, i.e. the feed
match ([<0C2ℎ) and front-to-back ratio ([�C�), are high. The simulated taper efficiency
[C0?and aperture efficiency [0? = [A03 · [C0? are also given in Fig. 5.1 g. We find that
[0? ≈ 0.4 over the whole frequency band. This is slightly worse than corrugated feedhorns,
but here we achieve a much larger bandwidth, and comparable to Sinuous antenna’s. The
development of a broad band anti-reflection coating could increase the aperture efficiency
to values approaching the theoretical maximum of 0.8 [96]. Methods with two layers of
anti-reflection coating have been demonstrated previously [97, 98] and should allow for a
performance of ∼0.6 over one octave.

We couple the leaky wave slot to a narrow coplanar waveguide (CPW) feed with a
NbTiN ground and an Al central line (Fig. 5.1 a-e)). This narrow CPW line is also the
last section of an antenna coupled Microwave Kinetic Inductance detector (MKID), which
is a _/4 CPW resonator with a length of several mm and a resonant frequency of 4.5 GHz.
For details on this specific MKID design we refer to Ref. [36]. Radiation coupled to the
antenna (panel b) will propagate into the NbTiN-Aluminium CPW line (panel c), where
it will be absorbed only in aluminium central line. This is because the frequency of the
radiation (300-900 GHz) exceeds the gap frequency of Al (�∆,�; ≈ 93 GHz for )2 ≈ 1.28 K)
but does not exceed the gap frequency of the NbTiN ground plane (�∆ ≈ 1.1 THz). The
NbTiN thereby provides a lossless ground plane for the antenna as well as for the NbTiN-
Aluminium CPW line, eliminating ground plane loss as in Ref. [94]. The radiation absorbed
in the aluminium changes the complex surface impedance which results in a slight shift
in resonant frequency of the MKID. This shift is detected by a sending a single frequency
readout signal at the unperturbed resonant frequency of the MKID through the readout
line visible in the bottom of Fig. 5.1a. The frequency shift causes a change in transmitted
phase in the readout signal that is measured using a homodyne measurement scheme [81].

The narrow CPW section has a line width F = 2 µm and slot width 2.4 µm, a thickness
of 50 nm and a length of 1.5 mm. It is fabricated on top of 1 µm SiN. Underneath part
of this line, the Si is removed to create a free standing membrane, needed for a correct
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operation of the leaky lens antenna (see Fig.5.1f)). Due to its small width, this section has
low radiation loss and a high kinetic inductance fraction, relevant for efficient detection
of incoming THz radiation. The remaining resonator therefore consists of a wide CPW of
F = 6 µm and B = 16 µm made of NbTiN on bare Si-substrate, with a transition between
the sections and step from SiN to Si as shown in Fig. 5.1e). The wide section of the
MKID then ends in a coupling structure that couples the resonator weakly to the CPW
readout line. We choose a very low coupling quality factor of &2 = 5000, because the
power absorbed in the device during the beam pattern measurements is ∼ 1 nW, resulting
in a very low internal Q factor of the MKID. Additionally, two meshed layers of low-Tc
(0.65 K) V-phase Ta are located on the front and backside of the chip, to reduce stray
radiation inside the chip [99]. Two blind MKIDs are located close to the antenna-coupled
MKID (see Fig. 5.1a)) as reference detectors.

5.3 Fabrication

We process the chip from a 375 um thick 4-inch Si wafer coated on both sides with a 1 µm
thick, low tensile stress (∼ 250 MPa) SiN layer, deposited using low pressure chemical vapor
deposition (LPCVD) (see Fig 5.1f)). The fabrication is similar to the method presented
by Bueno et al. [94] with steps as follows: i) We etch the SiN on the chip device side with
reactive ion etching (RIE) using 35% SF6 and 65% O2 to create a sloped edge for the MKID
wide section (Fig. 5.1c)). ii) We etch the SiN on the wafer backside, to create a hard mask
for later Si removal. iii) We deposit a 350 nm thick, low tensile stress NbTiN layer on the
device side using reactive sputtering of a NbTi target in a Nitrogen-Argon atmosphere,
with the sloped edge of the SiN providing good step coverage for the NbTiN [78]. We
pattern the NbTiN layer defining the antenna slot, the MKID resonator wide section and
narrow section ground plane as well as the microwave readout line. We then etch the
NbTiN using the recipe of step (i). iv) We sputter a 40 nm thick V-phase Ta layer on
the device side of the wafer, which is then patterned and etched to form an absorbing
mesh [99]. v) We spin coat 1 µm polyimide LTC9505 on the wafer, which is patterned and
cured into dielectric supports for superconducting bridges along the readout line. vi) We
sputter a 50 nm thick Al layer on the device side, which is then patterned and wet etched
with a commercially available Al etchant (TechniEtch Al80 Al, Microchemicals GmbH ) to
define the central line of the narrow MKID section as well as the bridges along the readout
line. vii) The Si wafer is etched in a KOH bath, with the device side protected with a
commercial protection tool, to create the membrane opening. viii) After the KOH etch,
we deposit 40 nm V-phase Ta on the wafer backside analogous to step (iv).

To create the 3D structure of the lens-antenna shown in 5.1g), we also need a spacer
chip and Si-lens. The spacer chip is fabricated on a separate 350 um thick 4-inch Si wafer
with SiN on both sides, which is patterned. The wafer is subsequently etched twice in a
KOH bath: Once on the lens facing side to create 4 square holes for the alignment pins,
which will ensure the alignment between the lens and the antenna, and once on the antenna
facing side to create the 14 µm deep features of the vacuum gap. The Si-lens was made by
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a commercial partner (Tydex) according to the specifications of our design.

5.3.1 Assembly

We assemble the device chip, spacer chip and lens in a 2-step procedure: First, the chip and
spacer chip are aligned and clamped together using Aluminum alignment pins. The lens
is then aligned using a microscope based, home-made tool and glued on top of the spacer
wafer using Loctite 406 cyanoacrylate glue, where we use markers on the spacerwafer from
the KOH etch for alignment. This glue is chosen for its extremely low viscosity, resulting
in a glue gap < 1 µm.

5.4 Measurements and Results

5.4.1 Beam Patterns

Measurements of the lens-antenna beam pattern were carried out in the setup shown in
Fig. 5.2a), where the chip carrying the detector coupled lens-antenna is located on the
cold stage of a cryogen free cryocooler equipped with a 3He/4He sorption fridge with direct
optical access to a source located on an optical table at room temperature (see chapter 4).
The cryostat reaches a base temperature of ) ∼ 265 mK with a holdtime of ∼ 32 hours.
The opening angle of \ = ±20 deg is limited by the rotatable polarizer mounted on the
outside of the cryostat’s vacuum window.

The source assembly consists of three main parts: First, a glowbar (Scitec Hawkeye
IR-19) operated at ) = 1420 K is used as a multimoded blackbody source, located at one
focal point of an elliptical mirror with a small aperture located at the second focus to
create a uniform source pattern. We independently validated the source uniformity using
a commercial bolometer and rotation stage. Secondly, an eight-bladed chopper, coated
with radiation absorber [88] (Stycast2850FT loaded with 1mm diameter SiC grains), is
positioned between the two foci. This allows a temperature modulation between the hot
source and chopper blade at room temperature. Finally, the glowbar/chopper combination
is mounted on an XY-scanner, allowing the measurement of 2D beam patterns of the
antenna in the plane of the scanner. Additionally, the cryostat facing side of the source
assembly has multiple blackened plates mounted to it, reducing unwanted reflections.

We perform 3 measurements, each with a different band pass filter on the 1K stage
of the cooler. The band pass characteristics are shown in Fig 5.2c). The measured beam
patterns represent an integrated beam pattern over the bandwidth of the band pass filter.
However, due to the narrow bandwidth, the deviation between integrated beam pattern
and that at the center frequency are < 1 dB based on simulations.

We extract the MKID response as a function of the source position using time-domain
Fourier analysis, extracting the peak at the chopper frequency of 5 = 254 Hz for all scanner
positions in a step-and-integrate scan mode. The resulting beam patterns are shown in
Fig. 5.3 and compared to simulations carried out at the band pass center frequency. The
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Figure 5.2: (a) The CAD-model of the cryostat optics and the hot-source in the configuration used for
beampattern measurements. (b) A close-up of the source assembly. (c) Filter transmission as function of
frequency for the 3 individual filters used in the experiment.
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Figure 5.3: The normalized beam patterns in E- and H-plane for all measured frequencies. Insets show
20◦ × 20◦ maps of the measured 2D beam patterns (left to right : 350, 650, 850 GHz) with a color scale
from −20 dB (dark) to 0 dB (light) and a −3 dB contour line. Additionally, the orientation of the antenna
slot compared to the measurement planes is shown in the top-left.
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beam patterns, as simulated using the in-house PO tool, do not take into account multiple
reflections that occur inside the lens surface because of the absence of an anti-reflection
coating. Multiple reflections can result in a decrease in directivity and an increase in
sidelobe-level which is difficult to predict and can change significantly with frequency.

All three frequency bands show excellent agreement between experiment and simulation
for the main lobe down to the −10 dB level. The beams are diffraction limited as predicted
by simulation, with a full width at half maximum (FWHM) of 3.7◦ at 850 GHz and 8.3◦

at 350 GHz due to the small lens diameter. The leaky-lens antenna is designed for future
multi-pixel spectroscopic instruments with closely packed Focal Plane Arrays. Inherent to
such designs is that the leaky-lenses are diffraction limited with maximized directivity, as
mentioned in Section II. A diffraction limited beam can be described with an Airy pattern
with a maximum theoretical Gaussicity of 82%. The Gaussicity of the beams is about 72%
for all three frequencies and are close to the theoretical maximum.

While the beam width is frequency dependent, the bandwidth of t it is not significant
over the

The measured side lobe levels are around 2 to 5 dB higher than simulated, which we
tentatively attribute to multiple reflections inside the lens increasing the effective detected
power at large incident angles. An additional possible contribution might be the detection
of residual stray-light via surface waves in the chip [99].

We measure the optical efficiency in a separate cryostat which provides a highly con-
trolled environment and is described in detail in Ref. [100]. For this experiment the chip is
mounted in a light-tight box on the cryostats cold stage, an adiabatic dilution refrigerator
(ADR), operated at a stable 120 mK. An opening in the light-tight box provides a field-
of-view through multiple optical filters to a thermal calibration source with a temperature
range of 2.7 K - 40 K. The optical filterstacks correspond to the bands of the beam pattern
measurements (see Fig. 5.4). However, their out-of-band rejection is much larger, which is
needed to sufficiently reject low frequency radiation from the black body source operating
at low temperatures.

The angular throughput to the source is limited by an aperture plate to an angle of
±10◦. This is large enough to couple almost to the whole beam at 350 GHz, but avoids
straylight from large angles.

5.4.2 Optical Efficiency

We determine the optical coupling efficiency [>?C(a0) of the MKID coupled lens-antenna
at a frequency a0 experimentally by measuring the noise-equivalent power #�%4G? at a
source temperature )B:

[>?C(a0) =

∫
2%B,aℎa3a +

∫ 4∆%B,a
[?1

3a

#�%2
4G? −

∫
2%B,aℎa�a$a3a

(5.1)

with the superconductor bandgap ∆, the pair-breaking efficiency [?1 ∼ 0.4 for our film [77],
the filter transmission �a, occupation number $a and the single-moded source power after
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Figure 5.4: (a) The transmission curves for the three optical filterstacks; (b) The measured optical coupling
efficiency, together with the simulated values of the optical coupling efficiency and its contributions, the
radiation efficiency and spillover efficiency between the lens-antenna and the calibration source.
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filter transmission %B,a. A detailed description and derivation of this equation and its
components can be found in Ferrari et al. [75].

This method is valid for narrow frequency bands and photon-noise limited MKIDs,
and allows us to obtain precise absolute measurements of the optical efficiency at multiple
frequencies across the whole band of the lens-antenna. For our Al based hybrid MKIDs,
photon noise limited performance is proven experimentally, if the noise spectrum is white
with a roll-off consistent with the quasiparticle lifetime. This is true for the detector
presented at absorbed power levels % > 10 fW. While it is in principle possible to measure
the response over the whole band using a Fourier-transform spectrometer (FTS) [94], this
only provides a relative power measurement and not an absolute validation of the optical
coupling efficiency of the detector .

The optical coupling efficiency measurements are carried out at multiple )B, correspond-
ing to a power range between 10 fW and 1 pW, which are averaged to obtain the values
shown in Fig. 5.4 in comparison with simulation. For a detailed description of the ex-
perimental procedure we refer to Ref. [36]. As shown in bottom panel of Fig. 5.4 we
find excellent agreement between the measured and simulated optical coupling efficiency
[>?C = [A03 ·[(?8;;>E4A for all frequency bands. Here [B?8;;>E4A describes the spillover between
the lens-antenna beam and the source, which is close to unity except for the lowest fre-
quency. Hence this results demonstrates that the measured [A03 is in good agreement with
our model calculation. Together with the good agreement of the patterns which validate
the model calculation of [C0?, we can conclude that the aperture efficiency [0? = [A03 · [C0?
is well described by our model, and given by [0? ≈ 0.4 over the whole frequency band
(see Fig.5.1). Only at 850 GHz we see a slightly higher coupling, possibly due to a small
stray light contribution: The beam width is much smaller than the source aperture at this
frequency.

5.5 Conclusion

In conclusion, we have measured beam patterns and optical efficiency of a leaky lens an-
tenna over a 1:3 bandwidth around 350 GHz, 650 GHz and 850 GHz. We infer an aperture
efficiency of the lens-antenna [0? = 0.4 over the whole frequency band, based on measure-
ments of the absolute coupling efficiency between the detector and a thermal calibration
source together with a good agreement between measured and simulated beam patterns.
The aperture efficiency is limited primarily by the antenna radiation efficiency, which is
low due to the absence of an anti-reflection coating. The agreement between simulation
and experiment show the validity of the design process, allowing for the design of opti-
mised lens-antennas for on-chip spectrometer or CMB applications. The development of a
broadband anti-reflection coating would allow for a significant increase in optical efficiency
by up to 30%. Given the wide angular extent of the primary field in the dielectric an
anti-reflection coating based upon meta-materials is extremely difficult to machine due to
the steepness of the lens. An interesting alternative would be the use of stacks of foam as
proposed by Ref. [101] or the use of thermal spray coatings [89], which allow for a more
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practical approach towards a conformal coating. Changing the lens geometry and feed po-
sition could allow for frequency stable patterns [102], with lower directivity, which would
allow for a more efficient broad-band coupling to a reflector system.
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Chapter 6

Suppression of radiation loss in high
kinetic inductance superconducting
co-planar waveguides

6.1 Introduction

Superconducting transmission lines, such as co-planar waveguides (CPWs) or microstrips,
are increasingly prevalent for cryogenic high-frequency applications upwards of 100 GHz,
such as on-chip spectrometers [33,103,34], phased array antennas [104] and kinetic induc-
tance parametric amplifiers [105]. These applications require ultra low-loss transmission
lines with a loss tangent of tan X . 10−3 and lengths upwards of 100_, either as an integral
part of the circuit in kinetic inductance parametric amplifiers or phased array antennas,
or as a connecting element in on-chip spectrometers. Microstrip losses in this frequency
range down to tan X = 2 × 10−3 have been measured previously [58]. Here, we focus on
losses in CPW. CPW lines have an advantage over microstrip lines in that they do not
require a deposited dielectric, which is a source of loss, decoherence and noise. However,
CPWs are open structures and can radiate power, which is a source of loss and increases
cross coupling to neighboring lines. The dominant radiation loss mechanism is the so-called
leaky mode, which is present if the phase velocity in the line exceeds the phase velocity
in the substrate. For microwave applications, this can be controlled by reducing the line
width, but this becomes increasingly impractical at mm- and sub-mm wavelengths. In
superconducting lines, the phase velocity is reduced due to kinetic inductance, which in
principle allows to create a line with a phase velocity below the substrate phase velocity,
thereby eliminating the leaky mode radiation and creating ultra low-loss transmission lines
at frequencies exceeding hundreds of GHz. Dielectric losses in microstrips at frequencies
up to 100 GHz have been measured previously [58]. In this paper, we demonstrate lab-on-
chip loss measurements of superconducting NbTiN CPW Fabry-Pérot resonators around
350 GHz. We show that the radiation loss can be reduced and even virtually eliminated by
reducing the phase velocity, which is accomplished by narrowing the CPW line to a total
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Figure 6.1: a) CPW geometry. b) Cone of radiation emitted along the propagation direction of the CPW
mode, with radiation angle Ψ.

width of . 6 µm.

6.2 Radiation Loss Theory

The effective dielectric constant of a transmission line using a perfect electric conductor
(PEC) is given by

n4 5 5 = 22!� (6.1)

where 2 is the speed of light and ! and � are the transmission line inductance and ca-
pacitance per unit length respectively. In a CPW as shown in Fig. 6.1, this can be
approximated by

n4 5 5 ≈
nA + 1

2
(6.2)

with the dielectric constant of the substrate nA . The phase velocity E?ℎ = 2√
n4 5 5

in the

guided CPW mode is therefore faster than in the substrate. This creates a shockwave in
the substrate, leading to a radiation cone characterized by the radiation angle Ψ (see Fig.
6.1). The frequency dependent loss factor U at high frequencies due to this shockwave has
been derived by Frankel et al. [67] from the electric and magnetic field distributions in the
dielectric materials due to the current distribution in a PEC as

UA03 =
(c
2

)5
2

( (
1 − cos2(Ψ)

)2

cos(Ψ)

)
(B + 2F)2n

3/2
A

23 (
√

1 − :2) (:)
5 3 (6.3)

where B and F are the CPW line and slot width, : = B/(B+ 2F) and  (:) is the complete
elliptical integral of the first kind. It can be seen in Eqn.6.3, that the magnitude of radiation
loss is strongly dependent on Ψ which is given by the discrepancy of the dielectric constants

cos(Ψ) =

√
n4 5 5 ( 5 )√
nA

. (6.4)

For a PEC CPW, this ratio is only dependent on the substrate and independent of the
conductor properties. However, in a superconducting CPW, the kinetic inductance per
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Figure 6.2: a) Chip schematic. b) Picture of antenna. c) Picture of first coupler. d) Picture of sec-
ond coupler, including the transition to the Aluminum section of the MKID. e) Simulated Fabry-Pérot
transmission. f) Experimental setup schematic. The filterstack consists of Low-pass filters (LPF) and a
bandpass filter (BPF). The aperture plane is at the 50K window and a polarizing wire grid is located
outside the cryostat.

unit length !: due to the inertia of Cooper pairs needs to be taken into account, changing
Eqn. 6.1 to

n4 5 5 = 22(!6 + !:)� (6.5)

where the transmission line inductance is the sum of its kinetic inductance and geometric
inductance !6.

Conceptually, using a CPW with high !: leads to a suppression of the radiation loss,
as the radiative angle Ψ is reduced. If !: is sufficiently large to obtain n4 5 5 ≥ nA , the
radiative shockwave does not form as the phase velocity of the CPW line is slower than
in the substrate, resulting in theoretically zero radiation loss. The kinetic inductance Lk
increases with the film normal state sheet resistance, a reduced film thickness (in the regime
of thin films compared to the penetration depth) and with reducing linewidth. A CPW
of a 100 nm NbTiN film of in total 6 µm wide will fulfill the condition that n4 5 5 > nA (see
chapter 2.2.4). Another method is to use a CPW fabricated on a vanishingly thin dielectric
membrane, which can be approximated as a free standing CPW and therefore does not
radiate.

Measuring the radiation loss of a superconducting CPW at sub-mm wavelengths re-
quires a highly sensitive device, capable of measuring a loss tangent tan X < 10−3. For
this purpose we design a chip with a Fabry-Pérot resonator at its core, as shown in the
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schematic of 6.2a). A similar device as been used by Göppl et al. [106] at microwave
frequencies.

6.3 Device

6.3.1 Fabry-Pérot Concept

The Fabry-Pérot (FP) resonator is a single CPW line terminated by two identical couplers
on either end, with the resonance condition

�= = =
2

2!�%
√
n4 5 5

(6.6)

where n4 5 5 is the effective dielectric constant of the CPW, !�% is the resonator length and
= is the mode number. Transmission through the resonator can be described as a series of
Lorentzian peaks, where each peak has a loaded Quality factor &! given by the resonance
frequency and FWHM (full width at half maximum)

&! =
�=

FWHM=

. (6.7)

The loaded Q-factor is a measure of the power loss per cycle which can be separated in its
two primary components:

1

&!

=
1

&2
+

1

&8
(6.8)

First, &2 is the power leakage through the two couplers

&2(=) =
=c

|(2′1′ |2
(6.9)

where |(2′1′ |2 is the transmission through a single coupler with ports 1′ and 2′ (see Figs.
2.13 and 2.15). Second, the internal losses described by &8 which is defined as

&8 =
V

2U
(6.10)

with the propagation constant V = 2c/_ and the loss factor U, where [U] = Np/m. The
loss inside the resonator is given by the combination of ohmic loss (&8,>ℎ<), dielectric loss
(&8,384;) and radiation loss of the CPW (&8,A03), as well as radiation loss at the coupler
(&8,2>D?):

1

&8
=

1

&8,>ℎ<
+

1

&8,384;
+

1

&8,A03
+

1

&8,2>D?
(6.11)

Since &! is the measured variable, a precise measurement of &8 requires exact knowl-
edge of &2, which is experimentally difficult due to fabrication constraints. Therefore,
measurements in the internal loss dominated regime of &2 > &8 are preferred, since then
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&! ≈ &8 (see Eqn.6.8). However &2 cannot be increased arbitrarily, as this will reduce the
Lorentzian peak height according to

|(21 |<0G=
&!

&2
, (6.12)

as shown in Fig 6.2e). Additionally, we use in the experiments a source with limited
frequency resolution, limiting the design range of &2 as well. Taking these considerations
into account, all chips discussed in this paper are designed in Sonnet [68] to have &

34B86=
2 =

2.7× 104 at 350 GHz (see chapter 2.4.1). The center frequency of 350 GHz is chosen based
on the available experimental setup.

6.3.2 Chip Design

In order to measure the CPW radiation loss dependency on n4 5 5 in eqs.(6.3) and (6.4),
four chips are designed with varying linewidths F and slotwidths B of the Fabry-Pérot lines
as given in Table 6.1. All chips are fabricated on a single 350 ¯m thick Sapphire wafer,
ensuring common film properties across the chips. The 100 nm NbTiN film is deposited
directly on the Sapphire using reactive sputtering of a NbTi target in a Nitrogen-Argon
atmosphere [78]. Details on the fabrication can be found in Endo et al. [107], which follows
the same route as this paper.

The measured line geometry is determined via SEM (Scanning Electron Microscope)
inspection and deviates slightly due to overetch in the fabrication process. Using the surface
inductance of !B = 1.03 pH at 350 GHz calculated from the measured film parameters ()2 =
14.7 K, d# = 102 ¯Ωcm), and the known parameters of the C-plane Sapphire substrate
(n�A = 11.5; n ��A = 9.3 ), we obtain the measured values of n4 5 5 at 350 GHz given in
Table 6.1. NbTiN parameters are measured on a test sample close to the FP resonators to
eliminate effects of spatial variations in the NbTiN properties [78]. The resonator length
is !�% = 10 mm, corresponding to mode numbers in the range of 60-90 for the four chips.

A first estimate of the radiation loss, naively using Eqn.6.5 in Eqn.6.3 to account for
the kinetic inductance, ranges from &8 = 5.6 × 103 for the 5 µm line to &8 = 5.4 × 106 for
the 3 µm line; for the 2 µm line, the equation diverges.

Using Mattis-Bardeen theory [52], we can estimate the ohmic losses to be multiple
orders of magnitude lower than the stated loss, which means that radiation loss dominates
for F = B > 2 µm. It has been shown previously, that highly disordered superconductors,

F3 = B3 [µm] B<40B [µm] F<40B [µm] n4 5 5
Chip I 2 1.95 2.15 13.1
Chip II 3 2.95 3.15 10.9
Chip III 4 3.95 4.15 9.5
Chip IV 5 4.95 5.15 9.0

Table 6.1: Designed and measured slot width F and line width B and resulting n4 5 5 for each chips Fabry-
Pérot resonator.
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such as NbTiN, start to deviate from Mattis-Bardeen theory [108] for high frequencies ( 5 >
0.3∆) and high normal-state resistivity (d# > 100 µΩ cm). However, both the frequency
range of this experiment and the NbTiN film resistivity are at the lower limit and only a
minimal deviation is expected.

In order to drive the FP resonator, one coupler (port 1) is connected via a CPW with
F = B = 2 µm to a double-slot antenna, centered at 350 GHz. The other coupler (port 2) is
directly attached to the shorted end of a Microwave Kinetic Inductance Detector (MKID),
which is a _/4 resonator with �A4B ≈ 6.5 GHz based on the hybrid CPW design introduced
by Janssen et al. [36]. In the MKID, a 1.5 mm long, narrow hybrid CPW with a NbTiN
ground plane and an Al (∆�; ≈ 90GHz )2 = 1.28  ) center line follows directly after a
NbTiN coupler section as shown in Fig. 6.2d). Incoming THz radiation is absorbed in the
low bandgap Al line, thereby creating quasiparticles which changes the kinetic inductance
of the film. This causes a frequency shift of the MKID resonator which is read out with
the SPACEKIDs microwave readout [80].

Additional MKIDs, which are not coupled to the Fabry-Pérot and hereafter referred
to as blind MKIDs, are placed on the chip as reference detectors. A microwave resonator
with the same CPW geometry as the FP resonator is also added (green line in Fig. 6.2a)).
Sampling the full FP transmission requires a measurement with a dynamic range of ≈ 50 dB
(see Fig. 6.2e)). In order to reduce stray light reaching the MKIDs, the copper holder in
which the chip is placed contains a labyrinth structure as indicated in Fig. 6.2a), separating
the chips exposed antenna section from the dark Fabry-Pérot section. Additionally, a low-
Tc backside layer of beta-Ta is deposited on the chip backside and acts as a stray light
absorber [99].

6.4 Experimental Setup

In the experiment we mount an 8 mm Si lens on the chip backside, centered on the antenna,
and place both in the Cu sample holder. This is placed on the cold stage of a He-3/He-4
sorption cooler [109], as shown in Fig. 6.2f), operating at ) ≈ 250 mK. A commercial
photomixer continuous wave (CW) source [110] is positioned at room temperature and
coupled into the cryostat via a beamsplitter to reduce the incoming power and avoid
saturation of the MKIDs. The source emits a linear polarized, single frequency signal
which is tunable in the range of 0.1...1.2 THz with a minimum step size of ∼ 10 MHz
and an absolute frequency accuracy of < 2 GHz. A band pass filter stack centered at
�2 = 346 GHz and > 20 dB out of band suppression is located in the cryostat with a
polarizing wire grid mounted on the vacuum window.



6.5. Measurements and Results 93

310320330340350360370380
F [GHz]

10 8

10 7

10 6

10 5

10 4

10 3

K
ID

 R
es

po
ns

e
(a)

310320330340350360370380
F [GHz]

10 4

10 3

10 2

10 1

100

101

102

C
or

re
ct

ed
 R

es
po

ns
e(b)

310320330340350360370380
F [GHz]

103

104

Q
L

(d)

1.5 1.0 0.5 0.0 0.5 1.0 1.5
F Fn [GHz]

10 4

10 3

10 2

10 1

100

101

102

C
or

re
ct

ed
 R

es
po

ns
e (c)

Figure 6.3: (a) Measured spectrum for chip I of the Fabry-Pérot coupled MKID (black) and the blind
MKID (grey). (b) Corrected spectrum of the FP coupled MKID of chip I. (c) Example peaks of the
corrected spectra of each chip (I: orange; II: blue; III: green; IV: red) (d) Measured &! for all chips and
as symbols and simulated &!,B8< as lines, using the previous defined color scheme.

6.5 Measurements and Results

6.5.1 Fabry-Pérot Spectra

The FP transmission of the four chips is measured by sweeping the CW source from
310 GHz to 380 GHz in 10 MHz steps with an integration time of 1 s and detecting the
resulting MKID response. An electrical on/off modulation of the CW source at 5<>3 =
11.97 Hz is employed to avoid 1/f noise. As the CW output power and beam shape are not
well known, the absolute coupling strength to the MKID is not measured and the given
responses are relative to the noise floor. However, the detector linearity in the measurement
range was confirmed by measuring at various CW powers and retrieving identical results
for the FP peak shapes.

The resulting response (� of the FP-coupled MKID, shown in Fig. 6.3a) exemplary for
chip I, clearly shows the expected regular spaced peaks of the FP resonator combined with
a strongly frequency dependent baseline. The blind MKIDs spectrum (� shows the same
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baseline but with a frequency independent offset $ compared to (� . This shared baseline of
the two spectra indicates a common power source for both the FP-coupled MKID and blind
MKID, which is only present during the frequency sweep of the CW source. We therefore
attribute it to CW power directly coupling to the MKIDs. Its frequency dependence is given
by inherent fluctuations of the CW source combined with the bandpass filter transmission,
both of which are also present in the Fabry-Pérot transmission, while the constant offset
is due to the difference in MKID responsivity. We retrieve the corrected FP transmission
(�% shown in Fig. 6.3b) using

(�% = (�/(� −$ (6.13)

where $ is determined in the regions between FP peaks where (� is dominated by the
direct coupling.

A comparison between the FP peaks of the 4 chips (see Fig. 6.3c)) shows sharper and
higher peaks for narrower CPWs. This already indicates lower losses for the narrow CPWs,
as the experiments were designed for the &8-limited regime (&! ≈ &8). The peak height
difference for chip IV is due to the use of a different aperture, which only affects the direct
CW coupling and not the resonance Q factor.

6.5.2 Internal Loss

In order to obtain &! the individual peaks are fitted with a Lorentzian function

!=(�) = �
&2
!,=

&2
!,=

+ 4
(
�−�=
�=

)2
+$! (6.14)

with peak height � and offset $!, and the fit results plugged into Eqn.6.7. The fitted &!

is shown in Fig. 6.3d) as dots and compared to simulations shown by lines.
The simulations are carried out in Sonnet (see chapter 2.4) and are based on the mea-

sured CPW geometry and NbTiN properties as discussed previously. An excellent agree-
ment with the measured data is found by including the coupling strength (2′1′ and radiation
loss of the CPW in these simulations. The observed frequency dependence of &! is due to
both the changing coupling strength and line loss U ∝ 5 3, while the oscillation in measured
&! can be explained qualitatively by a standing wave before the first FP coupler with a
resonance length !BF > !�%.

In order to extract the internal loss from the measured &!, the &2 must be known.
While it is in principle possible to measure &2 directly using the analysis in Fig. 6.2e), this
requires a dynamic range > 50 dB or an absolute calibration of the (21 at the resonance
peaks, both of which are not possible in our experimental system. Therefore, we use the
Sonnet simulations of the coupler to obtain &2.

We then average over all peaks in the frequency range to retrieve &
4G?

8
at 350 GHz,

shown in Fig. 6.4, which is in excellent agreement with the Sonnet simulations of the
CPW radiation loss. It is significantly higher than the analytical solution &�0

8
for the case

of a PEC using Eqn.6.3, with the difference increasing for narrower lines up to a factor
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8

compared with sonnet simulations for internal loss &(>=
8

and coupling strength

&
2ℎ8?
2 , as well as analytical solutions for a PEC CPW &�0

8
and superconducting CPW &�1

8
.

of 4. However, it is also significantly lower than the naive approach of substituting the
superconducting n4 5 5 of Eqn. 6.5 into Eqn.6.3 resulting in &�1

8
. All four CPW geometries

are within the validity range for Eqn.6.3, but as the derivation of Eqn.6.3 is based on a
planar PEC geometry, and does not take a superconductor into account, it is not surprising
that both of these approaches fail. For &�0

8
the phase velocity change due to the kinetic

inductance is completely neglected, while the naive inclusion of !: in n4 5 5 for &�1
8

, while
correct for phase velocity considerations, does not take into account the actual field distri-
bution in the dielectric. The &8 of the NbTiN microwave resonator located on each of the
chips is measured to be ≈ 2× 106, which is consistent with previous experiments [111] and
indicates no issues with film quality.

In addition to the quantitative disagreement between the experiment and the analytic
solution, we find a non-zero loss for chip I where we expect no radiation loss according
to the shockwave model. As n4 5 5 > nA is a fundamental argument against radiation loss
due to a shockwave, a different mechanism must be considered. Radiation loss due to the
strong fields at the open ended couplers were found to have a negligible contribution in
sonnet simulations with & ≈ 105 (see chapter 2.4.2). Dielectric losses due to the crystalline
sapphire substrate are expected to be negligible and can be excluded due to the high &8
of the microwave resonator. Ohmic losses due to disorder effects in the NbTiN film are
expected to be much smaller than observed and are not compatible with the measured
width dependence. Additionally, none of these losses are included in the simulation for
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&B>=
8

, where we find a quantitative agreement with the measurements. Due to this excellent
agreement, we speculate that we are limited by a different loss mechanism, most likely due
to the fundamentally unconfined nature of the CPW mode.

6.6 Conclusion

In conclusion, we have designed, fabricated and measured superconducting on-chip CPW
Fabry-Pérot resonators with high kinetic inductance NbTiN (!B = 1.03/pH) and multiple
line dimensions at frequencies from 320 to 380 GHz. We find a line width dependence for the
internal loss&8, with values of (1.1±0.2)×103 for a total line width of 15.25 µm to (1.7±0.4)×
104 for 6.25 µm, corresponding to U = 0.007 dB/mm and U = 0.09 dB/mm respectively.The
measured loss is in quantitative agreement with simulations of the radiation loss using
Sonnet. However, the analytical solution by Frankel et al. [67] is not valid in the regime of
high-kinetic inductance superconductors, underestimating the CPW loss when n4 5 5 ≈ nA .

Furthermore, we show that the on-chip Fabry-Pérot resonator provides a sensitive and
highly flexible method for high-&8 transmission line loss measurements at sub-mm wave-
lengths. Extensions to other transmission line types, such as microstrips, can be easily
achieved by modifying the resonator line and couplers, while the antenna can be exchanged
to fit the required frequency range. Further optimization in the quasi-optical path and chip
design are viable paths to improve the dynamic range and reduce effects from standing
waves. For measurements of narrower lines where even lower losses are expected, a THz
source with higher frequency resolution, such as multipliers, is required.



Chapter 7

Losses in superconducting
microstrips at sub-mm wavelengths

7.1 Introduction

Low-loss transmission lines are a fundamental requirement for integrated superconduct-
ing devices operating at both microwave and sub-mm wavelengths. At microwave fre-
quencies, the primary driver for low-loss transmission lines is the development of qubits
and microwave kinetic inductance detectors (MKIDs) based on high quality factor res-
onators [17, 28], as well as parametric amplifiers based on very long transmission lines
> 100 ˘ [105]. Additionally, high-impedance transmission lines can be used to further
integrate microwave electronics onto the device chip [112,113]. These devices are predomi-
nantly realized using coplanar waveguide (CPW) technology, achieving losses corresponding
to &8 > 106 [111]. However, the planar nature of CPWs leads to large and complicated
designs which can be difficult to scale. Multi-layer structures such as microstrips [114] and
parallel-plate capacitors [115] are preferable in order to create smaller devices and easily
obtain high-impedance transmission lines, but these structures suffer from increased losses
in the additional dielectric layer.

At sub-mm wave frequencies, astronomical applications rely increasingly on integrated
devices, such as multi-color/multi-polarization pixels [116], phased array antennas [104]
and on-chip filterbanks [33, 34, 103]. These usually use microstrips, as common mode
excitation and radiation loss become serious issues at higher frequencies [64] (see chapter
6). However, these devices are usually based on Nb/SiO2 technology, which has a 690 GHz
cutoff due to the critical temperature of Nb and relatively high losses due to the SiO2.

The losses of microstrips at these frequencies and sub-Kelvin temperatures are generally
attributed to the existence and excitation of two-level tunneling systems (TLS) in the bulk
of the amorphous dielectric. While the macroscopic behaviour of TLS is relatively well
understood, their microscopic origin is still for the most part unclear. Due to the lack of
a microscopic understanding, development and investigation of low-loss dielectrics relies
heavily on iterative cycles of deposition and measurement. These loss measurements are
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usually only carried out at microwave frequencies, under the assumption that material
properties are comparable at sub-mm frequencies based on TLS theory [117]. As a result,
limited data is available at 5 > 100 GHz and ) < 1 K, where both signal generation and
detection become increasingly challenging.

Measurements comparing microwave and sub-mm wave loss were performed by Chang
et al. [118] and Gao et al. [58] on Nb/SiO2/Nb microstrips at 220 GHz and 110 GHz re-
spectively, and by Endo et al. [119] on NbTiN/SiN/NbTiN microstrips at 650 GHz. These
experiments combined quasi-optical techniques with different on-chip test devices exploit-
ing either path length differences (Chang et al.) or resonant structures (Gao et al. and
Endo et al.). However, these approaches suffer from large intrinsic uncertainties and are
not sufficiently precise to study materials with a lower loss tangent. In the case of resonant
structures, this can be mitigated by using long resonators at higher mode numbers, where
coupler effects are suppressed.

In this paper, we present loss measurements of superconducting NbTiN/a-Si1/NbTiN
microstrips at microwave and sub-mm wavelengths and at sub-Kelvin temperatures. We
show TLS-like behaviour at microwaves, but find a significant increase in loss at sub-mm
wavelengths which is inconsistent with the TLS standard model.

7.2 Device Design

We have designed a chip which combines shunted microwave resonators (µWR) and in-
line sub-mm wave Fabry-Pérot resonators (FPR). The µWR are coupled to a co-planar
waveguide (CPW) transmission line (henceforth called readout line) which runs over the
entire chip, terminating in bond pads connecting the chip to a sample holder via Al bond
wires. The loss as a function of photon number can be obtained by measuring the readout
line transmission around the resonance frequency of the shunted resonator and retrieving
the loaded quality factor &! and minimum transmission (21,<8= of the lorentzian dip. The
internal loss factor &8 and coupling strength &2 then follow from the dip depth (21,<8= =
&!/&8 and the loaded quality factor, which can be expressed as

&!(=) =
=&2,1&8

=&2,1 +&8
(7.1)

where = is the mode number of the resonance peak and &2,1 is the coupling strength at
= = 1, with &2 = =&2,1 (see chapter 2.3).

For the sub-mm wave case, we excite the FPRs using a quasi-optical scheme, coupling
radiation from a coherent source via an antenna and CPW line to the on-chip FPR. The
relative power transmitted is measured as a function of source frequency using a microwave
kinetic inductance detector (MKID) coupled to the far end of the FPR and read out using
the same readout line as the µWRs. This approach was previously used to measure CPW
FPRs (see chapter 6).

1amorphous silicon
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Figure 7.1: a) Chip schematic. NbTiN CPW structures are given in blue, the Al/NbTiN CPW of the hybrid
MKIDs is given in white and microstrip lines are given in red. One of the CPW microwave resonators
(µWR5) is also shown in red to highlight the use of the upper NbTiN layer for the CPW center line. b)
FPR coupler schematic with two cross sections. c) Optical microscope image of FP2. d) Angled scanning
electron microscope (SEM) image of the FPR coupler. e) High-resolution SEM image of the microstrip
open end. Overetch into the a-Si layer is visible, with the dotted white line indicating the border between
NbTiN and a-Si. f) Picture of the device mounted in the cryostat.

The design of the chip is given in Fig. 7.1a). Six µWRs with resonance frequencies
around 6 GHz are coupled to the readout line. Of these, four are half-wave microstrip
resonators using NbTiN/a-Si/NbTiN microstrips with a dielectric thickness of ℎ = 250 nm
and line width F = 2 µm, and two are quarter-wave CPW resonators with a linewidth
of 6 µm and slot width of 16 µm. The CPW resonators are deposited directly on the Si
substrate, with µWR6 fully implemented in the lower NbTiN layer, while the center line
of µWR5 is implemented using the upper NbTiN layer.

We implement four FPRs on the chip, where each FPR is connected to its own separate
feeding network via two identical couplers, using the design shown in Fig. 7.1b). All four
resonators are made with identical line and coupler geometry, but have different lengths ;�%
(FPR1: 5 mm; FPR2: 10 mm; FPR3: 20 mm; FPR4: 50 mm). This design was chosen to
obtain resonators which, for the same frequency, have different mode numbers but identical
&8 and &2,1.
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We use a CPW with 2 µm line and gap width between the antenna and the FPR,
since we know its loss to be negligible at sub-mm wave frequencies (see chapter 6). The
MKIDs are quarter-wave resonators of a standard Al/NbTiN hybrid CPW design [36],
where incoming power is absorbed in a short Al central line, leading to changes in the
MKIDs microwave properties which are measured via the microwave readout line.

7.3 Fabrication

We start the fabrication process with a 375 µm thick 4-inch Si wafer (dielectric constant
nA = 11.44 [120]) coated on both sides with a 1 µm thick, low tensile stress (∼ 250 MPa) SiN
layer (nA = 7), deposited using low pressure chemical vapor deposition (LPCVD). The SiN
on the device side is etched away almost everywhere, except for small patches below the
MKID Al center lines [75]. For the FPR and µWR fabrication, we now start by depositing
a 220 nm thick NbTiN layer ()2 = 15.1 K, d= = 138 µΩ cm) on the device side using reactive
sputtering of a NbTi target in a nitrogen-argon atmosphere [78]. This layer is patterned
and etched to contain the microstrip ground plane and all CPW elements of the chip. A
250 nm thick a-Si layer nA ≈ 10, deposited using plasma enhanced chemical vapor deposition
(PECVD), serves as dielectric layer of the microstrip [121]. We then define the microstrip
lines in a second NbTiN layer of 300 nm ()2 = 15.0 K, d= = 104 µΩ cm), using the same
process as the first NbTiN layer. With the FPR and µWR finalized, we finish fabrication
of the MKIDs and microwave readout line using a 1 µm thick layer of polyimide LTC9505
and a 50 nm thick layer of Al ()2 = 1.25 K) (see chapter 3.1). Finally, a 40 nm thick layer
of V-phase Ta ()2 = 0.7 K) is deposited on the backside and patterned into an absorbing
mesh for stray light control [99].

As NbTiN and a-Si require the same dry etch agents, an overetch in the order of 40 nm is
present for the lower layers, as highlighted in Fig. 7.1e). The thickness of the lower NbTiN
layer was increased accordingly to maintain designed antenna and MKID properties.

7.4 Experimental Setup

7.4.1 Microwave Measurement

The µWRs are characterized in a dark cryogenic setup, which is optimized for low-background
MKID experiments as discussed in [36,79], and using a standard homodyne technique en-
abled by a commercial vector network analyzer (VNA). In order to achieve acceptable noise
levels at the low microwave powers required to reach the single-photon regime, a −36 dB
attenuation on the input, and an amplifier with 36 dB gain on the output were added to
the microwave readout chain at room temperature.
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7.4.2 Submillimeter Measurement

For measurements of the FPR transmission, a 2×2 lens-array is mounted on the chip back-
side and aligned to the double-slot antennas. Each lens has a hyper-hemispherical shape
with 2 mm diameter, creating a diffraction limited beam [102]. The chip is then placed in
a Cu sample holder, which is surrounded by a tight-fitting mu-metal magnetic shield (see
Fig. 7.1f)). This assembly is mounted on the cold stage of a dilution refrigerator operated
at 120 mK. A TERABEAM 1550 (TOPTICA Photonics AG) photomixer continuous wave
(CW) source at room temperature emits a tunable signal in the range of 0.1...1 THz with a
step size of 10 MHz and a bandpass filterstack inside the cryostat that defines a frequency
band centered at 5 = 346 GHz. The source signal is attenuated with a beam splitter to
keep the MKIDs in a linear operating regime. Frequency multiplexing readout electronics
are used to enable simultaneous measurements of all FPRs [80]. Details on the setup can
be found in chapter 3.2.

7.5 Measurements and Results

7.6 Microwave Measurement

We measure transmission dips of the µWRs at 50 mK as a function of readout power
in the range of %A403 = −65...−157 dB m, as shown exemplary in Fig. 7.2a) for µWR1.
The internal quality factor &8 of the resonator is then determined at each power from a
Lorentzian fit [122]. We measure (21( 5 ) from 4.7 GHz to 6.7 GHz in 4001 points at ) =
60 mK, excluding any points falling on a resonance feature, to create a 0 dB transmission
reference. Figure 7.2b) shows the resulting &8 as a function of the average photon number
in the resonator per _/2, given by

< =?ℎ >=
%8=C

ℎ 5 2
(7.2)

where %8=C is the internal power, given for the µWRs by %8=C = <&2%A403/c&2 with < =
2 or < = 1 for quarter-wave and half-wave resonators respectively. All µWRs show a
characteristic behaviour for TLS loss and can be fitted using [123]

1

&8
=

tanh(ℎ̄l/2:1))

&8,0(1 + (< =?ℎ > /=B))V/2
+

1

&A
(7.3)

where &8 has a minimum value &8,0 at photon numbers below the saturation value =B,
increases with a slope given by V until other loss source dominate at high photon numbers,
saturating at &A .

As the CPW resonators do not contain a-Si, their TLS losses are dominated by the
metal-substrate and substrate-air interfaces, with crystalline Si as substrate [124]. Both
&8,0 and &A values (µWR5: &8,0 ≈ 2.0 × 105, &A ≈ 9.5 × 106. µWR6: &8,0 ≈ 1.2 × 105,
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Figure 7.2: a) Transmission for µWR1 at three different readout powers, with the respective Lorentzian
fits shown by the black dotted lines. b) Measured internal quality factor &8 as function of < =?ℎ > for all
µWRs shown as symbols, with fits of Eq. 7.3 shown by dotted lines with corresponding colors.

&A ≈ 9.9 × 106) are comparable with the state of the art for CPW resonators made of
sputtered NbTiN [111], indicating an excellent film and interface quality for both the upper
and lower NbTiN layers (sampled by µWR5 and µWR6 respectively) with no significant
degradation due to the fabrication process. We find values of V between 0.7 and 0.8 for all
resonators, which is consistent with literature [123].

Losses in amorphous microstrips are generally dominated by TLS in the bulk dielectric
layer [125]. We assume that losses in the metal-substrate interface can be neglected here,
due to the surface layer quality shown by the CPW resonators. Consequently, the internal
loss factor of the a-Si film, can be obtained as &8,0(8(6 GHz) = 27± 4× 103 from an average
over all microstrip resonators and using

&8,0(8 = �� ×&8 (7.4)
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with the filling factor �� = 0.96 taking the a-Si layer overetch into account (see Fig. 7.1e).
This value corresponds to a loss tangent tan X = &−1

8
= 3.7 ± 0.5 × 10−5, which is expected

for a-Si films [59]. We calculate the filling factor �� by simulating a short microstrip line
in CST and varying the loss tangent of the dielectric. The relation between simulated line
loss and the set loss tangent is then given by ��.

7.6.1 Submillimeter Measurements
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Figure 7.3: (a) Averaged loaded quality factor &! as a function of average mode number in the four FPRs.
The fit using Eq. 7.1 is shown by the black line. (b) Figure supporting figure a): Measured spectra of the
FPRs, offset along the y-axis for better comparison. Line colors correspond to the markers in figure a).

We measure the transmission through the four FPRs as a function of source frequency
and apply a correction for directly coupled stray light, using the response of the blind
MKID as introduced in chapter 6. Figure 7.3b) shows the resulting spectra containing
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clear transmission peaks with an average frequency spacing 3� corresponding to the dif-
ferent resonator lengths. Variations in peak height, as well as secondary peaks visible in
FPR1, can be explained qualitatively by standing waves before the FPR modifying the
transmission through the first coupler with a wavelength corresponding roughly to the
electrical distance between antenna and FPR coupler. For each resonance peak, we ob-
tain &! from a Lorentzian fit and the mode number from the resonance frequency �=
using = = �=/3�. The standing waves before the FPR also introduce an oscillation in the
measured &!, due to a modified &2.

In this setup, we do not have an absolute reference for unity transmission and can
therefore not use the height of the FPR peaks to obtain &8 and &2 independently. However,
as we are measuring different resonators, each designed with different mode numbers = at
the same frequency, we can fit &!(=) using Eq. 7.1 to retrieve &2,1 and &8. For this purpose,
we take the mean value of &! for each resonator, as plotted in Fig. 7.3a), while assuming
that &! is linear with frequency and that the standing wave oscillations are sampled well
enough to be averaged out. The resulting mean value then corresponds to the value at the
center frequency of the measurement band, 350 GHz, while the error bars are a measure of
both the statistical scatter and the linear slope over the averaged frequency range. A fit
to Eq. 7.1 then results in &2,1 = 12.4 ± 0.7 and &8 = 4.9 ± 0.3 × 103.

Following Eq. 7.4, we then obtain the internal loss factor of a-Si at 350 GHz as
&8,0(8(350 GHz) = 4.7 ± 0.3 × 103, corresponding to a loss tangent of tan X(350 GHz) =
2.1 ± 0.1 × 10−4 which represents a significantly higher loss compared to the microwave
regime, where tan X(6 GHz) = 3.7 ± 0.5 × 10−5. Furthermore, we estimate the maximum
incident power at the FPR to be less than 5 pW, placing the FPR in the single-photon
regime with =?ℎ < 8. The increased loss at sub-mm wave frequencies is in disagreement
with the TLS standard model, where a constant loss is predicted in the single-photon
regime when ℎ̄l >> :�) , which is the case for both measurements.

A possible explanation of this discrepancy, could be a modified TLS model with a
frequency dependent density of states #( 5 ). Such a model has been recently used to de-
scribe dephasing and noise due to TLS, combining interacting TLS with the power-law
of #( 5 ) ∝ ( 5 `) with ` ≈ 0.3 obtained from noise measurements [126]. We find that a
value of ` ≈ 0.4 would resolve the discrepancy in our measurement. Note, that the power
dependence of V < 1 we find at microwave frequencies is also often identified with inter-
acting TLS. Alternatively, it is possible that we observe the low-frequency tail of resonant
phonon absorption peaks at far-infrared wavelengths. Room temperature measurements
of SiOG and SiN in the far-infrared regime indicate that such a low-frequency tail could
have the relevant magnitude [127, 128]. Losses in the NbTiN film due to disorder effects
should also be considered. However, we consider this highly unlikely to be the dominant
effect, since measurements on a NbTiN CPW line with a similar film yield a &8 ≈ 17× 103

limited fully by radiation losses (see chapter 6). We also find no indication in DC- or
microwave-measurements that the NbTiN film quality of either the top- or bottom layer
is degraded. The two CPW datasets in Fig. 7.2 represent a CPW line from each NbTiN
layer. Further experiments in the 100 − 1000GHz frequency range, in combination with
microwave measurements, are needed to clarify this issue.
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7.7 Conclusions

In conclusion, we measured the losses of high-Q resonators made of NbTiN/a-Si/NbTiN
microstrips in the single-photon regime at 6 GHz and 350 GHz. Particularly, we demon-
strate an effective method to independently measure &8 and &2 at sub-mm wave frequencies
without an absolute power calibration, using multiple Fabry-Pérot resonators on a single
chip. This method can be easily extended up to the bandgap frequency of NbTiN around
1 THz. We measure a very low loss tangent for the a-Si film at microwave frequencies, with
a power dependence that is consistent with TLS theory. At sub-mm wave frequencies, we
find an unexpected increase in the loss tangent, which requires further investigation to
identify the root cause.



106 7. Losses in superconducting microstrips at sub-mm wavelengths



Chapter 8

Conclusion

This thesis describes the research work carried out over a period of five years (From Jan-
uary 2016 to May 2021) at Delft University of Technology and the Netherlands Institute
for Space Research (SRON). Its focus lies on the experimental characterization of the
building blocks required for the next generation of superconducting integrated circuits at
sub-millimeter wavelengths. In this chapter, we first summarize the most significant results
of this research and then provide an outlook on the implications for future research.

8.1 Wideband Leaky-Lens Antenna

In chapter 5 I describe the demonstration of a superconducting leaky-lens antenna for
operation in the 300 − 900 GHz frequency band.

The lens-antenna design represents an iteration on previous prototypes, combining a
tapered leaky wave slot fabricated in a superconducting NbTiN film on a SiN membrane
with a hyper-hemispherical Si lens. We perform measurements of the lens-antenna’s far
field pattern and optical efficiency at three frequency bands, centered at 346 GHz, 660 GHz
and 865 GHz, covering the antennas full 1 : 3 bandwidth. These experiments are carried
out with a dedicated chip where the antenna feed is directly coupled to a microwave kinetic
inductance detector (MKID).

In order to enable these measurements, a cryogenic system was designed with large
angular access (\ = 37.8◦) over a 0.1 − 1 THz frequency band. This system, described in
chapter 4, uses a commercial pulsetube cooler combined with a 4He/3He sorption cooler
cold stage on which the device chip is mounted. Careful design of the optical access limits
the thermal load on the cold stage to ∼ 6 µW, which enables a base temperature of 265 mK
with a hold time around 32 h.

The measured far field patterns are in good agreement with simulations down to −10 dB,
showing a frequency dependent beam width as expected with a full width half maximum
of 3.7◦ at 850 GHz and 8.3◦ at 350 GHz. We find an aperture efficiency of around [0? ≈ 0.4
over the whole antenna bandwidth, which represents the highest measured for a leaky-lens
antenna at sub-millimeter wavelengths to date. This result is primarily limited by the
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antenna radiation efficiency due to the absence of anti-reflection coating. The agreement
between simulation and experiment show the validity of the design process, allowing the
design of optimized lens-antennas for on-chip spectrometers or CMB applications.

Implementing a wideband anti-reflection(AR) coating could allow for a significant in-
crease in optical efficiency up to 30 %. A possible solution for this would be the implemen-
tation of a multi-layer coating on the lens surface using a combination of different Stycast
mixtures [129]. Such an AR-coating is currently in development, and preliminary results
in a laboratory setting with a single Stycast layer are promising.

This work on the leaky-lens antenna shows the feasibility of broadband radiation de-
tection within the entire relevant frequency window for far-infrared astronomy from the
ground. The upper end of the measured 1 : 3 frequency band corresponds to the highest
accessible frequency band for ground-based observations (∼ 950 GHz) and is close to the
limit of the NbTiN superconducting bandgap (∼ 1.1 THz). Scaling to frequencies below
350 GHz is easily possible, and has already been achieved for a design at 240 − 720 GHz
that is optimized for the optical system of the ASTE telescope in Chile [130].

8.2 On-chip Fabry-Pérot Resonator

In chapters 6 and 7 I discuss two implementations of the on-chip fabry-pérot resonator
(FPR) as a flexible and sensitive tool to measure very low losses of superconducting trans-
mission lines at sub-millimeter wavelengths and sub-Kelvin temperatures. The on-chip
FPR consists of a long transmission line section terminated by two couplers on either end.
On one end, it is coupled to a transmission line coming from a lens-antenna which can be
illuminated with a tunable single frequency THz source, while the other end is coupled to
an MKID acting as power detector. Losses in the FPRs are then obtained by measuring the
resonance peaks in the transmission spectrum and extracting the internal quality factor &8
from the loaded quality factor &!. This extraction of &8 usually requires either an absolute
power calibration or careful simulations to distinguish between &8 and the coupling quality
factor &2. However, both simulations and absolute power calibration at sub-millimeter
wavelengths are difficult and error prone.

We introduce a new approach, where we implement four FPRs, identical in all aspects
except for the resonator length, with independent feeding networks on a single chip. This
allows us to extract &8 and &2 independently from a single measurement, eliminating the
need of an absolute power calibration. This is possible due to the different mode-number
dependencies of &2 ∝ = and &8 ∝ 2>=BC, which can be distinguished during analysis by
combining the resonance peak data of all four on-chip FPRs.

This design is easily adaptable to different transmission line geometries, as all FPRs on
a chip share the same coupler design, which can be changed independently of the feeding
network, antenna and MKIDs. Therefore, only a single coupler design is required for a new
chip to integrate the transmission line with an existing chip design. Additionally, only a
simple change of the antenna design is required to access a different frequency range.
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8.3 Transmission Line Losses

We applied the on-chip FPR concept to loss measurements of two different transmission
line types, co-planar waveguides (CPW) and microstrips, described in chapters 6 and 7
respectively. These structures represent the most commonly used types in superconducting
integrated circuits at sub-millimeter wavelengths. Losses for both transmission lines are
measured in a narrow frequency band centered at 350 GHz.

Losses in CPWs are measured using the old approach, with a single FPR per chip and
relying on simulations to account for the coupling quality factor. We design, fabricate and
measure four chips, each containing a CPW-FPR of a different total line width ranging
from FC>C = 6.25 µm to FC>C = 15.25 µm. The CPWs are fabricated on top of a Sapphire
substrate in a 100 nm thin NbTiN film with a surface inductance of !B = 1.03 pH.

We show that the high kinetic inductance of the superconducting CPW can suppress
its radiation loss, measuring a significant loss reduction compared to the case of a perfect
electric conductor, with a width dependence for the FPRs &8 ranging from (1.1±0.2)×103

for FC>C = 15.25 µm to (1.7±0.4)×104 for FC>C = 6.25 µm. These experimental results are in
excellent agreement with simulations of the CPW radiation loss. This indicates the current
analytical solutions to be incomplete, as these predict a complete elimination of radiation
loss for the narrowest measured CPW. This is due to the guided mode being slower than
the phase velocity in the sapphire substrate thereby preventing a radiation cone to form.
We consider losses in the substrate layer, the superconducting film and at the coupler to
be signifcantly lower than the measured value. The exact loss mechanism is unknown at
this moment and would require theoretical and experimental follow-up investigations to
determine. Simulations have shown, that losses continue to decrease with CPW width and
that ultra narrow CPW lines (FC>C ≤ 3 µm) based on thin NbTiN films should allow for
& > 50, 000.

The measured loss of the narrowest CPW line is sufficiently small for it to be used
in the feeding network of on-chip filterbanks like DESHIMA [33], where internal quality
factors in the order of &8 > 104 are usually required to avoid a significant reduction of
the total system efficiency. For the filters themselves, no significant losses are introduced
when the internal quality factor is much larger than the desired resolution &8 > 10'.
The measurement would therefore imply that the CPW can be used in a DESHIMA-like
filterbank with ' ∼ 500, requiring &8 > 5, 000. However, the implementation in a filterbank
introduces major issues which are not present in the measured FPR, as the parallel coupling
of the filters to the line leads to imbalances in the CPW manifesting as highly radiative
common mode excitations. This leads to significant losses in the CPW filters, making them
not viable for use in an astronomical instrument.

A microstrip line, in contrast to a CPW, does not radiate strongly and supports only
a single guided mode. Its performance is however expected to be limited by losses in
the amorphous dielectric layer. Losses in a NbTiN/a-Si/NbTiN microstrip are measured
using the new approach, with a single chip containing four FPR of varying length. We
obtain an internal quality factor of the transmission line of &8 = 4.9 ± 0.3 × 103, which we
attribute primarily to two-level system (TLS) loss in the bulk dielectric characterized by



110 8. Conclusion

a slightly reduced quality factor &8,0(8(350 GHz) = 4.7 ± 0.3 × 103 due to the fill factor of
the dielectric. This corresponds to a loss tangent of a-Si tan X(350 GHz) = 2.1± 0.1× 10−4

in the single-photon regime.

The microstrip loss measurements are accompanied by experiments at microwave fre-
quencies, using microwave resonators located on the same chip. These experiments show
expected TLS-like behaviour in their power dependence, but we find a significantly lower
single-photon loss tangent of tan X(6 GHz) = 3.7± 0.5× 10−5 which is in disagreement with
the standard TLS model, where a frequency independent loss is predicted for this regime.

We consider two hypotheses to be the most likely explanations for this discrepancy.
First, a modification of the TLS model with a frequency dependent density of states #(�).
Using the power-law suggested by Faoro et al. [126] comes close to a quantitative match.
Second, it is possible that we observe the low-frequency tail of resonant phonon absorption
peaks at far-infrared wavelengths. Room temperature measurements of SiOG and SiN in
the far-infrared regime indicate that such a low-frequency tail could have the relevant
magnitude [127, 128]. Further experiments, discussed in 8.4.2 are required to distinguish
these hypothesis.

The measured losses of a-Si at 350 GHz are low enough for this material to be used in the
filterbank of a DESHIMA-like device with a resolution of ' ∼ 500, requiring &8 > 5, 000.

8.4 Future Outlook

8.4.1 Advanced Astronomical Instrumentation

Both the demonstration of low losses in the NbTiN/a-Si/NbTiN microstrip and the pro-
totype for a high efficiency ultra wideband leaky-lens antenna are crucial building blocks
which enable advanced superconducting integrated circuits (SICs), such as the next gen-
eration DESHIMA 2.0 on-chip filterbank.

Figure 8.1 shows pictures of a first prototype chip for DESHIMA 2.0 which has a
1 : 2 bandwidth at 220 − 440GHz, enabled by the leaky-lens antenna in this thesis. The
filterbank, as shown in Figs. 8.1b-c), contains 357 bandpass filters made from NbTiN/a-
Si/NbTiN microstrips. The microstrip design is based on the results of chapter 7, which
showed sufficiently low dielectric losses for use in the filterbank, with &8,<B = 4.9±0.3×103.
For the terahertz feedline connecting antenna and filterbank, a low-loss narrow NbTiN
CPW is used, transitioning into a microstrip near the filterbank. The CPW for this line is
a direct implementation of the narrowest line presented in chapter 6, which has negligible
losses with &8,2?F = (1.7±0.4)×104. The microwave kinetic inductance detectors (MKIDs)
are based on the standard hybrid Al-NbTiN CPW design with a short microstrip section
to facilitate coupling to the bandpass filter. This SIC design is strongly based on the loss
data obtained in this thesis and builds on the strengths of the various transmission line
types, where the complex design of the filterbank is enabled by the NbTiN/a-Si/NbTiN
microstrips, while comparatively simple sections like the feedline are implemented with
lower loss CPWs. The filters are made with microstrips and not planar technology, as
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planar filters have been shown to radiate strongly due to their resonant structure and the
presence of highly radiative common mode excitations [107, 37]. Microstrips do not suffer
from these issues and are therefore the only viable option for the filters, despite the slighly
larger measured losses of the FPR experiments.

DESHIMA 2.0 will represent a major breakthrough for sub-millimeter wave astronomy,
as it allows measurements over a large frequency bandwidth using only a small readout
bandwidth.

The next step beyond DESHIMA 2.0 will be instruments with multiple spatial pixels to
take the final step to a terahertz integral field unit. Such an instrument can be envisioned
by simply combining multiple pixels of DESHIMA 2.0, as shown in 8.2, where multiple
filterbanks with a lens-antenna each are located on a single wafer-sized chip. Furthermore,
on-chip fourier-transform spectrometers (FTS) with high spectral resolution of ' ∼ 50, 000
could be realized based on the demonstrated on-chip FPR technology, by using extremely
narrow CPW lines. Frequency tuning of the FTS can be achieved by applying a small DC
current and exploiting the current dependence of a superconductors kinetic inductance.

8.4.2 Physics at Sub-millimeter Wavelengths

The flexibility of the on-chip Fabry-Pérot resonator system enables the exploration of
various physical properties at sub-Kelvin temperatures and sub-millimeter wavelengths up
to the bandgap of NbTiN at 1.1 THz.

Understanding the dominant loss mechanism for dielectric loss in this regime is impor-
tant for pushing on-chip spectrometers to higher frequencies. Dedicated loss measurements
up to 1.1 THz with microstrip lines are the best available method to study these losses in
the full 0.1 − 1 THz band. This can be achieved with on-chip FPRs by simply exchang-
ing the narrowband double-slot antenna with a wideband antenna such as the leaky-lens
antenna of this thesis. The frequency dependence can then be obtained by splitting a
single wideband measurement into multiple frequency bins which are analyzed separately
analogous to chapter 7. Measuring the power dependence of losses at sub-millimeter wave-
lengths can also offer insights into the underlying physics, but the measurable power range
is currently limited by MKID saturation. Saturation of the MKIDs can be solved to an
extent by switching from Al to a different power-absorbing material within the hybrid
MKID design, such as U-Ta, thereby increasing its power handling in exchange for worse
sensitivity. The reduced sensitivity should not be an issue, as it is not a limiting factor in
the current experiments. However, properly sampling the power dependence of two-level
system limited losses requires covering multiple orders of magnitude in input power, which
might prove difficult to achieve in practice.

Besides the dielectric properties, the on-chip FPR can also be used to probe the prop-
erties of the NbTiN films at frequencies up to the superconducting bandgap. This could
provide insights into loss mechanisms close to the gap frequency, which are not well under-
stood. Such an experiment would have to be based on very narrow CPW lines FC>C ≤ 3 µm,
in order to limit effects from radiation loss and avoid dielectric losses. The maximum acces-
sible &8 is currently limited to &8 ≈ 20, 000 by the frequency resolution of the photomixer



112 8. Conclusion

terahertz source. This can however be improved by using a different source with better
frequency resolution, such as a multipliers.

8.5 Impact of the Research

The work described in this thesis has led to a number of journal and conference publications.
Moreover, a M.Sc. level thesis work was supervised with related topics to the work listed
in this thesis.

The results presented in this thesis have enabled the design and fabrication of the next
generation DESHIMA on-chip spectrometer, which will be fielded at the ASTE telescope
in early 2022 [131]. This work will therefore enable new astronomical observations and
insights.
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Figure 8.1: (a) Picture of a DESHIMA 2.0 including the silicon lens, mounted in a copper holder. (b)
Close-up picture of the microstrip filterbank. The feed line from the antenna runs horizontally through
the image and individual hybrid MKIDs are visible as vertical lines. (c) Backside illuminated picture of
the Leaky-lens antenna on SiN membrane (before mounting of the lens). (d) False-color Scanning electron
microscope (SEM) image of the CPW-microstrip transition before the filterbank. (e) False-color SEM
image of a single filter in the filterbank.
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Figure 8.2: Concept design of a terahertz imaging spectrometer with 7 spatial pixels on a wafer-sized chip.
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Appendix A

Process Flow Details

A.1 LT122: Leaky-Lens Antenna

1. The fabrication process starts with a 375 µm thick 4-inch Si wafer (dielectric constant
nA = 11.44at cryogenic temperatures [120]) coated on both sides with a 1 µm thick,
low tensile stress (∼ 250 MPa) SiN layer (nA = 7), deposited using low pressure
chemical vapor deposition (LPCVD).

2. The SiN on the device side is etched with reactive ion etching (RIE) using 35 % SF6

and 65 % O2 to create a sloped edge.

• Cleaning (organic contaminants): Piranha (H2SO4:H2O2 mixed 3:1) at 85 °C for
10 min.

• SiN layer roughening.

– RIE: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow, 13.5 sccm
SF6-flow, 10 s etch time .

– Descum: 5 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow, 90 s
etch time.

• Patterning.

– Resist coating: Resist type AZ 6632 at 1800 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 150 s.

– Exposure: 435 mJ/cm2 dose over 21.7 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

– Hard bake at 120 °C for 60 s.

• RIE.

– SiN etch: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow,
13.5 sccm SF6-flow, 27 min etch time .
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– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
90 s etch time.

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

• Cleaning: Acetone bath for 2 min.

3. A 350 nm thick, virtually stress free NbTiN layer is deposited on the device side using
reactive sputtering of a NbTi target in a Nitrogen-Argon atmosphere. The process
was carried out in a Nordiko 2000 machine in the cleanroom of Kavli Nanolab at the
TU Delft [78]. The film has a critical temperature )2 = 14.9 K and a resistivity of
d= = 130 µΩ cm.

• Cleaning (organic contaminants): Piranha at 85 °C for 10 min.

• Cleaning (surface oxide): 10 % diluted HF at room temperature for 10 s.

• Sputter deposition.

– Presputter: 100 sccm Ar-flow, 7.5 sccm N2-flow, 440 W power, 7.8 mTorr
pressure, 326 ± 5V for 240 s.

– Sputter: 100 sccm Ar-flow, 7.5 sccm N2-flow, 440 W power, 7.8 mTorr
pressure, 343 ± 2V for 245 s.

4. The NbTiN layer is patterned to form the antenna slot, MKID sections and the
microwave readout line. It is then etched using the recipe of step 2.

• Patterning.

– Resist coating: Resist type AZ 6632 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 120 s.

– Exposure: 203 mJ/cm2 dose over 11.5 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

• RIE.

– NbTiN etch: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow,
13.5 sccm SF6-flow, 14 min etch time .

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
90 s etch time

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

• Cleaning: Acetone bath for 2 min.

5. A 40 nm thick layer of V-phase Ta ()2 ≈ 0.6 K) is deposited on the device side.

• Sputter deposition: 5 mTorr pressure, 876 W power, 56 s deposition time

6. The Ta layer is patterned and etched to form an absorbing mesh.
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• Patterning.

– Resist coating: Resist type AZ 6612 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 60 s.

– Exposure: 113 mJ/cm2 dose over 6 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

• RIE.

– Ta etch: 10 mTorr pressure, 60 W power, 315 V bias, 30 sccm Ar-flow,
13.5 sccm SF6-flow, 2 min etch time.

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm CHF32-flow,
30 s

– O2 Etch: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
30 s

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

7. A 1 µm thick layer of polyimide LTC9505 is spin coated on the wafer.

• Coating: Polyimide LTC9505 at 5500 rpm rotation speed for 45 s.

• Soft bake on hotplate at 100 °C for 180 s.

8. The polyimide layer is patterned and cured into dielectric supports for the bridges
along the microwave readout line.

• Exposure:210 mJ/cm2 dose over 10.5 s.

• Development: 3 Baths

– Bath 1: Developer type HTRD2 for 70 s

– Bath 2: Mixture 1:1 (HTRD2 :RER600 ) for 70 s

– Bath 3: Developer type RER600 for 30 s

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 30 s etch time

• Cure in oven at 250 °C for 3 h.

9. A 50 nm thick layer of Al ()2 = 1.25 K) is deposited.

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 30 s etch time

• Cleaning (surface oxides): 1 % diluted HF at room temperature for 60 s.

• Al sputter deposition: 5 mTorr pressure, 876 W power, ≈ 100 s deposition time.
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10. The Al layer is patterned to form the hybrid MKID center line and bridges along the
microwave readout line. The layer is wet etched using TechniEtch Al80 Al etchant
(Microchemicals GmbH ).

• Dehydration bake at 110 °C for 120 s.

• Resist coating: Resist type AZ 1518 at 4000 rpm rotation speed for 30 s.

• Soft bake on hotplate at 110 °C for 90 s.

• Exposure: 100 mJ/cm2 dose over 5 s.

• Development: Developer type AZ Developer, 1:1 ratio water/developer, 40 s
development time.

• Hard bake at 125 °C for 75 s.

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 30 s etch time

• Etching with TechniEtch Al80 for 90 s.

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

11. The backside SiN is patterned and etched to create a hard mask for the Si removal
in the next step.

• Patterning.

– Resist coating: Resist type AZ 6632 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 120 s.

– Exposure: 225 mJ/cm2 dose over 15 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

• RIE.

– SiN etch: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow,
13.5 sccm SF6-flow, 27 min etch time .

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 100 sccm O2-flow,,
15 sccm CHF3-flow, 30 s etch time

– O2 Etch: 100 mTorr pressure, 50 W power, 260 V bias, 100 sccm O2-flow,
30 s

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

• Cleaning: Acetone bath for 2 min.

12. The Si wafer is etched in a KOH bath to create the membrane opening from the
backside. The device side is protected with a commercial protection tool.

• Protective resist coating: Resist type AZ 6632 at 4000 rpm rotation speed for
30 s.
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• KOH etching (using KOH protection tool): KOH solution of 25 %, chemical mix
of 1000 g KOH and 3 L water, at 75 °C.

• Rinse in UP water.

• Cleaning (RCA2/SC2): RCA2/SC2 (HCL:H2O2:water mixed 1:1:5) at 70 °C for
10 min.

13. A 40 nm thick layer of V-phase Ta is deposited on the backside analogous to step 5.

• Sputter deposition: 5 mTorr pressure, 876 W power, 56 s deposition time

14. The Ta layer on the backside is patterned and etched analogous to step 6.

• Patterning.

– Resist coating: Resist type AZ 6612 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 60 s.

– Exposure: 113 mJ/cm2 dose over 6 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

• RIE.

– Ta etch: 10 mTorr pressure, 60 W power, 315 V bias, 30 sccm Ar-flow,
13.5 sccm SF6-flow, 2 min etch time.

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm CHF32-flow,
30 s

– O2 Etch: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
30 s

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

A.2 LT121: Co-Planar Waveguide Fabry-Perot

1. The fabrication process starts with a 350 µm C-plane Sapphire wafer (n�A = 11.5, n ��A =
9.3).

2. A 100 nm thick NbTiN layer ()2 = 14.7 K, d= = 102 µΩ cm) is deposited on the device
side using reactive sputtering of a NbTi target in a Nitrogen-Argon atmosphere. The
process was carried out in a Evatec LLS801 machine in the cleanroom cleanroom of
SRON in Utrecht using the static deposition method as detailed by Thoen et al. [78].

• Cleaning (organic contaminants): H3PO4 (pure) at 110 °C for 30 min.

• Sputter deposition.

– Presputter: 100 sccm Ar-flow, 7.5 sccm N2-flow, 440 W power, 7.8 mTorr
pressure, 326 ± 5V for 240 s.
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– Sputter: 100 sccm Ar-flow, 7.5 sccm N2-flow, 440 W power, 7.8 mTorr
pressure, 343 ± 2V for 245 s.

3. The NbTiN layer is patterned to form the antenna slot, the Fabry-Perot resonator
line, MKID sections and the microwave readout line. It is then etched with reactive
ion etching (RIE) using 35 % SF6 and 65 % O2 to create a sloped edge.

• Patterning.

– Resist coating: Resist type AZ 6632 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 120 s.

– Exposure: 203 mJ/cm2 dose over 11.5 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

• RIE.

– NbTiN etch: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow,
13.5 sccm SF6-flow, 14 min etch time .

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
90 s etch time

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

• Cleaning: Acetone bath for 2 min.

4. A 1 µm thick layer of polyimide LTC9505 is spin coated on the wafer.

• Coating: Polyimide LTC9505 at 5500 rpm rotation speed for 45 s.

• Soft bake on hotplate at 100 °C for 180 s.

5. The polyimide layer is patterned and cured into dielectric supports for the bridges
along the microwave readout line.

• Exposure:210 mJ/cm2 dose over 10.5 s.

• Development: 3 Baths

– Bath 1: Developer type HTRD2 for 70 s

– Bath 2: Mixture 1:1 (HTRD2 :RER600 ) for 70 s

– Bath 3: Developer type RER600 for 30 s

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 30 s etch time

• Cure in oven at 250 °C for 3 h.

6. A 40 nm thick layer of Al ()2 = 1.28 K) is deposited.

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 30 s etch time
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• Cleaning (surface oxides): 1 % diluted HF at room temperature for 60 s.

• Al sputter deposition: 5 mTorr pressure, 876 W power, 108 s deposition time.

7. The Al layer is patterned to form the hybrid MKID center line and bridges along the
microwave readout line. The layer is wet etched using TechniEtch Al80 Al etchant
(Microchemicals GmbH ).

• Dehydration bake at 110 °C for 120 s.

• Resist coating: Resist type AZ 1518 at 4000 rpm rotation speed for 30 s.

• Soft bake on hotplate at 110 °C for 90 s.

• Exposure: 100 mJ/cm2 dose over 5 s.

• Development: Developer type AZ Developer, 1:1 ratio water/developer, 40 s
development time.

• Hard bake at 125 °C for 75 s.

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 30 s etch time

• Etching with TechniEtch Al80 for 90 s.

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

8. A 40 nm thick layer of V-phase Ta ()2 ≈ 0.6 K) is deposited on the backside.

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 4 min etch time

• Sputter deposition: 5 mTorr pressure, 876 W power, 56 s deposition time.

9. The Ta layer on the backside is patterned and etched to create an absorbing mesh.

• Patterning.

– Resist coating: Resist type AZ 6612 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 60 s.

– Exposure: 113 mJ/cm2 dose over 6 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

• RIE.

– Ta etch: 10 mTorr pressure, 60 W power, 315 V bias, 30 sccm Ar-flow,
13.5 sccm SF6-flow, 2 min etch time.

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm CHF32-flow,
30 s

– O2 Etch: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
30 s

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.
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A.3 LT189: Microstrip Fabry-Perot

1. The fabrication process starts with a 350 µm thick 4-inch Si wafer (dielectric constant
nA = 11.44 at cryogenic temperatures [120]) coated on both sides with a 0.3 µm thick,
low tensile stress (∼ 250 MPa) SiN layer (nA = 7), deposited using low pressure
chemical vapor deposition (LPCVD).

2. The SiN on the device side is etched with reactive ion etching (RIE) using 35 % SF6

and 65 % O2 to create a sloped edge.

• Cleaning (organic contaminants): Piranha (H2SO4:H2O2 mixed 3:1) at 85 °C for
5 min.

• SiN layer roughening.

– RIE: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow, 13.5 sccm
SF6-flow, 10 s etch time .

– Descum: 5 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow, 90 s
etch time.

• Patterning.

– Resist coating: Resist type ECI 3027 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 120 s.

– Exposure: 200 mJ/cm2 dose over 10 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

– Hard bake at 120 °C for 60 s.

• RIE.

– SiN etch: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow,
13.5 sccm SF6-flow, 10 min etch time .

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
90 s etch time.

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

• Cleaning: Acetone bath for 2 min.

3. A 220 nm thick NbTiN layer ()2 = 14.7 K, d= = 102 µΩ cm) is deposited on the device
side using reactive sputtering of a NbTi target in a Nitrogen-Argon atmosphere. The
process was carried out in a Evatec LLS801 machine in the cleanroom cleanroom of
SRON in Utrecht using the static deposition method as detailed by Thoen et al. [78].

• Cleaning (organic contaminants): Piranha at 85 °C for 10 min.

• Cleaning (surface oxide): 10 % diluted HF at room temperature for 10 s.

• Sputter deposition.
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– Presputter: 100 sccm Ar-flow, 7.5 sccm N2-flow, 440 W power, 7.8 mTorr
pressure, 326 ± 5V for 240 s.

– Sputter: 100 sccm Ar-flow, 7.5 sccm N2-flow, 440 W power, 7.8 mTorr
pressure, 343 ± 2V for 245 s.

4. The NbTiN layer is patterned to form the antenna slot, the Fabry-Perot resonator
line, MKID sections and the microwave readout line. It is then etched using the same
recipe as step 2.

• Patterning.

– Resist coating: Resist type AZ 6632 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 120 s.

– Exposure: 203 mJ/cm2 dose over 11.5 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

• RIE.

– NbTiN etch: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow,
13.5 sccm SF6-flow, 9 min etch time .

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
90 s etch time

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

• Cleaning: Acetone bath for 2 min.

• Cleaning (AZ100 remover): AZ100 remover at 80 °C for 5 min

• Cleaning (Surface oxide removal and hydrogen passivation): 10 % diluted HF at
room temperature for 30 s.

5. A 250 nm thick a-Si layer nA ≈ 10. is deposited using plasma enhanced chemical vapor
deposition (PECVD). This process was carried out in the cleanroom of the KAVLI
institute at the TU Delft.

• Cleaning (Surface oxide removal and hydrogen passivation): 10 % diluted HF at
room temperature for 10 s.

• PECVD deposition: 250 nm over 7 min and 9 s at 250 °C.

6. The a-Si layer is patterned and etched, defining the dielectric layer of the microstrip
using the same recipe as step 2. As the process is not selective against NbTiN,
the lower NbTiN will experience overetch in places where a-Si is removed. This is
accounted for in the chosen NbTiN layer thickness during the design process.

• Resist coating: Resist type ECI3027 at 4000 rpm rotation speed for 30 s.

• Soft bake on hotplate at 110 °C for 120 s.
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• Exposure: 160 mJ/cm2 dose over 10 s.

• Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s devel-
opment time.

• RIE.

– a-Si etch: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow,
13.5 sccm SF6-flow, 8 min etch time .

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
90 s etch time

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

• Cleaning: Acetone bath for 2 min.

7. A second NbTiN layer of 100 nm is deposited using the same process as step 3.

• Cleaning (AZ100 remover): AZ100 remover at 85 °C for 5 min.

• Cleaning (surface oxide): 10 % diluted HF at room temperature for 10 s.

• Sputter deposition.

– Presputter: 100 sccm Ar-flow, 7.5 sccm N2-flow, 440 W power, 7.8 mTorr
pressure, 326 ± 5V for 240 s.

– Sputter: 100 sccm Ar-flow, 7.5 sccm N2-flow, 440 W power, 7.8 mTorr
pressure, 343 ± 2V for 245 s.

8. The NbTiN layer is patterned and etched to form the microstrip line using the same
process as step 2. Overetch will occur analogous to step 6, which is also accounted
for during the design process.

• Patterning.

– Resist coating: Resist type AZ 6632 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 120 s.

– Exposure: 140 mJ/cm2 dose over 7 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

• RIE.

– NbTiN etch: 5 mTorr pressure, 50 W power, 345 V bias, 25 sccm O2-flow,
13.5 sccm SF6-flow, 7 min etch time .

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
90 s etch time

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.

• Cleaning: Acetone bath for 2 min.
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9. A 1 µm thick layer of polyimide LTC9505 is spin coated on the wafer.

• Coating: Polyimide LTC9505 at 5500 rpm rotation speed for 45 s.

• Soft bake on hotplate at 100 °C for 180 s.

10. The polyimide layer is patterned and cured into dielectric supports for the bridges
along the microwave readout line.

• Exposure:210 mJ/cm2 dose over 10.5 s.

• Development: 3 Baths

– Bath 1: Developer type HTRD2 for 70 s

– Bath 2: Mixture 1:1 (HTRD2 :RER600 ) for 70 s

– Bath 3: Developer type RER600 for 30 s

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 30 s etch time

• Cure in oven at 250 °C for 3 h.

11. A 50 nm thick layer of Al ()2 = 1.28 K) is deposited.

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 30 s etch time

• Cleaning (surface oxides): 1 % diluted HF at room temperature for 60 s.

• Al sputter deposition: 5 mTorr pressure, 876 W power, 108 s deposition time.

12. The Al layer is patterned to form the hybrid MKID center line and bridges along the
microwave readout line. The layer is wet etched using TechniEtch Al80 Al etchant
(Microchemicals GmbH ).

• Dehydration bake at 110 °C for 120 s.

• Resist coating: Resist type AZ 1518 at 4000 rpm rotation speed for 30 s.

• Soft bake on hotplate at 110 °C for 90 s.

• Exposure: 100 mJ/cm2 dose over 5 s.

• Development: Developer type AZ Developer, 1:1 ratio water/developer, 40 s
development time.

• Hard bake at 125 °C for 75 s.

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 30 s etch time

• Etching with TechniEtch Al80 for 90 s.

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.
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13. A 40 nm thick layer of V-phase Ta ()2 ≈ 0.6 K) is deposited on the backside.

• Cleaning in oxygen plasma: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm
O2-flow, 4 min etch time

• Sputter deposition: 5 mTorr pressure, 876 W power, 56 s deposition time.

14. The Ta layer on the backside is patterned and etched to create an absorbing mesh

• Patterning.

– Resist coating: Resist type AZ 6612 at 4000 rpm rotation speed for 30 s.

– Soft bake on hotplate at 110 °C for 60 s.

– Exposure: 113 mJ/cm2 dose over 6 s.

– Development: Developer type AZ 351B, 5:1 ratio water/developer, 60 s
development time.

• RIE.

– Ta etch: 10 mTorr pressure, 60 W power, 315 V bias, 30 sccm Ar-flow,
13.5 sccm SF6-flow, 2 min etch time.

– Descum: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm CHF32-flow,
30 s

– O2 Etch: 100 mTorr pressure, 50 W power, 260 V bias, 25 sccm O2-flow,
30 s

• Resist removal: Spin wafer at 4002 rpm for 30 s and spray acetone.
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Benoit, A., Béthermin, M., Bounmy, J., Bourrion, O., Bres, G., De Breuck, C.,
Calvo, M., Cao, Y., Catalano, A., Désert, F.-X., Durán, C.A., Fasano, A., Fenouillet,
T., Garcia, J., Garde, G., Goupy, J., Groppi, C., Hoarau, C., Lagache, G., Lambert,
J.-C., Leggeri, J.-P., Levy-Bertrand, F., Maćıas-Pérez, J., Mani, H., Marpaud, J.,
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Summary

Superconducting Integrated Circuits at Sub-millimeter Wavelengths

Superconducting integrated circuits (SICs) represent a natural step forward for devices op-
erating at frequencies from microwave up to sub-millimeter wavelengths. They offer mas-
sive miniaturization via compact design based on low-loss superconducting transmission
lines. At sub-millimeter wavelengths, the development of SICs is driven by astronomical
instruments where it could allow the realization of an imaging spectrometer, combining
simultaneous imaging and spectroscopy capabilities into a single instrument analogous to
integral field units in the infrared and optical regimes. Such an imaging spectrometer can
be achieved with SICs by integrating the required elements, such as spectral filters and
polarizers, with the detectors onto a single chip. Without this integration, the dispersive
system for even a single spatial pixel at these wavelengths would be prohibitively large and
could not be realistically scaled up to allow imaging.

Astronomical signals are exceedingly weak, typically requiring many nights of exposure
to get a good signal to noise ratio. It is therefore imperative that the instrument has
minimal losses before its detectors. As a consequence, the losses of each element in the SIC
needs to be minimized, which requires careful characterization of the individual elements,
including antenna, filters, detectors and connecting transmission lines. The primary focus
of this thesis lies on the experimental characterization of the wideband antenna and the
low-loss superconducting transmission lines.

All experiments in this thesis are based on a lab-on-chip approach where an SIC element
of interest, such as the antenna or transmission line, is placed into a dedicated chip design to
characterize its performance in isolation of any other elements. The chip design, fabrication
and laboratory setup for each experiment are given in chapter 3.

In chapter 4 we design and validate the cryogenic system used in the remainder of
the thesis. For an experiment at sub-millimeter wavelengths, sources are often operated at
room temperatures while the test device is placed in a cryostat at sub-kelvin temperatures.
This requires windows in the cryostat, which allow radiation to reach the device without
overheating it. We have designed such an optical access with a very wide opening angle
of \ = 37.8◦ over a 0.1 − 1 THz frequency band. The system uses a commercial pulsetube
cooler combined with a 4He/3He sorption cooler cold stage, with a base temperature of
265 mK and a hold time around 32 h. The combination of wide opening angle, large
frequency band and long hold time enables a wide range of experiments, such as beam
pattern measurements and spectral measurements.
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In chapter 5 we demonstrate efficient radiation coupling at sub-millimeter wavelengths
over an unprecedented large bandwidth from 300 − 900 GHz. The lens-antenna consists of
a tapered leaky-wave slot etched in a superconducting NbTiN film on a SiN membrane, a
hyper-hemispherical Si lens and a Si spacer wafer to create a 13.8 µm thin air gap between
the antenna slot and the Si lens. The slot is directly coupled to a NbTiN/Al hybrid
microwave kinetic inductance detector (MKID), which is connected to a microwave readout
scheme. NbTiN is used for this device as it exhibits a high superconducting bandgap
frequency of 1.1 THz, eliminating resistive losses over the full antenna bandwidth. We
measure the lens-antenna’s far field pattern and optical efficiency at three narrow frequency
bands, covering the antennas full 1:3 bandwidth. The experimental results for both beam
pattern and optical efficiency are in good agreement with simulations. We find an aperture
efficiency of around [0?C ≈ 0.4 over the full antenna bandwidth, which represents the
highest measured value for a leaky-lens antenna at sub-millimeter wavelengths to date.
This result is limited by the absence of anti-reflection (AR) coating in this experiment and
implementing a wideband AR coating can increase the efficiency by up to 30 %.

Transmission lines are the fundamental building block of any SIC, with co-planar waveg-
uides (CPWs) and microstrip lines as the most commonly used types. While resistive losses
are not a concern due to the use of a superconducting film, both CPW and microstrips
have other intrinsic loss mechanisms, with radiation loss and dielectric loss as the dom-
inant loss mechanisms for CPW and microstrip respectively. Accurate measurements of
very low losses in superconducting transmission lines at sub-millimeter wavelengths are
highly difficult to achieve, as the electronics used at microwave frequencies can not simply
be scaled. As a consequence, our current understanding of the relevant loss mechanisms
in this regime is insufficient, with limited or non-existent data. We show in this thesis
that on-chip Fabry-Perot resonators (FPRs) are a simple, flexible and accurate method to
measure these very low losses at sub-millimeter wavelengths and sub-Kelvin temperatures.

In chapter 6, we show that NbTiN based superconducting CPW transmission lines are
limited by radiation losses at 350 GHz, and that these losses can be suppressed by using a
superconductor with high kinetic inductance. We design multiple chips, each containing a
single FPR with a different CPW line width which is coupled to an antenna on one side
and to an MKID on the other. We carry out a frequency sweep with a tunable continuous-
wave photomixer source coupled to the antenna and read out the MKID response to obtain
the FPRs transmission spectrum. The spectrum then consists of multiple resonance peaks
with a peak shape that depends on the CPW transmission line losses and the coupling
strength of the FPR to the MKID and antenna. By correcting for the coupling strength
using simulations we obtain the losses of the CPW line, which are in excellent agreement
with radiation loss simulations and represent a significant suppression of radiation loss
compared to a CPW with no kinetic inductance.

In chapter 7, we measure the losses of a NbTiN/a-Si/NbTiN microstrip at 350 GHz.
Microstrip transmission lines do not suffer from radiation loss and offer more compact and
less complex circuit designs, which makes them more attractive than CPW in many appli-
cations. Here, we also demonstrate that combining multiple FPRs of different lengths on a
single chip can be used to obtain the transmission line loss without the need for simulations
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of the resonators coupling strength. We carry out a frequency sweep analogous to that
of the CPW loss measurement of chapter 6 and obtain the transmission spectrum for all
FPRs simultaneously. Combining the analysis of the four spectra then directly provides
the microstrip loss. In addition, we measure the power dependent loss of microwave res-
onators which are included on the same chip to obtain comparative microwave data around
6 GHz. Here, we observe a power dependence consistent with two-level system (TLS) the-
ory, but the measured loss is significantly lower than that at 350 GHz. This difference is
not expected in the TLS standard model and could point to different loss mechanisms in
this frequency regime. Additionally, the losses are about six times higher than those of the
narrowest CPW in chapter 6, but still sufficiently low for use in next generation on-chip
spectrometers.

With the demonstration of the wideband antenna, low-loss CPW and microstrip lines,
this work has created the building blocks needed for future imaging spectrometers. The
first prototype, still with a single pixel, is DESHIMA-2, which uses all three structures
developed in this work.
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Summary

Supergeleidende gëıntegreerde circuits voor sub-millimeter golflengtes

Supergeleidende gëıntegreerde circuits (SIC’s) zijn een natuurlijke stap voorwaarts voor
chips die werken op de golflengtes van microgolven tot op zogenaamde sub-millimeter stral-
ing. SIC’s maken een enorme miniaturisatie mogelijk door middel van compacte designs
gebaseerd op supergeleidende transmissie-lijnen. Voor sub-mm straling, met een golflengte
iets onder de 1 mm, wordt de ontwikkeling bepaald door de mogelijkheid om nieuwe as-
tronomische instrumenten te maken: Spectroscopische camera’s, die het mogelijk maken
om afbeldingen te maken waarbij voor elk pixel een gedetailleerd spectrum van de gemeten
straling beschikbaar is, analoog aan zogenaamde IFU’s, ‘integral field units’, die al bestaan
voor optische en nabij infraroodstraling. Zo’n spectroscopische camera kan gemaakt worden
met SIC’s door al de elementen, zoals spectrale- en polarisatiefilters samen met detectoren
te integreren op een enkele chip. Zonder deze integratie zou een spectrometer voor een
enkel pixel al heel groot worden zodat een combinatie van veel pixles onmogelijk zou zijn.

Astronomische signalen zijn extreem zwak, er zijn typisch vele nachten nodig om voor
een astronomische observatie een goede signaal-ruisverhouding te krijgen. Daarom is het.
van extreem belang dat er geen signaal verloren gaat in de instrumentatie voordat het
gemeten wordt. Om die reden moeten de verliezen in al de elementen van de SIC’s worden
geminimaliseerd, waarvoor een zorgvuldige karakterisatie van al de individuele elementen
van de SIC’ nodig is: Dit zijn bijvoorbeeld de antennes, filters, signaallijnen en de de-
tectoren. De focus van dit proefschrift is de experimentele karakterisatie van de breed-
bandige antenne, en de supergeleidende transmissielijnen voor toekomstige SIC’s voor de
astronomie.

Alle experimenten in dit proefschrift zijn gebaseerd op een ‘lab-op-chip’ aanpak, waarbij
de enkele elementen, zoals antenne of transmissielijn, worden geplaats op een chip die
speciaal ontwikkeld is om het specifieke element te testen. Het ontwerp van deze chips, de
fabricage en de meetopstelling worden besproken in hoofdstuk 3.

In hoofdstuk 4 ontwerpen en testen we het koelsysteem dat gebruikt wordt in de rest van
het proefschrift. Voor een experiment op sub-millimeter golflengtes gebruiken we stralings-
bronnen die werken op kamertemperatuur, terwijl de chip in een cryostaat is geplaatst op
temperaturen onder de 1 K (0 K = −273 °C). Hiervoor zijn vensters in de cryostaat nodig
die het mogelijk maken voor de sub-mm straling om de chip te bereiken, zonder dat deze
wordt oververhit door de thermische straling van de rest van het experiment op kamertem-
peratuur. Wij hebben een systeem ontwikkeld van vensters die dit mogelijk maakt met een
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grote openingshoek van \ = 37.8◦ die straling doorlaat over een 0.1 − 1 THz bandbreedte.
Dit systeem maakt gebruik van een commerciële koeler met een minimumtemperatuur
van 265 mK die 32 uur lang vastgehouden wordt, waarna de 4He/3He koeler een uur lang
opnieuw afgekoeld moet worden. De combinatie van een grote openingshoek, grote band-
breedte en het vasthouden van een temperatuur van 265 mK gedurende 32 uur maakt een
groot aantal experimenten mogelijk, zoals bundel patroon metingen en spectrale metingen.

In hoofdstuk 5 demonstreren we efficiënte stralingskoppeling met een antenne over
een ongeëvenaarde bandbreedte van 300 − 900 GHz. Het lens-antenne systeem wat we
hiervoor gebruiken is gebaseerd op een ‘lekkende golfantenne’ (leaky wave antenna) die
gefabriceerd is van een supergeleidende NbTiN (niobium titaan nitride) film op een SiN
(silicium nitride) membraan, gecombineerd met een Si lens en een Si afstandhouder die
een 13.8 µm ruimte creëert tussen de lens en de antenne. De antenne maakt onderdeel
uit van een NbTiN/Aluminium MKID (microgolf Kinetische Inductie Detector). NbTiN
wordt in deze chip gebruikt omdat het een grote supergeleidende overgangsfrequentie heeft
van 1.1 THz. Voor lagere frequenties heeft dit materiaal geen elektrische verliezen, wat
de antenne dus efficiënter maakt. In het experiment hebben we de optische koppeling
en bundelpatroon gemeten in een smalle band rond 3 centrale frequenties die de hele
1:3 bandbreedte van de antenne overspanen. De experimentele resultaten zijn in goede
overeenstemming met de simulaties en we vinden een ‘aperture efficientie’ [0?C ≈ 0.4 over
de hele bandbreedte. Dit is de hoogste waarde voor een dergelijke antenne die tot nu toe
gemeten is. De beperkende factor is de afwezigheid van een anti-reflectie laag, die een
verbetering zou kunnen geven van 30 %.

Transmissielijnen zijn de fundamentele bouwsteen in elk SIC, waarbij CPW lijnen
(Coplanar waveguides) en microstrip-lijnen de meest gebruikte soorten zijn. Ohmse ver-
liezen spelen geen rol bij supergeleiders, maar ander mechanismes zijn wel belangrijk, zoals
stralingsverliezen en diëlectrische verliezen voor respectief CPW lijnen en microstriplijnen.
Nauwkeurige metingen van de zeer kleine verliezen in supergeleidende transmissielijnen op
sub-mm golflengtes zijn extreem moeilijk, omdat er geen geschikte elektronica voor is om
dit te doen. Hierdoor is ons begrip van de mechanismes die zorgen voor verliezen in dit
regime onvoldoende, en is er bijna geen experimentele data. In dit proefschrift laten we
zien dat Fabry-Perot resonatoren (FPR) gemaakt van supergeleidende transmissielijnen
een simpele, exacte methode zijn om deze verliezen te meten.

In hoofdstuk 6 laten we zien dat NbTiN CPW lijnen op 350 GHz gelimiteerd worden
door stralingsverliezen en dat deze verliezen heel klein gemaakt kunnen worden door het
gebruiken van een supergeleider met een hoge kinetische inductie. We ontwerpen verschil-
lende chips, elk met een FPR met een CPW lijn met andere dimensies, gekoppeld aan een
antenne aan de ene kant en een MKID detector aan de andere kant. We meten de response
van de detector als functie van de frequentie van en input signaal dat gegenereerd wordt
door een fotomixer. Op deze manier verkrijgen we de transmissie van de FPR als functie
van de aangeboden signaalfrequentie. Dit frequentie-spectrum bestaat uit verschillende
resonatiepieken wiens vorm afhangt van de verliezen in de CPW lijn en de koppelstruc-
turen van de FPR. Door de corrigeren voor de koppelstructuren verkrijgen we de verliezen
in de CPW lijn. Deze zijn in zeer goede overeenstemming met simulaties die ervan uit-
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gaan dat alleen stralingsverliezen een rol spelen. Uit deze simulaties blijkt ook dat de
stralingsverliezen in een CPW zonder kinetische inductie veel groter zijn.

In hoofdstuk 7 meten we de verliezien in een NbTiN/a-Si (amorf Silicium)/NbTiN
microstrip transmissielijn op 350 GHz. Microstriplijnen zijn een 3D structuur die geen last
hebben van stralingsverliezen en maken compactere structuren mogelijk. Om die reden zijn
ze voor veel applicaties aantrekkelijker dan CPW lijnen. In dit hoofdstuk laten we zien dat
we met een chip met 4 FPR’s van verschillende lengte direct de verliezen in de lijn kunnen
meten zonder dat we een simulatie nodig hebben van de koppelstructuren, wat nog wel
nodig was in hoofdstuk 6. In het experiment meten we respons van de 4 lijnen tegelijkertijd
als functie van de frequentie van het photomixer-signaal net als in hoofdstuk 6 en verkrijgen
op die manier de frequenctie-response. De analyse van de 4 metingen samen geeft direct
het verlies in de microstriplijn. We meten ook de verliezen in microstrip resonatoren met
een resonantiefrequentie van ongeveer 6 GHz, die gefabriceerd zijn op dezelfde chip. In
de 6 GHz resonatoren zien we een afhankelijkheid van de verliezen met het aangeboden
signaalvermogen, wat consistent is met de 2 level (TLS) theorie. Echter, die verliezen op
6 GHz zijn veel lager dan op 350 GHz, wat de TLS theorie niet voorspelt. Ook zijn de
verliezen ongeveer 6 maal hoger dan voor de smalste CPW lijnen van hoofdstuk 6, maar
nog steeds goed genoeg voor een toepassing in de volgende generatie on-chip spectrometers.

Met de demonstratie van een breedbandige antenne, CPW lijnen en microstriplijnen
met erg lage verliezen op 350 GHz heeft dit proefschrift heeft dit proefschrift de bouwstenen
gecreëerd voor toekomstige beeldvormende spectrometers. Het eerste prototype, met nog
steeds 1 pixel, is DESHIMA-2 en gebruikt al de 3 structuren ontwikkeld in dit proefschrift.
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N. Llombart, ”Quasi-Optical System for the ASTE Telescope with 1:3 Bandwidth
at Sub-mm Wave”, The 13th European Conference on Antennas and Propagation
(EuCAP 2019), Krakow, Poland, April 2019
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