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Abstract

On-chip spectrometers, such as DESHIMA and SuperSpec, require transmission lines with very low
loss of tan § < 10™* to achieve sufficient system efficiency. Transmission lines with higher loss would
introduce too much signal attenuation in the line from antenna to filter and in the filters themselves.
Data regarding the losses of transmission lines at THz frequencies and sub-K temperatures is severely
lacking. In this report an on-chip Fabry-Pérot resonator concept is demonstrated that can be used to
measure the losses of a transmission line with high sensitivity at high frequencies. To create the in-line
Fabry-Pérot resonator, a transmission line of certain length is coupled to a THz source via a twin-slot
lens antenna on one side and to an AI-NbTiN hybrid MKID on the other side.

The goal of this work is to measure the losses of microstrip lines at frequencies > 300 GHz, at a
temperature of about 250 mK, with dielectric dominated loss in the range of 1073 > tan § > 1075. There
are several experimental challenges for measuring tan 6. The first challenge is the limited frequency
resolution of the source, due to which resolving low tan § can become impossible. Secondly it was
experimentally found that there is stray light coupled to the detector which causes a spurious response
with a level of —30dB with respect to the peak (unity) transmission of the Fabry-Pérot resonator. Taking
these experimental challenges into account results in a Fabry-Pérot resonator design where the length,
the mode number, and the coupler quality factor Q. of the resonator are optimized. Furthermore multiple
resonators on a single chip are used, each coupled to a separate antenna and detector, with different
Q. values. This design method is applicable for different dielectric materials and different transmission
line configurations. Using this method a chip was designed and fabricated for a microstrip line based
Fabry-Pérot resonator fabricated from sputter deposited superconducting NbTiN metal and a PECVD
deposited a-Si layer. Using this chip a tan § ~ 10™* @ 350 GHz was measured, which represents the
lowest loss values of a microstrip line at frequencies > 10 GHz ever measured.
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Introduction

In 1608 German-Dutch lens maker Hans Lippershey patented the first refractive telescope, although
he referred to it as a 'Dutch perspective glass’. This telescope consisted of two lenses and reached a
magnification of up to three times. In 1610 Galileo was the first to use the 'Dutch perspective glass’ for
astronomical purposes and with it discovered the four largest moons of Jupiter: 10, Ganymede, Callisto,
and Europa. The term telescope was coined in 1611 by Greek mathematician Giocanni Demisiani.

Dutch astronomer Christian Huygens, inspired by Galileo, greatly improved the performance of
the optical telescope. In 1655 he built a 12 foot (3.7 meters) telescope with which he made detailed
observations of Saturn. In 1688 Sir Isaac Newton built the first reflecting telescope using mirrors instead
of lenses. Newton’s mirror based telescope had a number of advantages over the existing lens based
telescopes, it was cheaper and simpler to build, it was more compact, it had a wider field of view, and
it did not suffer from chromatic aberration. In 1789 William Herschel build the first gigantic telescope.
The gigantic telescope was based on newtons reflecting telescope and had a length of 40 foot (12
meters).

In 1933 Bell Telephone Laboratories engineer Karl Guthe Jansky built the first radio telescope.
Jansky’s telescope, or "merry-go-round”, had a diameter of 30 meters. Where the previous telescopes
where all designed for optical signals Jansky’s telescope was designed to receive a signal of around
20.5MHz. His goal was to find the source of static interference in radio and telephone services. Using
his "merry-go-round” he found a curious constant background "faint hiss”. Jansky correctly suspected
that this signal originated not from earth but from outside the solar system.

(a) Herschels’ 40-foot long reflecting tele- ™ ’ T (c) Grote Reber and the first parabolic dish
scope (1789). (b) Jansky’s merry-go-round (1933). telescope (1937).

Fig. 1.1: A brief history of the telescope. a) the first gigantic telescope, built by Herschel. It was completed in 1789. Image from
[1]. b) The first radio telescope, built by Bell Telephone Laboratories engineer Karl Guthe Jansky. This array of dipoles was built

to find the source of static interference present in radio and telephone services. Image from [2]. ¢) The first parabolic dish radio
telescope built by Grote Reber in his backyard in lllinois. Image from [3].

Inspired by Jansky’s work, amateur radio enthusiast Grote Reber built the first parabolic dish tele-

1



2 1. Introduction

scope in his backyard in lllinois in 1937. The telescope had a dish with a diameter of 9 meters and
served as the only radio telescope in the world until after World War Il. Repeating Jansky’s work he
identified the Milky Way as the first astronomical radio source. Reber’s telescope and research was
the beginning of the research field known as radio astronomy.

Since Reber’s work the sky has been observed at a huge range of frequencies, ranging from radio
frequencies of a few MHz up to gamma rays with ground breaking observatories such as LOFAR and
ALMA. Still there remains one largely unexplored frequency band at the boundary between optical and
radio astronomy, the Terahertz frequency range.

1.1. Terahertz astronomy

The terahertz (THz) frequency range, taking the widest definition, ranges from 0.1-10 THz. Above
1 THz this frequency band is often referred to as Far Infrared (FIR). Although the THz frequency band
contains a significant part of the radiation from galaxies (Fig. 1.2) it has remained largely unexplored.

Wavelength A [zm]
10° 10°

THz (dust) Visible (stars)

T
Integrated values.
10° [~ in nW/m®/sr

R

Brightness I [nNW.m™.sr ]

Radio XRB

o.0007 JTERTNZ 2o 0.275

[ 77777470

Frequency v [GHz]

Fig. 1.2: Excluding the radiation CMB, the universe is filled with radiation from galaxies. A significantly large fraction of this
radiated power lies in the terahertz (THz) frequency band. CIB stands for the Cosmic Infrared background and COB for the
Cosmic Optical Background. Adapted from [4].

This frequency band remained unexplored since it was assumed that the sources visible in the
THz/FIR band are the same sources that are visible in the optical regime. It was thus assumed that ob-
servations in the THz/FIR band would yield no additional information compared to optical observations.
This changed with IRAS (Infrared Astronomical Satellite), which observed from 12 - 100 micron. The
infrared observations of the Andromeda galaxy by the SPIRE and PACS instruments on the Herschel
space observatory are a good example of how different a galaxy looks at IR wavelengths compared to
optical wavelengths. The infrared images from Andromeda are given in Fig. 1.3 together with optical
and X-ray observations. These images showed that the infrared radiation from galaxies is not from the
hot stars, which completely disappear in the infrared images, but from the dust in the galaxies. This
dust is heated by the hot stars and re-emits energy in the THz/FIR frequency range.

The virtue of THz astronomy lies in the observation of "dusty” star forming galaxies in the early
universe. these "dusty” galaxies are all but invisible in the optical regime since the dust clouds in
the galaxy obscures the stars, but appear very bright in the THz frequency due to the thermal radiation
from the heated dust. Terahertz astronomy thus allows astronomers to examine these young and active
galaxies. An example of such a "dusty” galaxy is Arp 220 (Fig. 1.4) which appears bright in the THz/IR
frequency range.
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Optical - b B ? Infrared

Composite ‘ -8 Infrared & X-rays

Fig. 1.3: The Andromeda galaxy (M31) in optical, infrared (orange) and X-ray (blue) with the resulting composite image. The
infrared image is obtained from data of the SPIRE and PACS instruments on the Herschel space observatory. Image from [5].

Fig. 1.4: Hubble space telescope image of "dusty” galaxy Arp 220. The dust (red) in this galaxy obscures part of the visible-light
radiated by Arp 220. Arp 220 is defined as an Ultraluminous Infrared Galaxy (ULIRG). Image from [6].
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1.2. Superconducting astronomical instrumentation and Microwave

Kinetic inductance detectors.

The Herschel space observatory was one of the first space missions to carry superconducting detec-
tors (HIFI) for THz astronomy. These detectors use the principle of superconductivity as discovered by
Heike Kamerlingh Onnes in 1911 and they proved to extremely well suited for THz astronomy. A short
theoretical introduction on superconductivity is given in chapter 2 of this thesis. There are numerous su-
perconducting THz detector technologies. The heterodyne Superconductor-Insulator-Superconductor
(SIS) and Hot Electron Bolometer (HEB), and the direct Transistion Edge Sensors (TES) and Microwave
Kinetic Inductance Detectors (MKID). The Terahertz Sensing group works on MKID detectors and two
MKID based instruments: The DESHIMA on-chip spectrometer for the Japanese ASTE telescope, and
the AMKID camera for the ESO-German APEX telescope, both located in Chile. The group is also
working on the successor of DESHIMA: MOSAIC.

1.2.1. DESHIMA

DESHIMA, Deep Spectroscopic High-redshift Mapper, uses the detection of the bright atomic carbon
([C1]) line to determine the redshift of a submillimeter ("dusty”) galaxy. The [C};] line has a rest fre-
quency of roughly 1.9 THz, but during the time the signal travels from the distant galaxy to the detector
it is redshifted due to the expansion of the universe. The redshift causes the [C};] line to be observed
at a different frequency than it’s rest frequency as given by

frest
1+2)

fobs = (1.1)
where z is a measure of the redshift in terms of frequency shift. The redshift z is proportional to the
distance between us and the observed galaxy, the larger the distance the longer the signal travels in the
expanding universe before it reaches us which results in a larger redshift. This information allows one
to construct a 3D map of the universe. Furthermore, since the redshift is related to the time the signal
has travelled to reach us the redshift is a measure of how long ago the signal was transmitted. This
gives the 3D map a time component where an increasing redshift corresponds to an earlier universe.
Using this map the evolution of the large scale structure of the universe can be studied. A slice of such
a map is given in Fig. 1.5 in which each dot represents a different galaxy with a redshift z.

2dF Galaxy Redshift Survey 2

<
N

Fig. 1.5: The galaxy redshift survey. The axis from the centre show the the redshift z, and the distance from us. This axis is also
time since it indicates how long ago a galaxy existed, i.e. how long ago the signal arriving on earth was transmitted. Note that
there is a change in the distribution of galaxies visible when looking inwards. Image from [7].

To measure a large range of redshifts you need an ultra-wideband spectrometer with enough res-
olution to resolve the emission lines. DESHIMA is the first of this class of spectrometers aiming for a
bandwidth from 220 GHz to 440 GHz which corresponds to a redshift z of 7.6 to 3.3 when targeting the
[C/;] line.
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The Deshima spectrometer is created using multiple MKIDs and filters. Each filter, designed for a
different frequency, is coupled to a separate MKID. In this way each MKID is sensitive to a different
frequency component of the astronomical signal. By reading out and combing all MKIDs the spectrum
of the received astronomical signal can be reconstructed. By finding the [C;,] line in this reconstructed
spectrum the astronomical redshift z can be determined.

1.2.2. MOSAIC

MOSAIC, multi object spectrometer with an array of superconducting integrated circuits, is a proposed
upgrade to the DESHIMA instrument. Although DESHIMA is really efficient in resolving the [C;;] and
thus the depth/distance of the galaxy it is a single pixel instrument and thus not suitable for mapping
large sections of the sky. MOSAIC consists of an array of multiple, DESHIMA like, spectrometers
effectively realising multiple spectrum resolving pixels. With multiple pixels MOSAIC can create a 2D
map of the sky and at the same time, trough the spectrometers, resolve the redshift of each galaxy
found in the 2D map creating a 3D map with a single instrument. An example of what the MOSAIC
instrument might look like is given in Fig. 1.6.

Redshift

o

Pectrypy,

Fig. 1.6: An overview of the proposed MOSAIC instrument. The instrument consists of multiple stacked spectrometers each
realising a pixel on the sky. MOSAIC is capable to create a 2D image and resolve the redshift of all sourced in this 2D image.
The result is a 3D image of the night sky. Image from [8]
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1.3. Problem statement

The instruments described above, DESHIMA and MOSAIC, require low loss transmission lines to
achieve sufficient system efficiency. The current version of DESHIMA [10, 11] uses the coplanar
waveguide (CPW) geometry for the transmission lines, which can support a common mode. When
this common mode is exited in the transmission line, which happens for example at the filters, the
power on the line is radiated away from the line instead of transmitted along the line. This causes a
huge loss of signal which decreases the system efficiency drastically.

An alternative to the CPW, which does not suffer from the common mode, is the microstrip line. The
microstrip line requires a dielectric layer as separation between the signal line and ground plane. This
dielectric layer introduces dissipative losses in the transmission line. From [12] DESHIMA requires
transmission lines with losses Q; > 10* to achieve sufficient system efficiency. Normally this would be
impossible due to the ohmic losses in the metal. However for a superconducting metal these losses
drop to zero when the metal is cooled to below it’s critical temperature. In recent work [13] it is shown
that the losses in superconducting coplanar waveguides is limited by radiation loss only and can be as
low as Qi > 20.000. Hence, the dominant loss mechanism for microstrip lines is given by the dielectric
material. The best losses at GHz frequencies are given by Nb-SiO2 based microstrip lines [14] with
Q; 2000 at 110 GHz.

The problem is that data regarding the losses of dielectric materials at sub-K temperatures and THz
frequencies is severely lacking. The aim of this project is to design a "lab on chip” platform which can
be used to measure the dielectric losses in different dielectric materials. The requirements for this "lab
on chip” are:

» The dielectric loss should be measurable at frequencies ranging from 300 GHz to 1.1 THz.

+ Dielectrics with an intrinsic loss quality factor ranging from 100 to 10°. These values originate
from the sparse data that exist for polyimide and amorphous sillicon. The data that is available
for these dielectrics is either measured at room temperature, low frequencies or under specific
device conditions [15]-[18].

» The dielectric loss should be measured at sub-Kelvin temperatures. DESHIMA and MOSAIC are
superconducting detectors which operate at sub-K temperatures, therefore data regarding the
dielectric losses are required at sub-K temperatures.

« Suitable for different dielectric materials with different thickness’s and different dielectric constants
Ep-

1.4. Proposed solution

The proposed solution is an on-chip Fabry-Pérot (FP) interferometer for which the resonance behaviour
depends on the properties of the dielectric material used in the interferometer. The Fabry-Pérot inter-
ferometer has a long history in dielectric measurements and has been used, for example, by NASA
in 1969 [9]. For these measurements the interferometer is constructed on an optical table with two
reflectors in between which a dielectric sample can be placed (Fig. 1.7).

The example given in Fig. 1.7 is suitable for E-band (60 to 90 GHz) at room temperature. For this
experiment the Fabry-Pérot interferometer is created on-chip using the same materials and deposi-
tion methods as in the DESHIMA and MOSAIC projects. The experiment can be performed with the
measurement equipment available in the Terahertz sensing group at the TU Delft.

The expected output of the on-chip Fabry-Pérot interferometer is a resonance curve as given in Fig.
1.8. The shape of each of the peaks in this resonance curve depends on the dielectric losses.

The response of the interferometer is measured using the microwave kinetic inductance detectors,
MKIDs, which allow for measurements at sub-Kelvin temperatures and a frequency range of roughly
90 GHz to 1.1 THz. This proposed solution satisfies the requirements as given in section 1.3.
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Fig. 1.7: Structure of a flat-plate Fabry-Pérot resonant cavity. Image from [9].

Fabry-Pérot transmission

Frequency

Fig. 1.8: Example of the expected Fabry-Pérot interferometer response. Each resonance peak gives a measurement of the
dielectric losses. How the dielectric losses are obtained from the resonance peaks is explained in chapter 5.



8 1. Introduction

1.5. Aim of this project and thesis outline

The aim of this project is to provide a design "toolbox” for the on-chip Fabry-Pérot interferometers and
to validate the concept by measuring the dielectric loss in two materials: polyimide (Pl) and amorphous
silicon (a-Si). This thesis is therefore divide into three parts. Part | provides the theoretical background
required to model and design the Fabry-Pérot interferometer. Part Il discusses the general design
procedure and the design of a polyimide and amorphous silicon chip. Part lll gives an overview of the
measurements, analysis, and results of both chips. The thesis is concluded with recommendations for
improvements and future work.

The outline of the thesis is as follows:

Part I: Theory This part gives the required theoretical background required to model supercon-
ducting transmission lines and the Fabry-Pérot interferometer. Furthermore it discusses how the
resonance peaks of the interferometer depend on the losses of the resonator. It ends with a short
introduction to the microwave kinetic inductance detector (MKID).

Chapter 2: Superconductivity Introduces the concept of kinetic inductance which is re-
quired to model superconducting transmission lines.

Chapter 3: Transmission lines Together with Appendix A and B this chapter introduces
the transmission line, ABCD-matrix, and S-parameters concepts. The second part of this
chapter gives the mathematical expressions used to model the superconducting microstrip
and coplanar waveguide.

Chapter 4: Half wave in-line resonator Introduces the half wave in-line resonator which
is used to realize the on-chip Fabry-Pérot interferometer. Using the concepts introduced in
chapter 3 the transmission curve of such a resonator is modelled.

Chapter 5: Q-factors Gives the relation between Q-factors and the resonator curve of the
Fabry-Pérot interferometer.

Chapter 6: Microwave Kinetic Inductance Detectors (MKID) A short introduction of the
MKID.

Part ll: Experimental overview This part describes the concept of the experiment and the design
methodology. It includes the design of a polyimide and amorphous silicon chip.

Chapter 7: Experiment description The concept of the experiment is introduced includ-
ing the measurement set-up and how to obtain the dielectric loss from the interferometer’s
resonance curve. It then introduces the design methodology for the on-chip Fabry-Pérot
interferometer.

Chapter 8: Detailed design This chapter gives the design of the polyimide and amorphous
silicon chip including the couplers required to create the half wave resonator.

Part Ill: Measurements This part gives an overview of the measurements performed with the
polyimide and amorphous silicon chips.

Chapter 9: Polyimide proof of concept measurements The polyimide chip measurement
and analysis act as a proof of concept for the lab-on-chip FP interferometer. It is focussed
on qualitative statements regarding the measurement set-up and the obtained results.

Chapter 10: a-Si measurements Using the lab-on-chip FP interferometer the losses in an
a-Si based microstrip line are measured.

Chapter 11: Conclusion
Chapter 12: Recommendations
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Superconductivity

On April 8, 1911, Kamerlingh Onnes found that the resistance of a mercury wire vanished when cooled
down to temperatures close to 0 Kelvin. He named this phenomenon ”supraconductivity” but later
adopted the term "superconductivity”. It took until 1957 for Bardeen, Cooper and Schiefer to introduce
BCS theory [19] which explains the phenomenon Kamerlingh Onnes found with a net attraction between
electrons in the metal. When the net attraction between electrons overcomes the coulomb repulsion
between the electrons they form a cooper pair.

2.1. Cooper pairs and quasiparticles

Fig. 2.1: lattice distortion creating a region of positive charge.

When superconductors are cooled below their critical temperature T, a pair of electrons can form
a Cooper pair. Normally two electrons have a repulsive coulomb interaction creating a repulsive force
between the electrons. However when cooled below the critical temperature the electrons will distort
the lattice creating a region of net positive charge. This region with net positive charge can attract
another electron (Fig. 2.1) if it overcomes the coulomb repulsion between the electrons. In this case
electrons can pair up and form a Cooper pair. At T << T, the binding energy of a cooper pair is given
by

2A = 3.5kgT, (2.1)

where kg is Boltzmann’s constant (1.38 x 10~13J/K or 8.617 x 10~ eV/K). For NbTiN, with a T, of
15K, A is given by 0.194 meV.

The electrons that do not pair up to form a cooper pair are referred to as quasiparticles. The density
of the remaining quasiparticles in the superconductor is temperature dependent and is given by

Ngp =~ 2Noy/ 21k TAexp (—A/kgT) (2.2)

11
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Fig. 2.2: The quasiparticle ngp density in a superconductor as a function of the temperature T. T is the critical temperature
of the superconductor. The quasiparicicle density n,p drops rapidly for temperatures below the critical temperatures T, of the
superconductor.

where N, is the density of states of the metal. The approximation in (2.2) is only valid for a thermal
quasiparticle distribution and kT << A. The number of quasiparticles in a system (N, ) is then given
by

Ngp = ngpV (2.3)

where V is the volume of the superconductor. The remaining quasiparticles in the superconductor
will cause ohmic losses but (2.2) and Fig. 2.2 show that these losses will drop to zero for temperatures
well below the critical temperature T,.

2.2. Complex conductivity
For this experiment it is sufficient to describe superconductors by their complex conductivity as intro-
duced in mattis-bardeen theory [20]

0 =0y — i0y. (2.4)

The real part of the complex conductivity (o,) is due to restive losses of the normal electrons (quasi-
particles). The imaginary part (o) has an inductive nature and is due to the inertia of the Cooper
pairs.

—ioz

5300

:

Fig. 2.3: Superconducting film modelled as a resistive component (g;) and an inductive component (a5).

The cooper pairs in the superconductor will have a certain velocity due to the electromagnetic field
at the surface of the superconductor. When the electromagnetic field changes (AC) the Cooper pairs
will be accelerated. The change in velocity of the Cooper pairs is opposed by the inertia of the Cooper
pairs. This is similar to the behaviour of an electric inductor which opposes a change in the current
flowing through it.
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The real part of the complex conductivity (o;) and the imaginary part (o,) can be evaluated for
kT, hw < 2A [21]-[23]

o _ 4 A/l T) sinh [ =2 )i, [ =2 25
oy h O (FA/kpT) sinh | o5 Ko { 777 ) (2:5)
o _Tmhi_, AJkpTY sinh | =2 1, (22 2.6
oy hw exp (=A/kpT) sinh | =7 Jlo | 57 )| (2.6)

where A is the energy gap of the superconductor and T is the temperature of the superconductor in
Kelvin. K, and I, are the modified Bessel functions of the first and second kind.

In the dirty limit, where the superconducting coherence length ¢ is smaller than the penetration
depth 1 (¢ << 1), 04 and ¢, are related to the surface impedance by [21],[24],[25]

ihow

Zs = coth (d+/iwpyo) = Ry + iwLg (2.7)

01 iUZ
with d the thickness of the superconducting film.

The inductive part of the complex surface impedance is referred to as the kinetic inductance as it
originates from the inductive behaviour of the Cooper pairs. The sheet kinetic inductance of a super-
conducting film can be calculated easily using the Mattis-Bardeen result [26]

_ IR

Ly=—. (2.8)

The penetration depth of the superconducting film is given by

A=t (2.9)






Transmission Lines

In this section the microstrip and coplanar waveguide transmission lines are mathematically described.
This description is based on the concept of two-ports where every device, lumped element and trans-
mission line can be described by a simple "building block”.

The two-port of a transmission line section is given in Fig. 3.1 in which the transmission line is
described by its length, characterstic imepdance (Z,) and complex propagation constant (y)

y=a+jp. (3.1)

The attenuation constant a characterizes the loss per unit length and the phase constant § charac-
terizes the change in phase per unit length.

O O
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l

Fig. 3.1: Two port reperesentation of a transmission line section

3.1. Microstrip
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Fig. 3.2: Microstrip geometry: h is the height of the dielectric, W is the width of the microstrip line and t is the thickness of the
line. (inset) Electric field distribution of a microstrip transmission line, note the ‘fringing fields’ at the edges of the strip.

A typical microstrip consists of a conducting line, or strip, seperated from the ground plane by a dielectric
layer as in Fig. 3.2. The effective dielectric constant of a microstrip is not simply the avarage of the
media above and below the line, typically air and the dielectric layer respectively, but is given by [27]

£r+1+sr—1 1
8 =
I 2 2 1+ 12hjW

15

(3.2)
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which takes the field distribution of the microstrip into account. The propagation constant is then given

by
Bm = ko\/?ff (3.3)
where k, is the wave number in free space. The characteristic impedance of the line is given by
6—01n(%+m> forW/h<1
@ W 4h
Zm = 120m (3.4)
forW/h = 1.

[eer7 [W/h + 1393 + 0.667 In (W /h + 1.444)]

Equation (3.3) and (3.4) are not sufficient to describe superconducting microstrips. Currently the best
model to describe superconducting microstrips is given by Yassin in [28]. This model uses the modal
values calculated in (3.4) and (3.3) together with the penetration depth from (2.9) to calculate the prop-
agation constant § and the characteristic impedance Z, for the superconducting microstrip

/
(5)-(F)avad)” @9

Calculating the penetration factor y requires conformal mapping techniques [29] and evaluating
integrals in the presence of singularities. Yassin [28] gives the resulting analytical expression

Isl1+1s2+1gl+1g2+m

B 2 b/ Q)] forW/h <2 16
X=VIs1+Is2+1gl+1g2+m eri (3.6)
2In[2rb/(ra)] ofherwise,
which includes the contributions from the bottom surface of the line
3 2p — (p + Dra + 2(pRa)*/?
Is1l = 11'1( ra(p = 1) (3.7)
Ra=(1-ra)(p —ra), (3.8)
the top surface of the line
3 (p + 1)rb — 2p — 2(pRb)/?
Is2 = ln( b —1) (3.9)
Rb = (rb—1)(rb —p), (3.10)
and the ground plane
3 (p + rb + 2p + 2(pRb")/?
Igl—ln( Y (3.11)
Rb' = (rb+ 1)(rb + p) (3.12)
B (p + Dra + 2p + 2(pRa’)'/?
1g2—1n< ra(p = 1) (3.13)
Ra' = (ra+ 1)(ra + p). (3.14)
ra is given by
_ nw p+1 ~1/ _1/2
ln(ra)——l—ﬁ—wtanh (p~1/?)
(3.15)

In (21
n )’

rb =rbo (3.16)

and rb is given as
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forw/h =5 and
rb = rb0 — [(b0 — 1)(rbo — p)]*/2

rbo—p 12
rbo —1

+(+ 1) tanh™ (

rho —p )1/2 w

_ 1/2 -1 o, 1/2
2p*/“tanh (—p(rbo—l) + on P (3.17)

otherwise, where

rbo=n+¥lnA (3.18)
with
- {% L2 [1 ; m(%)] ~2tanh™" p_l/z} (3.19)
A = max (n,p) (3.20)
p = 2b? — 1+ 2b(b? — 1)1/? (3.21)
b=1+t/h. (3.22)

Note that the expressions given by Yassin are valid when the thickness of the film is much greater
than the penetration depth, this is not the case for the microstrips geometries used for this experi-
mented. However the deviation between the line parameters found by using SONNET [30] and Yassin
[28] for films thinner than the penetration depth are small. The equations from Yassin can thus be used
as a first order approximation of the microstrip line parameters. For the design of the FP chips the line
parameters found with SONNET are used.
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3.2. Coplanar waveguide
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Fig. 3.3: CPW geometry: S is the width of the central conductor, G is the gap between the central conductor and the ground
plane on both sides and t is the thickness of the film. (inset) Electric field distribution for a) the differential mode and b) the
common mode.

For the Coplanar waveguide (CPW) structure the geometric and kinetic inductance can be calculated
separately.
For a standard CPW the geometric inductance per unit length can be calculated as

_ e KGT=K12)

91~ K (3.23)
and the capacitance per unit length as
K(k
Cl = 48086ffL (324)
K(V1—k?)
with 1+
&
Eorf = T (3.25)
S
T (5.20)

and K the complete elliptical integral of the first kind. For the non-superconducting CPW the inductance
of the line is equal to the geometric inductance (Ly,;). When the CPW line becomes superconducting
the inductance of the line is not just the geometric inductance but includes the contribution from the
kinetic inductance L, (2.8).

Using conformal mapping techniques [31] the kinetic inductance contribution can be calculated as
a geometric contribution from the central line (g.) and the ground plane (gg).

For the contribution of the central line

_ 1 +1 4nS il 1+k 397
9= wsa—rorz() [P T Ta Tk (3.27)
and for the contribution of the ground plane
B 1 4m(S+26)\ 1. [(1+k
gg_45(1—k2)K2(k) [n+ln(—d )_Eln<—1—k>]' (3.28)

The kinetic inductance per unit length is then the sum of the two geometric contributions times the
kinetic sheet inductance

Liy = Lis(gg + 9c)- (3.29)
The total inductance of the CPW transmission line is then given by the sum of the geometric induc-
tance (Lg,;) and the kinetic inductance (L)

Ll = Lg,l + Lk,l' (330)
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with the kinetic inductance fraction L
k,l
ay = ————. 3.31
T Lyt Ly (3-31)
The line impedance and the phase velocity of the CPW then follow as
L
= | .32
Zo= |& (3.32)
1
Uphase = E (333)
The effective dielectric constant, ¢, of the CPW line is given by
c 2
Eof = ( 0 ) . (3.34)
Vphase






Half wave in-line resonator

The FP resonators consist of half wave in-line resonators A half wave in-line resonator can be modelled
as a section of transmission line with length [, referred to as the resonator line, capacitively coupled to
the feed network on both sides as in Fig. 4.1.

Fig. 4.1: In line resonator. The resonator section of the transmission line is described by it's length (1), characteristic impedance
(Z,) and complex propagation constant (y). The couplers are modelled as in-line capacitors with capacitance Cy.

The first resonance frequency f,, or lowest order resonance, of this resonator depends on the length
and the effective dielectric constant (e, 5) of the resonator line

Co

— 4.1
or, in terms of the capacitance and impedance of the line
fo= o — (42)
o7 2 L.C, '

The higher order modes are then given by
fa=nfy n=1,23,.. (4.3)

where n is the mode number and f; is the first resonance frequency as well as the frequency spacing
between resonance peaks. The first two modes of a half wave resonator, n = 1 and n = 2, are given
in Fig. 4.2.

The response of a resonator can be described by the scattering parameters of the resonator. An
introduction to scattering parameters is given in Appendix A. The magnitude of transmission trough the
resonator is given by |S;,| and |S,;| while reflection at the ports of the resonator is given by |S;;] and
1S53

The full transmission curve |S,; |, including higher order resonances, can be calculated by cascading
the ABCD matrices of the different circuit elements to obtain the ABCD matrix of the complete resonator.
The concept of ABCD matrices is introduces in appendix B and [32]. For the half wave resonator as
modelled in Fig. 4.1 the total ABCD matrix is given by

. 1
[A B —] [ cosh(yl) Z,sinh (yl)] [(1) jwc"l (4.4)

c D Yo sinh (yl) cosh(yl)
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n=2
S
>~ 1z=0 z=1
n=1

Fig. 4.2: First two modes n = 1 and n = 2 for an open-open half wave resonator. The end points of thelineatz=0and z =1
are voltage anti-nodes, at which point the amplitude of the voltage standing wave in the resonator is maximum.

where
y=a+jB (4.5)
the complex propagation constant of the line and
Yo = ! 4.6
=7 (4.6)

the admittance of the line, and C, is the capacitance of the coupler as in Fig. 4.1.

The ABCD matrix can than be converted to the S-parameters (Appendix C) by taking the impedance
of the feed network lines into account. Assuming the feed line on both sides of the resonator is identical,
the transmission trough the resonator, |S,| is given by

2
S0l =\ oz B v zc+ D | (4.7)
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Fig. 4.3: Example of a resonator curve using the model of Fig. 4.1 and (4.4) and (4.7).



Q-factors

Resonator circuits are often described in terms of quality factors Q. The quality factor of a resonance
circuit is defined as the energy stored in the resonator Eg;,,.q Over the power lost per cycle P,

Q — C’JEF‘)stored. (51)
loss

The resonator circuit loses energy due to dissipative losses Q; and coupling to the external circuitry
Q.. The total, or loaded, quality factor of the circuit Q; is given by the combination of these two terms

i—l+i (5.2)
Q Q@ Q. '

5.1. Coupler quality factor Q.

The coupler quality factor Q. describes the strength of the coupling to the external circuit e.g. the feed
or readout lines. In the context of Q-factors coupling is seen as energy leaking out of the resonator, a
high Q. thus requires weak coupling to the external circuitry.

Following the derivation of Barends [22] but adapting it to half-wave resonators, the coupling quality
factor Q. can be derived in terms of S-parameters. To derive Q. of an in-line resonator as in Fig. 4.1 the
first step is to analyse a single coupler, treating coupler 2 as an open. In this case the power leaking
out trough the coupler each cycle is given by

Boss = NfEstored|521,c|2 (5-3)

where f is the frequency, |S,1 ¢|* is the power leaking out of the resonator trough the coupler and N is
the number of times the coupler is encountered per cycle. For a half wave resonator N = 1/n where n
is the mode number of the half wave resonator (Fig. 4.2). Combining (5.1) and (5.3) this results in

s = 2nm (5.4)
1 |521,C|2 . '
Including the second coupler the total coupling Q-factor of the resonator is given by
r_1 + ! (5.5)
Q Qa1 Qo .
Assuming Q. = Q. this results in
Q= (5.6)
¢ |521,c|2 . .
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5.2. Dissipative losses Q;
The losses intrinsic to the resonator are given by the intrinsic quality factor Q;. There are multiple loss
mechanism which contribute to Q;, for this design the following are taken into account:

* Qjiraq : Transmission lines can suffer from radiation losses. For the CPW configuration, if the
propogation velocity of the guided signal is faster than the electromagnetic propagation velocity
in the substrate, the guided signal loses enery in the form of an electromagnetic shock wave [33]
-[36] which is launched into the substrate at an angle

\/geff(f)

cos (Y) Nl (5.7)
If e, > &, i.e. the propgation velocity of the line guided signal is slower than the velocity in the
substrate, 1 = 0 which eliminates the shock wave. In this case the radiation loss of the CPW is
negligible.
Furthermore the CPW line supports a common mode, see Fig. 3.3, which is not a propagating
mode but a leaky wave current distribution which radiates power in a few wavelengths. This mode
generally arises when the ground plane of the CPW is disturbed, e.g. when a structure, such as
a coupler, interacts with the CPW creating a discontinuity in the line. At these discontinuities
the field distribution on the line changes and thus the intrinsic impedance Z,, of the line changes
resulting in reflection and the excitation of the common mode in the CPW line.

* Q;die : Dielectric materials have intrinsic dissipative losses. The dielectric losses depend on the
loss tangent of the dielectric material as

__L _F 5.8
Qi_tan(S_Za' (5.8)

where a and g are the real and imaginary part of the complex propagation constant y
y=a+jp. (5.9)

* Q;r : The resistive losses in a superconductor are the result of thermally excited quasiparti-
cles. Since the number of quasi particles decreases exponentially with temperatures the resistive
losses are negligible for temperatures well below T, as given in (2.2) and Fig. 2.2.

* Qjiradcoupler : 1N€ couplers required for the Fabry-Pérot interferometer are discontinuities in the
line and thus result in radiation losses, see radiation losses above. Although the full properties of
the radiation losses within the coupler are unknown, qualitative simulations show that the radiation
losses scale with mode number and depend on the coupler shape. The radiation losses in the
coupler can be handled as an unknown change in the coupler quality factor Q.

1 1 1
— =+ —
Qc QC Qi,rad,coupler

where both Q;, see (5.6), and Q; rq4,coupier SCale with mode number n.

(5.10)

* Q;sub : The wafer, or substrate, consists of a crystalline material for which dielectric losses will
be negligible (tan (§) = 0, Q; = ).

These contributions combine into a net loss

Q<1+1+1+1)_1 (5.11)
' Qiraa  Qiaie Qir  Qisun/) '

At temperatures below T, the ohmic losses of the conductors will drop to zero, see section 2.1. In
this case the main loss contributions of the line are the radiative and dielectric losses. The radiative
losses of a microstrip are negligible and thus Q; is dominated by Q; 4ierectric-

For a superconducting CPW line radiative losses are negligible as long as the phase velocity of the
line is slow compared to the phase velocity in the substrate (e.s; > €,). If this condition is not met
radiation is the dominant loss mechanism [13]. If the CPW geometry contains a dielectric layer, i.e. a
CPW covered with a thin dielectric layer, Q; 4;. Will contribute to Q;.
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5.2.1. Fill fraction

Since only a part of the electric field surrounding the line is concentrated in the dielectric layer, see
Fig. 3.2 and 3.3, the loss tangent of the line is not equal to the loss tangent of the dielectric. This
is described by the fill fraction (FF) which is defined as the fraction of the total field in the dielectric
material. The dielectric losses in the line are then given by

tan éjine = FF - tan gieiectric (512)
and Q; of the line
1
Qi,line = (ﬁ) Qi,dielectricr (513)
where
FF<1. (5.14)

The fill fraction depends on the line geometry and the dielectric constant of the dielectric material.

The fill fraction can be found from simulations using
PO — ,—2al

P, =e (515)
in which [ is the length of the line and P, /P,, is the loss factor which gives the relation between input and
output power of a transmission line. The loss factor P,/P,, of a line can be obtained with commercial
solvers. By simulating a section of line with length [ and with a dielectric layer with a certain dielectric
loss Q; 055, the loss factor is obtained. Using (5.8) and (5.15) the losses of the line Q;;;,. can be
calculated from this loss factor. The difference between the losses of the dielectric Q; giciectric @and the
losses of the line Q; ;. gives the fill fraction (5.13) .

As an example, for a 2-2-2 CPW line covered by a 1 micron polyimide dielectric a fill fraction of 15%
is obtained. A microstrip with a width of 2 micron on the same polyimide dielectric has a fill fraction of
60%.
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Fig. 5.1: Each of the resonance peaks in the transmission curve of an in-line resonator has a lorentzian shape. The lorentzian
shape is defined by the resonance frequency f, and the 3dB bandwidth BW_3,5. The loaded Q factor Q; of the resonator is
then given by f,/BW_345.
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5.3. Describing resonators by Q-factors

The S, curve obtained through (4.4) and (4.7) and given in Fig. 4.3 gives information about the Quality
factors of the resonator circuit. The loaded Quality factor Q; of the resonator can be obtained from
the resonance peaks. Each of the resonance peaks has a lorentzian shape (Fig. 5.1) for which the
loaded quality factor Q; is given by the resonance frequency and the -3dB bandwidth, relative to the
peak height, as

__Jh
BW_34p

Since Q; depends on Q; and Q. it is impossible to determine Q; from this measurement alone as-
suming that Q. is not accurately known. Even though Q. is given by the design of the coupler (Eq.
5.6) the final realised Q. on the manufactured chips can differ from the designed Q. due to fabrication
tolerances. Measuring the resonance frequency and -3dB bandwidth is thus not enough to determine
Q; with high accuracy.

The peak height |S;1 x| IS given by

Q (5.16)

Q
|521,max| = Q_l (517)
c

Since @, is obtained from the lorentzian shape of the peak, Q. can be obtained from the peak height
|S21max| @nd shape. Unfortunately |S,1 4| cannot be measured directly in a FP chip, due to uncer-
tainties in the power coupling between source and MKID, and thus (5.17) can not be used to directly
determine Q.. The coupling quality factor Q. can however be determined from the full transmission
curve since not only the peak height |S;; 1,4, | depends on Q., but the dip depth [S;1 | @s well. For
a certain Q; the relative height of the FP peaks |S;1 min| — |S21.max| thus depends on the Q. of the res-
onator. If the full transmission curve |S,;| can be measured, Q; can be obtained from the peak shape
(5.16) and Q. can be determined from the relative FP peak height. Combining Q; and Q., Q; can be
obtained from (5.2).

A detailed overview of the approaches that can be used to obtain Q; from the resonator curve
measurements is given in section 7.5.



Microwave Kinetic Inductance Detector
(MKID)

An MKID is a superconducting quarter-wave resonator designed to accurately measure the change in
complex surface impedance due to absorbed power [37], [38], [39].

The superconducting resonator is coupled to a readout line, see Fig. 6.1. The quarter-wave res-
onator can be probed by sending a signal trough the readout line, when the frequency of the signal on
the readout line does not match to the resonance frequency the signal is not affected by the resonator.
In this case unity transmission, S,; = 0dB, is obtained. When the frequency of the signal does match
to the resonance frequency, the signal is reflected back at the input port of the resonator resulting in a
transmission dip in |S,;].

Fig. 6.1: A quarter wave resonator coupled to the readout line (top). In this case the resonator and readout line are created using
CPW lines.

Using the quarter-wave resonators KIDs can be multiplexed by ensuring a resonance frequency

spacing of the different KID resonators. In this case each KID can be probed by a signal, or tone,
corresponding to it's resonance frequency since this tone is not affected by the other KIDs.

27
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6.1. Response

In a dark environment, no photon absorption, the superconducting resonator has a certain resonance
frequency f;, and a loaded quality factor Q,. If the superconductor absorbs a photon with energy higher
than the bonding energy of a Cooper pair,

Fa=2-A/h=2-176kgT,/h ~73.6-T. (GHz) (6.1)

it can break a Cooper pair creating two quasi particles. Since the complex conductivity (2.4) depends on
the number of Cooper pairs and quasi particles the absorbed photon will cause a change in the complex
conductivity (2.4) of the superconductor. The change in g; and g, due to a change in quasiparticle
density is given by [21],[23]

doy 1 24, nh hw K hw 6.2
dng,  “NNohw | mhgT o\ 2ipT )0\ 2iepT ) (6.2)

do, - 1+32 24, —hw | hw 6.3)
dng,  “N2Nohw wlgT P\ 26,7 )0\ 2057 /| '

Note that the change in quasiparticle density is expressed as a change in temperature, where the
relation between temperature and ng,, is given by (2.2). The change in complex conductivity causes a
shift in resonance frequency §f;, which is given by

1) apf &
of _ @B 902 (6.4)
fo 4 oy

with a;, the kinetic inductance fraction from (3.31)and g =1 + % with A the penetration depth

of the superconductor (2.9).
The change in complex surface impedance also causes a decrease in the intrinsic quality factor Q;
of the resonator given by

1) _ B oo
6<Qi>_ . (6.5)

2 oy

Fig. 6.2 demonstrates the changing resonator behaviour due to an increase in quasiparticle density
(ngp). With increasing quasiparticle density the resonance frequency shifts to lower frequencies and
the transmission dip depth decreases.

Although the magnitude of transmission |S,;| gives a good indication of the resonators response to
a change in ng, it is more convenient to use the resonance circle in the complex plane for readout. In
this case the response due to a changing quasiparticle density is given by [39] a change in amplitude

dA o pQ doy
dNgp oV dngy

(6.6)

and a change in phase
de aBQ doy,

dNgy, — lolV dngy’

(6.7)
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Fig. 6.2: The MKIDs response to different quasiparticle densities n;,. For higher quasiparticle densities the resonance frequency
wy shifts to lower frequencies and the dip depth |S,; x| decreases.

6.2. Hybrid MKID

The hybrid MKID consists of two sections, a narrow aluminium section and a wide NbTiN section [40].
Making the aluminium section narrow decreases the volume which increases the detector sensitivity
(2.3). Aluminium is chosen because of the following properties:

» Favourable energy gap frequency of roughly 80 GHz (6.1). The gap frequency of the supercon-
ductor determines the frequencies to which the detector is sensitive. The MKID is designed for
the far infrared frequency range, 300 GHz and up, which requires a gap frequency lower than
300 GHz.

» Aluminium based MKIDs have been proven experimentally to be extremely sensitive [41].

The MKID'’s sensitivity to quasiparticle changes is maximum at the shorted end of the resonator, at
which the current is maximum, which is therefore made from aluminium (Fig. 6.3).

Unfortunately a narrow aluminium section suffers from two-level system (TLS) noise. To decrease
the TLS noise of the MKID the second section is made wider [42] and from NbTiN (Fig. 6.3). NbTiN
suffers less from TLS noise and increasing the width of the CPW further decreases TLS noise. 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.

Fig. 6.3: Hybrid MKID with in blue aluminium and in green NbTiN. The thin aluminium section is shorted at one end and connects
to the wide NbTiN section at the other end.
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Experiment description

This chapter explains the basic concept of the experiment and measurement set-up. The in depth
design of a polyimide chip and amorphous chip is discussed in section 8.3 and 8.4 respectively.

7.1. Dielectric loss tangent experiments
The goal of this experiment is to determine the loss tangent of dielectric materials at sub-K temperatures
and in the terahertz frequency range (300 GHz - 1 THz).

The experiment is set up such that it is applicable for any dielectric material of interest, this thesis
provides an toolbox which in principle can be used for any dielectric material. For this thesis research
two dielectrics of interest are selected: Polyimide (PI) and amorphous silicon (a-Si). Polyimide is used
to construct bridges connecting the ground planes of the CPW lines. The loss tangent of polyimide is
required to fully characterize the CPW lines used in e.g., the DESHIMA chip. The detailed design of
the polyimide chip is discussed in section 8.3.

Amorphous silicon is a candidate dielectric material for the construction of microstrip lines used in
filters for DESHIMA 2.0 and array feeding networks for MOSAIC. It is important that the losses in these
lines due to the dielectric are low which requires a high Q; dielectric. The detailed design of the a-Si
chip is discussed in section 8.4.

Table 7.1 gives an overview of the expected Q; values and the frequencies for which chips are
designed. The expected Q; values are based on the assumption that the Q; value of a material is
frequency independent and might increase at sub-K temperatures. The Polyimide chip acts as a proof
of concept experiment and is therefore measured at one frequency. For the full a-Si experiment three
frequencies in the terahertz range (300 GHz - 1 THz) are selected.

Table 7.1: Overview of the expected dielectric Q; factors and the measurement frequencies.

Polyimide (PI) Amorphous silicon (a-Si)
Expected Q; range 100 - 1000 [15] 103 -10% [16]-[18]
Measurement freq. f; 350 GHz 350 GHz
Measurement freq. f, - 650 GHz
Measurement freq. f; - 850 GHz

7.2. Experimental concept

Section 5.3 explains how information on the dielectric losses (Q;) can be obtained from the transmission
curve of a half wave resonator. To measure this transmission curve the resonator is coupled to an
antenna on one side and to an MKID (Chapter 6) on the other side. A signal coupled to the antenna will
be transmitted trough te resonator to the MKID. The power transmitted through the FP resonator, given
by the |S,;| curve, is absorbed in the MKID. The response of the MKID thus gives a measurement of
the resonator transmission curve |S,4].
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The set-up for this experiment consists of a THz source, providing a single frequency signal tunable
from 100 GHz to 1 THz, the resonator chip, and the cryostat used to cool the chip to temperatures
below 1 K. A graphical representation of the set-up is given in Fig. 7.1.

Absorber
P VoV
R 4
I
Chip @ T
|

Toptica source

Fig. 7.1: Simplified view of the experimental set-up. Power from the toptica source is coupled to the antenna of the chip trough
a beam splitter, the filter stack, and the polariser grid to the chip inside the cryostat. The beam splitter (1) reduces the power
transmitted into the cryostat, the power not transmitted into the cryostat is absorbed in the absorber. The filter stack (2) at the
opening of the cryostat creates a bandpass filter. The polariser grid (3), located at the outside of the vacuum window, allows
transmission of one polarisation and rejects the other polarisation. The chip is placed in the 120 mK stage of the cryostat.

7.2.1. Terahertz source

The source used for this experiment is the commercial Toptica photomixer [43] with a frequency range
from 100 GHz up to 1 THz with a limited frequency resolution of >10 MHz. The source is commercially
available and is referred to as the Toptica source.

7.2.2. Beam splitter

A beam splitter is placed between the Toptica source and the opening of the cryostat to reduce the
power transmitted into the cryostat. Even at the lowest power setting the signal from the Toptica source
would saturate the KIDs at the FP peaks when transmitted directly into the cryostat.

7.2.3. Cryostat
The cryostat used for this experiment is a commercial pulse-tube based He4-He3 cooler and allows for
base temperatures below 300mK.

The chip, when placed in the cryostat, is optically accessible trough a window which contains a
bandpass filter stack with three possible bands at 350, 650, and 850 GHz centre frequency. A detailed
description of the cryostat set-up can be found in [44].

7.2.4. Chip

An simplified overview of the chip is given in Fig. 7.2. The chip has 4 antennas that pick-up the signal
from the toptica source, send it into a transmission line coupled to a Fabry-pérot resonator. The signal
transmitted through the FP is measured with MKID detectors. These components will be discussed in
more detail in the following subsections. The chip is mounted in a metal sample holder, which in turn
is mounted in a magnetic shield. The holder has an opening for the antenna array and place for the 2
coax connectors connected to the bond pads of the chip.

7.2.5. Lens antenna

The antennas used for this chip are twin slot antennas [45]. The section of the chip where the antennas
are placed is closed off from the rest of the chip by the chip holder (Fig. 7.2) in order to reduce stray
light travelling from the antenna side of the chip to the detector side of the chip, reducing the spurious
response (section 7.3).
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Fig. 7.2: Simplified version of the resonator chip. The grey area indicate the contact area with the chip holder. The dotted lines
indicate the lenses placed on the twin slot antennas. The broadband KIDs are not shown in this figure but would be positioned
on the blue terahertz line just before the start of the FP resonator.

7.2.6. Polariser grid

The rotatable polariser grid, located at the outside of the vacuum window, allows transmission of one
polarisation and rejects the other polarisation in the order of -40dB. The grid consists of thin parallel
metallic wires supported by a plastic window. The twin-slot antenna accepts a single polarisation, by
matching the polarisation transmitted trough the polariser to the antenna the spurious response can
be reduced relative to the FP transmission. The polarisation not coupled to the antenna can end up
as a stray light signal in the chip which can be coupled to the KIDs themselves, see section 7.3. This
contribution to the spurious response, which does not contribute to the signal transmitted trough the
Fabry-Pérot, can be removed with the polariser grid.

7.2.7. Resonator

The chip will contain multiple half wave resonators (chapter 4) each connected to a separate antenna
and readout KID. Each resonator can be designed for different Q. values and resonator lengths. The
length of the resonators can be increased by meandering the resonator line back and forth. At the end
of the resonator the line is coupled directly to the KID.

7.2.8. KIDs
The chip contains multiple KIDs which can be grouped into the following types:

* FP KIDs On the readout side of the chip the FP resonators are coupled to a hybrid KID. The
response of this KID depends on the transmission trough the FP resonator and thus traces the
|S21| curve of the FP resonator.

+ Blind KIDs An MKID that is not coupled to a resonator,referred to as a blind MKID, can be used
to measure the spurious response (section 7.3). Assuming the spurious response is common in
the the blind KIDs and the FP KIDs the blind KID can be used to correct for the spurious response
present in the MKIDs.

* Broadband KIDs Each FP resonator is, before the first FP coupler, coupled to a broadband KID.
These KIDs thus measure the signal which arrives at the FP resonator and can be used to probe
the power reaching the FP resonator.

» Pure KIDs The chip contains pure NbTiN KIDs which can be used to check the material properties
at microwave (GHz) frequencies. These KIDs do not absorb power so the response depends only
on the material properties of the resonator.
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7.3. Spurious response

Part of the signal power absorbed in the aluminium strip of the MKID located behind the Fabry-Pérot
resonator is coupled indirectly: This stray light does not couple to the MKID via the antenna and the
FP, but is coupled via the holder or the chip directly as sketched in Fig. 7.3. The power absorbed in
the MKID can be described by

Pep = Bop (f)’?QO(f)’?opt(f)UFP )+ Brop (f)nqo(f)nstmy 6] (7.1)

with Pzp the power absorbed in the FP KID, P, is the power in the transmitted toptica signal, n¢ is
the quasi optical efficiency from toptica source to the chip level in the cryostat, 7n,,; is the coupling
efficiency to the lens antenna, and 7., describe how well the stray light signal originating from the
toptica source couples directly to the KID line. The in-line Fabry Perot resonator introduces the ngp
term which describes the amount of power transmitted through the resonator, which is given by |S,,|
as described in chapter 4 and Fig. 4.3. The first term in (7.1) is referred to as the direct response and
the second as the spurious response.

Stray light
Power coupled to antenna Power absorbed in MKID line
”Direct response” ”Spurious response”

Fig. 7.3: Graphical representation of the spurious response contribution. Part of the power arriving at the chip is not coupled to
the antenna but travels along the chip as stray light which can be absorbed in the MKID line giving rise to the spurious response
of the MKID.

7.4. Two lens set-up
The ratio between the direct response and spurious response is mainly determined by (section 7.3)

direct response gyt
Spurious response  Ns¢ray |

(7.2)

This ratio can be improved by reducing the stray light coupling, i.e. through the ‘'maze’ as in Fig.
7.2, or by improving the optical coupling to the chip. The optical coupling, 75¢y4,, Can be improved by
matching the beams from the toptica source and the lens antenna with a two lens set-up. A graphical
representation of the set-up is given in Fig. 7.4. Matching the two beams with the lens set-up not only
increases the optical coupling 7,,, but decreases the stray light coupling 7,4, as well. The stray
light coupling 7.4, decreases since one of the origins of the stray light is a mismatch between the
incoming radiation and the lens antenna,due to which the power is reflected instead of coupled to the
antenna.

The opening angle 6, of the cryostat set-up can be changed by changing the size of the aperture
at the 50K stage. The opening angle 6, should match the beam size of the lens antenna. There are
two options to match the opening angle 6, to the beam of the leans antenna, place 6, at the first null
of the beam pattern or at a certain level from the maximum of the pattern i.e. the —3dB level of the
pattern. The farfield beam pattern of the 350 GHz and the 650 GHz lens antenna are given in Fig. 7.5
The antennas for both frequencies use identical dielectric lenses. The pattern for the 650 GHz is more
directive since the size of the lens is, in terms of wavelengths, larger for this frequency compared to
350 GHz. The 50K aperture sizes corresponding 6, matching the first null of the pattern or the —3dB
level are given in Table 7.2.
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Fig. 7.4: Simplified view of the two lens set-up. The opening angle of the cryostat 6, is determined by the size of the aperture at
the 50K stage. The two lenses create a collimated beam increasing the coupling efficiency between the toptica source and the
twin slot lens antenna on the chip.

Table 7.2: Aperture sizes for the first null and the —3dB point of the lens antenna pattern. The angle 6 is with respect to 0, see
Fig. 7.4 and 7.5. d is the diameter of the required aperture in mm.

Onunt dnun 0_3ap d_3ap
350 GHz 30° 78.6 mm 13° 31.4mm
650 GHz 17° 41.6 mm 7° 16.7 mm
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Fig. 7.5: The farfield patterns in E-plane and H-plane for the twin slot lens antenna configuration. The pattern is given for the
350GHz and the 650 GHz design. The pattern is given in the farfield of the lens-antenna system.
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7.5. Measuring Q;

This section discusses three approaches which can be used to measure the Q; value of a FP resonator.

7.5.1. Q; limited approach
The first approach is to design the FP resonators to be Q; limited. When Q. >> Q; the loaded quality
factor Q; of the resonator is limited by Q;.

The advantage of this method is the simple analysis. The loaded quality factor Q;, which is ap-
proximately the intrinsic loss Q; in this case, is found with a Lorentzian fit of the resonance peaks, see
Fig. 5.1 and (5.16)

fo
Wy ¢ (7.3)

The disadvantage of this method is that it requires extremely high Q. couplers to measure high Q;
values, e.g., for a-Si dielectrics. This gives rise to multiple problems:

Q:

+ Limited frequency resolution of the source used for the experiment. The current experimental
set-up cannot sample, due to the resolution of the source, resonator peaks with a Q; over 30.000.
This makes the Q; limited approach unsuitable for dielectrics with an high expected Q; e.g., a-Si
with an expected Q; ranging from 102 to 105.

* Since |S,1.maxl is given by Q,/Q. the relative transmission peak height becomes small when Q.
is large compared to Q; (Fig. 7.6). It is difficult to measure transmission peaks with small relative
peak heights as they will be lost in the different noise sources in the system.

: y : . — Qi =100
—10| ; ; 3 --- Qi=1000 | |
g 20 f X k R
S o\ f\ f\ Ay I\
2}
_30 -

—40 [ [ [ [ [ [ [ [ [
300 310 320 330 340 350 360 370 380 390 400

freq [GHZz]

Fig. 7.6: Polyimide microstrip resonator (7 mm) with Q. = 2000 couplers.

* Uncertainty in the realised Q.. Due to fabrication tolerances the realised Q. will differ from the
designed Q.. The decrease in Q. is large for small fabrication errors e.g., a misalignment error
which changes the overlap by 1 um changes the Q. of the coupler by a factor two. At a certain
point (7.3) no longer holds due to the decrease in Q.. It is possible to eliminate the issue with Q.
uncertainties by going to a region where Q. > Q;. In this case a change in Q. will no longer effect
the measured Q, as illustrated in Fig. 7.7 by the line for Q; = 103.
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7.5.2. QI(Qc,Qi) curve approach
A second approach to find Q; is to probe the Q; vs. Q. curve obtained with (5.2). Each Q; value will
give a different curve resulting in the continuous change visible in Fig. 7.7.

The curves in Fig 7.7 can be probed using multiple FP resonators with different Q. values. Each FP
resonator will give a different point on the curve from which the complete curve can be extrapolated.
Since this curve is specific for a value of Q; this approach can be used to measure Q; of the dielectric
material. This approach however requires the Q. of the realised FP resonators to be known.

Q;
- — T — ’ 105
|-~ Q =103
——Q; =10*
| ——Q; =105

104

,,104

Q

103

103

102
102 103 10* 10°

Qc

Fig. 7.7: Q, vs. Q. for different values of Q;. Three curves are shown for Q; = 103, Q; = 10* and Q; = 10°. note that, for
Q; = 103, Q; = Q; for high values of Q. i.e. Q. > Q;.
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7.5.3. Full |S,4| curve approach

Although |S31 max| cannot be measured directly in a FP chip, due to uncertainties in the power coupling
between source and MKID, the relative peak height of the resonator peaks can be used to measure Q.
(section 5.3). This approach is limited by the spurious response of the MKID, see section 7.3, which
introduces a spurious response floor.

Below the spurious response floor the response of the MKID will be dominated by the spurious
power absorbed in the MKID. This means that the part of the resonator curve that lies below the spurious
response floor is not measurable (Fig. 7.8). From a previous experiment [46], designed to measure the
radiation loss in a CPW line, the spurious response floor is estimated at -30dB.

— =20 =
[a]
O
=
-
0
—_— _30 1 ¥ ¥ 1 ¥ ¥ ¥
, ,' ' N [ ’ [ " [y 4
r J ' ' ‘ ' ! |y A [y R
Y Y ’ . ’ Y . .
. ! . ’ . ’ . ’ . ’
U . -~ 4 -~
A Y “ 4
A ’ 4 . ~ k3 S
. . ’ A . -~-
_407 [N * ~ ’ R |
N ’ e
-~-

\ \ \ \ \ \ \ \ \
300 310 320 330 340 350 360 370 380 390 400
Frequency [GHZz]

Fig. 7.8: Example of the spurious response dominated resonator curve. The spurious response limit is estimated around at

—30dB. As the resonance peaks drop below —30dB the response of the kid is dominated by the spurious response in the
system instead of the direct response from the FP resonator.

To obtain the full curve each resonator has to be direct response dominated over the entire curve
(Fig. 7.8). This means that the entire transmission curve of the resonator, |S,;|, has to lie above the
spurious response floor.

Ignoring the losses, a = 0 in (4.4), (4.5) becomes

1 i . 1
[,21 g]:(l) @H cos (B1) ]Zosm(ﬁl)][l jwckl' (7.4)

jYosin(Bl)  cos(Bl) |lo 1
At resonance | = n—l, with n the mode number. Off resonance, in the resonance dip, [ =
The ABCD matrix for minimum transmission, sampled at the mode number n, is then given as

-

where w, = 2nf, = 2nnfy. The cos term is always 0, independent of the mode number n, and the sin
term will be either 1 or —1 depending on the mode number.

(2n-1)A
-

- ] [ cos(—ln +nm)  jZg sin(—ln + nm)
JwnCy 2 2
1 |y

1 1 —
. 1 1 JwnCr (7.5)
0 Yy sm(—;n + nm) cos(—;n +nm) ||0 1

A Bl [1 = 0 -0z, [1 =
[C D]‘ 0 ’“’IC"H(—D"J'YO o Jlo 17| (76)

with n the mode number and w,, = 2nnf, the resonance frequency of the peak corresponding to that
mode number. Note that n in (7.6) gives the points at which the minimum transmission curve |S;1 x|
is sampled (w,) but does not influence the minimum transmission curve [S;1 14in|. The term (=1)™ in
(7.6) does not influence the magnitude of transmission |S,;|. This means that the minimum transmission
|S21.min| @t a certain frequency f depends only on C, and Z, and not on the length of the resonator.
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Just looking at the magnitude of transmission |S,4|, (7.6) can thus be written as

1 .
A B _ 1 Tt 0 jZyl|1
Cc D 0 1 |y O

0
which is now given for all w and not just sampled at w,,. In Fig. 7.9 the transmission curve |S,, | obtained
from (4.4) is plotted together with the minimum transmission curve |S;1 | from (7.7).

1
leCk]. (7.7)
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Fig. 7.9: |S,,| resonator curve using the model of Fig. 4.1, and (4.4) together with |S;1 1in| from (7.7).

Obtaining a sufficiently high Q. value requires a low coupling strength €, which decreases the min-
imum transmission S,; i, Of the resonator. The other option to increase Q. is to increase the length
of the resonator which increases the mode number of the visible peaks as shown by (5.6)

_onm
1S21,¢, 1%

Combining (7.5) and (5.6), C;, can be selected such that desired minimum transmission [S;1 x|
is obtained. The desired Q. value can than be reached by changing the length of the resonator. In
this case all the couplers for a certain frequency band will be identical and the change in Q. between
resonators is made by changing the length of the resonator. An example of the effect of different
resonator lengths for the same Q.. is given in Fig. 7.10.

Using the full |S,,| curve the coupling quality factor Q. of the resonator can be independently mea-
sured. Using the fitted Q; of the lorenztian peaks and the measured Q. of the full curve, Q; can be
determined from (5.5).

Qe
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—-15 T
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lyes = 10mm
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Fig. 7.10: Two different resonators with different resonator lengths [,.s but equal Q.. The shorter resonator, l,.; = 3mm,
requires a lower C;, to obtain the same Q. since the mode numbers of the peaks are lower compared to the longer resonator
(5.6). The lower Cj results in a lower minimum transmission Sy min (7.5).



Detailed design

The first section of this chapter summarizes the important results of chapter 7. It gives an overview of
the different design parameters that are used for the design of the polyimide and a-Si chips given in
this chapter.

8.1. Design space
The different resonators are mainly characterized by the coupling quality factor Q. of their couplers.
The coupling quality factor for an in-line resonator is given by (5.6).

_ nm
S21,¢*
where n is the mode number and S,, . is the transmission trough the coupler. The mode number
of a resonance peak at a certain frequency depends on the frequency spacing between the resonator
peaks
_
n —

~fo
where f,, is the frequency of the peak and f; is the frequency spacing between peaks. The frequency
spacing between the peak f; depends on the length of the resonator

Qc

(8.1)

Co

fo (8.2)

B 21 eeff

Itis clear that the coupling quality factor Q. of the resonator can be changed by changing the length
of the resonator L. which shifts the frequency spacing f, and thus changes the mode number of the
peaks in the measured frequency range. This is illustrated in Fig. 8.1.

The second parameter which influences Q. is the capacitance of the coupler C,. Changing the
capacitance of the coupler C; changes the transmission trough the coupler S,; ., which in turn changes
Q.. The capacitance of the coupler not only changes Q., but also affects the minimal transmission level
|S21.min| Of the resonator (7.7). The change in minimum transmission is illustrated in Fig. 8.1 where Q.
is changed by changing the coupler capacitance C, while keeping the resonator length constant.

The length of the resonator [,.,, 4., and the capacitance of the coupler C, are thus the two design pa-
rameters which can be used to change the coupler Q factor Q. of the resonators. Table 8.1 summarizes
the effect of both design parameters.

43
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1S54 [dB]
1S54 [dB]

—60 | — Q. =2,000 | —60 |- — | =5mm ||
— Q= 20,000 — 1 =2mm
| | | | |
320 340 360 380 340 350 360
Frequency [GHZz] Frequency [GHZz]

(@) (b)

Fig. 8.1: Example of the change in |S,4]. (a) Increase in Q. by decreasing the capacitance in the model of Fig. 4.1. The decrease
in Q. decreases |S,; mqx| @and, since Cy, decreases, |S;1min| (b) As the length of the resonator decreases the frequency spacing
of the peaks f, increases. As discussed in table 8.1 this decreases Q. which is visible in the slightly wider peak for the | = 2mm
resonator.

Table 8.1: Design space. The coupling quality factor Q. can be changed by changing the mode number trough the resonator
length ,.., or by changing the capacitance of the coupler Cy.

Parameter Effect

Cy The capacitance of the coupler C;, determines the frequency dependent transmis-
sion |S,;]| trough the coupler. Furthermore the capacitance of the coupler directly
sets the minimum transmission level |S; 14;| Of the resonator (7.5).

Lres The resonator length L., changes the resonance peak spacing f,,. A change in
fo changes the number of resonance peaks in the observed frequency range e.g.,
300 GHz - 400 GHz, and thus changes the mode number n of the peaks within this
range. Since the Q. of a resonance peak depends on the mode number n of the
peak (5.6), a change in resonator length changes the Q. of the resonance peaks
within the observed frequency range.
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8.2. Couplers

The couplers need to be able to couple two CPW lines and to couple a microstrip line to a CPW line.
An important constraint in the coupler design is that the Fabry-Pérot is coupled to a hybrid MKID. The
MKID must be shorted at its narrow end, which is coupled to the Fabry-Pérot. This constraint has led
to the two coupler design below:

The CPW to CPW coupler is realised by widening the central line of one of the CPWs such that it
encloses the second CPW as in Fig. 8.2.

Fig. 8.2: CPW to CPW coupler. Metal is indicated in blue. The coupling strength can be varied by changing ; and [,.

The coupling strength can be adjusted by increasing or decreasing the overlap of the two CPW
lines.

The microstrip to CPW coupler is a 3D structure in which the microstrip is extended unto a shorted
CPW line, which creates a capacitive coupler between the microstrip and the centre line of the CPW.
A top- and side view of the coupler structure is given in Fig. 8.3.

loverlap

g-9g uonoss
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Section A-A’

Fig. 8.3: microstrip coupler. CPW layer is indicated in blue, microstrip layer in red and dielectric layer in yellow. The coupling
strength can be varied by changing the overlap between the two lines (l,verlap).

If, during the etching step of the manufacturing process, the overlapping microstrip section becomes
wider or thinner than designed the coupling strength will change.

If the microstrip line would be as wide as the central line of the CPW a decrease in the microstrip
width decreases the overlap area decreasing the coupling strength. overlapping the microstrip unto
the CPW ground plane creates additional parallel plate capacitors which allow for energy to be coupled
into the CPW ground plane decreasing the coupling strength between the lines.

A relatively stable coupling strength is obtained when the microstrip extends halfway unto the gaps
of the CPW, Fig. 8.4. In this case the width of the microstrip can deviate from the designed value, up
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to a certain limit, without strongly decreasing the capacitive coupling between the microstrip and CPW
central line or overlapping the microstrip unto the CPW ground planes.

Furthermore this geometry provides stability against misalignment errors in the lateral direction.
As long as the lateral misalignment error is not greater than half the width of the CPW gap (G) the
microstrip will still completely overlap width the central line of the CPW and will not overlap with the
ground plane of the cpw.

—-12

5211 [dB]

| | |
w=3_§ w=85+G w=358+2G

Microstrip width (w)

Fig. 8.4: Effect of the microstrip width on |S,;|. w is the width of th overlapping micorstrip, S the width of the CPW central line
and G the width of the CPW gaps. At s = W the microstrip and the CPW central line have the same width, for w = S + G the
microstrip extends halfway unto the gaps of the CPW and for w > S + 2G the microstrip extend unto the ground planes of the
CPW. The figure shown is for 350 GHz, S = 2um, G = 2um and a 1um thick dielectric

The couplers are designed using Sonnet EM [30], in which the transmission trough the coupler S,
is calculated as a function of the coupler geometry. Using (5.6), Q. is obtained from [S,, | of the coupler
and the estimated mode number. The coupler are designed for the central frequency of the frequency
bands e.g., 350 GHz for the 300-400 GHz band.

8.2.1. Designed vs. fabricated coupler
The fabricated coupler will deviate from the designed coupler due to:

« A difference in coupler geometry. The fabricated coupler won't have the exact same geometry
as the designed coupler due to the limited accuracy of the etching steps, e.g. the width of the
realised microstrip line will differ from the designed width.

+ A difference in film properties. The properties of the superconducting films, the critical tempera-
ture T, and the sheet resistance R, used for the design steps are approximations of the values
for the deposited films. The values for the deposited films will differ, especially in the presence
of the deposited dielectrics, from the approximated values.

The difference in geometry can be measured with a scanning electron microscope (SEM) with which
the dimension of the fabricated coupler can be accurately measured. The difference in film properties
can be measured with a DC chip which is included on the wafer in each production run. Using the
DC chip the critical temperature T, and the sheet resistance of the film can be measured. Using these
measurements as inputs the fabricated coupler can be simulated, giving a better estimation of the
realised Q. value. This is still an estimation since the radiation loss in the coupler (section 5.2) and the
uniformity of the films are unknown.
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8.3. Design of the polyimide chip

The polyimide (Pl) chip is a proof of concept for the on-chip Fabry-Pérot experiment. Polyimide, in
contrast with a-Si, can be deposited in-house The loss tangent for polyimide is specified as 1/200 at
a few GHz and at room temperature [15]. Assuming that the dielectric loss tangent might improve at
sub-K temperatures and is constant over frequency the expected Q; range is set as 100 — 1000.

This proof of concept chip is designed to demonstrate the correct working of the FP experiment
including the designed couplers. The CPW-CPW coupler has been used before [46] but the CPW-MS
coupler is a new structure. For this reason the chip consists of 2 CPW resonators and 2 microstrip
resonators. The line parameters are given in Table 8.2.

Table 8.2: Selected resonator lengths for all three resonator types: the Bare CPW, the CPW covered with a polyimide dielectric
layer and the microstrip with a polyimide dielectric.

Bare CPW Covered CPW (PI) Microstrip
Zo 91 Q 87 Q 107 Q
Eeffys 14.0 15.3 7.3
Line 5mm 5mm 7mm
fo 8.0GHz 7.7GHz 79GHz

For this experiment two Q. are selected, 2,000 and 20,000. All of the couplers on a single chip
have the same Q. value, resultingina Q. = 2,000 and a Q. = 20,000 chip. The Q. of 2,000 is selected
to test the full curve approach (section 7.5) for which the entire curve lies above to spurious response
floor. The other Q. value, Q. = 20,000, is selected such that Q. > Q; in order to perform a Q; limited
measurement (section 7.5). The Q; limited approach is used as a reference for the new full curve
approach. Tables 8.3 and 8.4 give the resonator and coupler geometries of the CPW and microstrip
lines. The design of the Q. = 20,000 chip is given in appendix D.1.

For the Q. = 2,000 chip one of the microstrip resonators is shorter, 3mm instead of 7mm, to
increase the dynamic range in case of a low Q; (Fig. 8.5). Using the shorter resonator, which increases
the mode number of the visible peaks, a lower C, can be used while still obtaining the desired Q.. The
lower Cj, results in a lower minimum transmission |S; 1,in| Which increases the dynamic range of the
resonator transmission curve (section 8.1). This however means that the minimum transmission of this
resonator will likely drop below the spurious response floor.

Table 8.3: Overview of the CPW FP and coupler parameters for the bare CPW and the CPW covered with a ployimide (PI) layer.
Coupler dimensions are given as in Fig. 8.2.

lresonator f0 l1 l2
Bare Q. =2.000 5mm 8.0GHz 9.1 um 0.0um
Pl Q. = 2.000 5mm 7.7GHz 8.5um 0.0um

Table 8.4: Overview of the CPW to microstrip coupler geometries. Coupler dimensions are given as in Fig. 8.3.

lresonator fO loverlap
Q. = 2.000 7mm 79GHz 39.3um
Q. = 2.000 3mm 18.5GHz 284 um

Using the model described in chapter 4 the expected resonance curves are given in Fig. 8.5 for a
Q; of 200 and 1000.
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Fig. 8.5: Expected Resonance curves for the 300-400 GHz polyimide FP resonators. Note that the pure CPW line, which does
not include any polyimide in the line geometry, is excluded in this figure since the Q; of this resonator is not determined by the
dielectric losses.
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8.4. Design of the amorphous silicon chip

Table 8.5: Overview of the expected a-Si dielectric Q; factor and the measurement frequencies.

Amorphous silicon (a-Si)

Expected Q; range 103 - 10° [16]-[18]
Measurement freq. f; 350 GHz
Measurement freq. f, 650 GHz
Measurement freq. f; 850 GHz

The a-Si chip is designed for the frequencies and expected Q; range given in Table 8.5. For each
frequency the measurement is performed in a 100 GHz band centred around the specified frequency.
This experiment will consist of multiple microstrip resonator chips, each for one of the different frequency
bands.

Each of the chips will contain 4 microstrip FP resonators created on amorphous silicon. The coupler
capacitance C; of all the couplers for a chip are designed such that the entire resonance curve lies
above the spurious response floor (7.5). This means that all the couplers in a chip will be identical. The
length of each resonator [, is then selected to obtain the desired Q. values.

Due to the limited frequency resolution of the toptica source (>10 MHz section 7.2) peaks with a
Q; > 30.000 cannot be resolved. Using the highest expected Q; value, 105, this results in a maximum Q..
value of 40.000. The minimum Q.. is selected such that the difference between the different QI(Q., Q;)
curves (section 7.5) is resolvable. This results in the selected Q. values for the resonators given in
Fig. 8.6.

10°

10*

Q:

103 / E m
r . : —Qi=1,000 |
i : : — Qi =10,000 | |
i Qi = 100,000 | |
102 1 1 (| 1 I I L1
103 10% 10°

Qe

Fig. 8.6: The selected Q. values for the microstrip resonators. The lowest Q. value is selected such that the difference between
the curves can be resolved. The highest Q. is selected as 30.000

As a back-up the experiment contains CPW chip designed for 350 GHz. Two of the CPW resonators
are deposited on a a-Si layer and two are deposited directly on the wafer. The wafer can be considered
losless so the dielectric losses are only present in the two a-Si CPW lines. All four of the resonators
will have identical couplers which, since the dielectric constant of a-Si is close to that of the wafer, will
result in equal Q. values. For the resonators without a-Si Q; >> Q. and thus the loaded quality factor
will be limited to Q., Q; = Q.. The lorentzian shape of the resonance peaks thus gives a measurement
of the coupling quality factor of the resonators. Since the couplers for all four resonators are identical
this measurement also holds for the a-Si couplers. Using the measured Q. and the measured Q, of the
a-Si resonators Q; can be determined.
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Although the CPW chip gives a measurement of Q; of the a-Si layer, the goal of the experiment
is to measure Q; of a-Si in a microstrip configuration. In the microstrip configuration the dielectric is
deposited on top of a metal layer, and in turn a metal layer is deposited and etched on top of the a-Si
layer. Both processes might affect the losses in the a-Si layer, it is thus key to measure the losses in
the exact microstrip geometries which matches the eventual use case: the filters for DESHIMA and the
feeding network for MOSAIC. This is why the CPW chip is used as a backup, and possibly to check
the differences in the losses between a CPW geometry and a microstrip geometry.

The transmission line parameters for all lines, the CPWs and microstrip, are given in Table 8.6.

Table 8.6: Overview of the a-Si FP resonator transmission line properties. The a-Si layer is 250 nm thick, the micorstrip is 2 um
wide and the CPW is 2-2-2 ym.

Microstrip CPW CPW on a-Si
Zo 24.20Q 93.0Q 94.6Q
Eeff 46.84 13.7 13.2

The design of the microstrip FP resonators for each frequency band is given in Table. D.3. Note
that the shortest resonator, with the largest frequency spacing f,, still has at least 5 resonance peaks
within the 100 GHz frequency band.

Table 8.7 gives an overview of the microstrip resonators designed for the 350 GHz chip. The design
for the 650 GHz and 850 GHz chips is given in appendix D.2. The overlap of all the couplers in a single
frequency band is identical to obtain the desired coupler capacity Cy, the desired Q. is obtained by
changing the length of the resonators (section 8.1).

Table 8.7: Overview of the microstrip FP resonator design for the a-Si experiment. Each frequency band f is a different chip
with four resonators. Coupler dimensions are given as in Fig. 8.3.

f Qc lresonator f0 l-overlal:v
o 3,000 4.0mm 5.48 GHz 15.0 um
S 6,000 8.0mm 2.74 GHz 15.0 um
= 12,000 16.0mm 1.37 GHz 15.0 ym
® 30.000 40.0mm 0.55GHz 15.0 ym

Using the methods described in chapter 4 the complete resonance curve |S,| of the FP resonators
as given in Table 8.7 is modelled. The result is given in Fig. 8.7 for a 10 GHz range centred around the
centre frequency of each band. The resonance curves for the 650 GHz and 850 GHz chips are given
in appendix D.2.
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Fig. 8.7: Resonance curves for the 300-400 GHz microstrip FP resonator.
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8.5. Fabrication

For the fabrication of the chips used in this experiment two fabrication flows can be defined. The first,
referred to as the "normal” approach, is illustrated in Fig. 8.8. In this process flow the ground plane is
deposited in the wafer/substrate. The dielectric layer is then deposited on top of the ground plane and
the microstrip is deposited on top of the dielectric. In this flow the antennas, THz lines, and MKIDs are
etched into the groundplane, these structures are thus present, and exposed, when the microstrip is
etched. To protect the ground plane layer during this etching step a resist layer is applied.

[ | Start with sillicon wafer.

Deposit and etch NbTiN (layer: NbTiN bot-

tom) into CPW geometrie.

Deposit and etch dielectric material. On top
of the dielectric deposit and etch a resist
protection layer. This layer protects the
NbTiN layer during the following etching

‘ step.

Deposit and etch the NbTiN (layer: NbTiN
top) microstrip line. The protection later pro-
tects the dielectric and NbTiN bottom layer
during this etch step. The protection layer is

Fig. 8.8: Fabrication process referred to as the "normal” approach.

‘ removed after this step.

In this fabrication process the NbTiN microstrip line is

deposited on top of the a-Si layer. A protection layer is used to protect the NbTiN ground plane during the NbTiN line etching
step. This fabrication process is similar to the current process plan for the DESHIMA 2.0 chips, one of the project which requires

the high Q; dielectrics.
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The second process flow is referred to as the "inverted” microstrip. In this process flow the microstrip
layer is deposited directly on the wafer. The dielectric layer is then deposited on the microstrip. The
ground plane layer, containing the antennas, THz lines, and MKIDs, is then deposited on top. In this
flow the ground plane layer is not subjected to the microstrip etching step, which is now one of the first
etching steps, and the protection layer is thus not required. A graphical overview of the process flow is
given in Fig. 8.9.

Unfortunately the "inverted” microstrip process flow is not applicable for dielectric with a low dielectric
constant e.g., polyimide with a dielectric constant of &, = 2.9 for which resonances inside the coupler
are observed in the SONNET simulations. The polyimide chip is therefore fabricated using the "normal’
process flow. This problem does not arise for the a-Si layer of 250 nm.

NNy Start with sillicon wafer.

Deposit and etch the NbTiN (layer: NbTiN
T R EE R E IR bottom) microstrip line.

] Deposit and etch dielectric layer.

Deposit and etch the NbTiN (layer: NbTiN
top) layer. This layer contains the CPW
| lines, the antenna, and the MKIDs.

Fig. 8.9: Fabrication process referred to as the "inverted” approach. In this case the NbTiN microstrip line is buried beneath the
a-Si dielectric layer and the NbTiN ground plane is deposited on top of the a-Si layer. This process flow removes the need for a
protection layer during the last NbTiN etching step since the microstrip line is completely covered by the dielectric layer.
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Measurements






Polyimide proof of concept
measurements

9.1. Chip overview

The polyimide chip used for this measurement is described in section 8.3 and manufactured using
the procedure described in Fig. 8.8. The chip contains four FP resonator KIDs each with a different
resonator line configuration. The measured chipis a Q. = 2,000 chip. An overview of the FP resonator
lines is given in Table 9.1.

Table 9.1: Overview of the FP resonators on the Q. = 2000 polyimide chip. Together with these 4 FP KIDs the chip contains 4
broadband KIDs, a blind KID and a pure NbTiN KID. Fill factor is as defined in section 5.2

KID ID Description Liesonator fo fill fraction
FP 1 Bare CPW 5mm 8.0GHz -

FP 2 CPW covered with polyimide layer 5mm 7.7 GHz 15%

FP 3 Long polyimide microstrip 7mm 79GHz 60%

FP 4 Short polyimide microstrip 3mm 18.5GHz 60%

The expected resonance curves are given in Fig. 8.5 for a Q; of 200 and 1000 [15]. Note that the
pure CPW line, which does not include any polyimide in the line geometry, is excluded in this figure
since the Q; of this resonator is not dependent on the dielectric losses.

9.2. Data

After cooling the chip down to below the T, of aluminium, T = 240mK, in the He3/He4 cryostat the
response of the KIDs to a frequency sweep of the toptica source is measured. The result is given in the
top panel of Fig. 9.1. In the top panel of Fig. 9.1 the frequency dependent transmission of the bandpass
filter, centred around 350 GHz, is clearly visible. The response of the FP KIDs can be corrected with
the blind KID,

Responserp(f)
Responsegiina(f)’
of which the response follows the same bandpass behaviour and frequency dependency of the toptica
source but doesn’t include the FP resonator peaks. The result of the correction is given in the bottom
panel of Fig. 9.1.

The frequency spacing of the FP peak visible in the response of FP 1 and FP 2 is roughly equal
which matches the prediction from Table 9.1. The response of FP 3 doesn’t show a clear FP resonator
behaviour, there are some peaks visible but it's hard to discern them from additional peaks in the
response. These secondary peaks are discussed in more detail in the next section. FP 4, the shorter
MS line, shows a clearer FP resonator response with a larger frequency spacing compared to FP 1
and 2. Again this matches the prediction from Table 9.1.

Responsecorrectea (f) = (9.1)
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Fig. 9.1: Measured response for the Q. = 2000 polyimide chip. top) The response for all four FP KIDs. bottom) The response

normalised to the response of the blind KID. The numbering in the legend of this figure corresponds to the numbering in table
9.1.

The peak height of the FP peaks as a function of Q. and Q; is given by

Q;
Qc + Qi.

S21,max =

(9.2)

For resonators with the same Q., the peak height will decrease with Q;. The bare CPW resonator
will have the highest Q; since it doesn’t suffer from dielectric losses, and should thus have the highest
peak height. Due to the difference in fill fraction between the CPW and micro strip line the CPW
resonator will have a higher Q; than the microstrip resonators. The peak height should thus be highest
for the bare CPW resonator (FP 1) and lowest for the microstrip resonators (FP KIDs 3 and 4) which
is indeed observed in Fig. 9.1. The difference between FP KIDs 3 and 4 is the length of the resonator
which changes the dynamic range of the resonance curve as shown in Fig. 8.5. This matches with the
higher dynamic range observed in Fig. 9.1 for FP 4 compared to FP 3. It's thus reasonable to assume
that the dominant peaks observed in the KID response originate from the FP resonators and that the
measurement set-up is thus suitable for measurements and analysis of the FP peaks.
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9.3. Analysis

The dielectric loss can be determined from the peaks in the response of FP KIDs 2, 3, and 4. The nor-
malised response of these FP KIDs is given in Fig. 9.3 to Fig. 9.4 respectively. For all three resonators
additional resonant peaks are visible on top of the expected FP transmission. While the amplitude
associated with these peak is comparatively small, they clearly deform the FP resonance peaks. The
frequency spacing of this additional resonance matches the length of the line from the lens-antenna
to the first coupler of the FP. It is thus assumed that this second resonance arises due to, weaker,
reflections between the lens-antenna system and the first FP coupler.

108 . ; :

— MKID response
— Lorentzian fit

102} .

Corrected response df/f

10° ! ! L L 1 1
330 335 340 345 350 355 360 365

Frequency [GHZ]

Fig. 9.2: Corrected response of FP KID 1. This KID is connected to the bare CPW FP resonator which does not contain any
polyimide. The couplers for this chip are designed for Q. = 2000.

The biggest problem that arises due to this additional resonance is that it can sharpen or broaden
a FP resonance peak. This becomes a real problem when the resonance peaks are wide which cor-
responds to a low Q;, such as the peaks for FP 4 (Fig. 9.4 and 8.5) where multiple of these secondary
resonance lie within a single FP resonance peak. The distorted FP peak shapes cause an error in the
lorentzian peak fitting leading to an error in the measured Q,, as illustrated in Fig. 9.2 to 9.4.. The effect
of the additional resonance is further explained in section 9.4

For FP 3, the 7mm long microstrip FP, the amplitude of the additional resonance is in the same
order as the visible dynamic range of the FP resonance peaks. FP 3 is omitted in the analysis, instead
the focus lies on FP 4 which is the same a-Si microstrip structure with clearer FP peaks in the KID
response.

Regarding the spurious response floor, the dip depth of the normalised response of FP 2 lies at 2 in
Fig. 9.3. The lowest response of the FP KID divided by the response of the blind KID results in a factor
2. This implies, since the blind KID is sensitive to the spurious response, that the lowest level of the
resonance curve lies a factor 2 above the spurious response floor. It is however difficult to determine
if the full FP resonance curve is captured due to the additional resonance present in the dip of the FP
resonance curve.

The mean Q; and frequency spacing f;, for each FP resonator is obtained by fitting all FP peaks
within the 330 to 365 GHz range. Examples of the fit used to obtain Q, for each FP resonator are given
in Fig. 9.2t0 9.4.

From the scanning electron microscope (SEM) and DC chip measurement (section 8.2) the super-
conductor properties, such as T, and the exact line dimensions are obtained. Using these as input the
expected Q. can be more accurately simulated since the deviation between designed and fabricated
coupler is now partly known. Due to the non-uniformity of the films the film properties at the coupler
will differ from the film properties measured at the DC chip. Furthermore the radiation losses inside the
coupler (section 5.2) introduce an unknown deviation between the simulated and realised Q..
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Fig. 9.3: Corrected response of FP KID 2. This KID is connected to the CPW covered with polyimide FP resonator. The couplers
for this chip are designed for Q. = 2000.

Combing the measured mean Q;, simulated Q., and the fill factor using (5.2) and (5.13) results in
Q; for the dielectric
Qch

Qc - Ql.

Table 9.2 gives the frequency spacing, mean Q;, estimated Q., fill fraction, and the obtained Q;.
The estimated Q. value of the CPW-CPW coupler can be checked with FP 1. Since the resonator

line is a pure NbTiN CPW without asi a Q; >> Q. is expected. In this case Q; = Q. and since there is

small difference between the FP 1 and FP 2 couplers (Table 9.1) the measured Q; of FP 1 should be

in the same order as the expected Q. of FP 2. Averaging over 5 FP peaks in the 330 GHz to 360 GHz

range a mean Q; of 1020 with standard deviation of 63 is obtained. With the assumption that Q. = Q,
this matches the simulated Q. for FP 2.

Qi,dielectric =FF x (9.3)

Table 9.2: Overview of the results of polyimide chip. The Q; and Q; factors are given as a mean with a standard deviation, this
mean is taken over the fitted Q; of multiple peaks within the frequency window of 330 GHz to 365 GHz. The simulated Q. uses
the DC and SEM measurements to model the coupler as accurately as possible. The designed Q. for this chip is 2000. The fill
fraction (FF) is obtained as discussed in section 5.2.

KID ID Mean Ql f0 Qc FF Qi,dielectric
FP 1 bare CPW 1020 + 63 6.3 GHz - - -
FP 2 PI CPW 430 + 66 6.1 GHz 1120 15% 108 + 28

FP 4 PI MS 270 + 106 13.0GHz 2800 60% 182+ 76
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10" . . ,

— MKID response
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Fig. 9.4: Corrected response of FP 4. This KID is connected to a 3mm long microstrip FP resonator. The couplers for this chip
are designed for Q. = 2000. Note that the fit in this plot focusses on the primary peak in the presence of the additional response.

9.4. Secondary resonances

The effect of the secondary resonances visible in Fig. 9.3 can be modelled by including a section of
transmission line, with a length longer than that of the FP resonator, before the first FP coupler in the
ABCD matrix calculations. This results in

. 1 . 1
A B _ cosh (yly) Zysinh(yl))||1 Tt cosh (yl,) Z,sinh(yl,)|]|1 Tatn (9.4)
cC D Yy sinh (yl;) cosh(yl; 0 1 ||Yosinh(yl;) cosh(¥ly) ||o 1 '

where [, is the length of the THz line, the line between the antenna and the first FP coupler, and [, is
the length of the FP resonator. Transforming the resulting ABCD matrix into S,,, with a mismatched
load at port 1, gives the modelled signal of Fig. 9.5a. The Q, factor of the secondary resonance and the
FP resonance will differ since the losses, Q;, in the lines [, and [, will differ. Furthermore the secondary
resonance arises due to reflections between a coupler and the lens antenna instead of reflection due to
two coupler which means they will have a different Q., see section 5.1. Depending on their resonance
spacings f,, and Q values multiple secondary resonances can fall within one FP peak affecting the
shape of the FP peak, as in Fig. 9.5a. Alternatively multiple FP peaks can lie on a single secondary
resonance in which case the relative peak height of the FP peaks will be affected and will follow the
secondary resonance.

Using the modelled signal of Fig. 9.5a filtering techniques can be tested to see if it's possible to filter
out the secondary resonance from the FP response. A simple method is to compare the spectrum,
obtained trough the fourier transform of the signals, of the modelled signal to the spectrum of the FP
signal and filter out the extra frequency components present in the modelled signal. Since the spectra of
the FP response and the secondary response overlap, the peaks shapes are identical, suppressing or
removing the extra frequency components inadvertently affect the FP response see Fig. 9.5b. Although
the secondary resonance is suppressed the FP peaks in the filtered still differ, although less than for
the unfiltered version, from the real FP peaks.

The filtering example, illustrated by Fig. 9.5, shows that the analysis can benefit from applying
filtering techniques. The Q,; of the filtered peaks lies within 10% of the Q; of the actual peak. The
approach discussed in Fig. 9.5a is however not feasible since it requires a-priori knowledge on the
exact shape, and thus Q values, of the resonator peaks. It requires a sufficient time investment to
study the applicability and quality of different filtering techniques. This currently falls outside the scope
of this thesis project so will be included in the recommendations at the end of this thesis. Furthermore
the effect of the secondary resonance will likely be smaller for the a-Si chip due to the higher Q values
of those FP peaks and the smaller frequency spacing f; (section 8.4).
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(a) Using the ABCD matrix method a section of transmission line can be added before the first FP coupler which models the secondary
resonance present in the measured polyimide response. The modelled signal with the secondary resonance is plotted against the
modelled FP response. It's clear that the secondary resonance deforms the FP resonance peaks.
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(b) The modelled signal can be filtered by comparing the spectrum of the modelled signal with the spectrum of the FP model and
removing or suppressing the extra frequency components. Although the secondary resonance can be suppressed the exact shape
of the FP peaks cannot be recovered and thus the fitted Q; will differ from the actual Q,; of the resonator.

Fig. 9.5: The influence of the secondary resonance on the FP resonance peaks can be modelled trough the ABCD matrix ap-
proach by including an extra section of transmission line before the first FP Coupler, see 9.5a. Filtering the secondary resonance
from the signal reduces the effect the secondary resonance has on the FP resonance peaks but the resulting peaks still differ

from the real FP peaks, see Fig. 9.5b. Note that this approach is not a realistic approach since it requires a-priori knowledge on
the exact FP curve.
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9.5. Conclusion

The main objective of this polyimide chip was to proof the lab on a chip Fabry-Pérot concept. The
results obtained with this chip, given in Fig. 9.3 and 9.4, clearly show peaks which can be attributed to
the Fabry-Pérot resonator. The obtained Q; and Q; values are reasonably close to the Q; = 200 value
specified by the supplier of the polyimide for room temperature operation. Therefore it is concluded
that the losses in polyimide do not improve when it is cooled down. It is thus concluded that the on chip
Fabry-Pérot resonator works and can be used to measure the Q; of dielectric materials.

One of the biggest concerns from the polyimide measurements is the large spread in fitted Q, of the
peaks. This spread is likely due to the FP peaks being deformed by the secondary resonances, resulting
in FP peaks which cannot be fitted correctly. Finding a way to deal with the secondary resonances is
thus required for accurate Q; measurements. As mentioned in section 9.4 one option is to filter the
measured signal to obtain the correct FP peaks. Implementing this filter requires a time investment
which is not feasible within the scope of this thesis.

It might however be possible to largely circumvent the effect of the secondary resonance in the a-Si
design as a-Si has much lower losses and therefore much sharper resonances. If the FP peaks are
sharp compared to the secondary resonance peaks, e.g. have a higher Q, it's impossible that multiple
secondary resonances fall within one FP peak. In this case the peaks won'’t be deformed as in Fig. 9.3
and 9.5a. Fortunately the design of the a-Si chip (section 8.4) involves higher Q resonators and it is
thus likely that the a-Si chip will be less affected by these secondary resonances than the polyimide
chip.

The response of FP 2, Fig. 9.3, likely lies just above the spurious response floor. Itis however difficult
to say this with absolute certainty since the dip of the FP response is invisible due to the secondary
resonance.
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a-Si measurements

10.1. Chip overview

The design of the a-Si is discussed in section 8.4. An overview of the relevant FP resonator design
parameters is given in Table 10.1.

Table 10.1: Overview of the designed FP resonators for the a-Si chip as presented in section 8.4. The chip contains four identical
microstrip FP resonators and a blind KID. The couplers used for all four FP resonators are identical, the only difference between
the resonators is the length L¢sonator

KID ID Qc lresonator f0

FPO 3,000 4.0mm 548 GHz
FP 1 6,000 8.0mm 2.74GHz
FP 2 12,000 16.0 mm 1.37 GHz
FP 3 30,000 40.0mm 0.55GHz

Two versions of the a-Si were fabricated, one with the microstrip buried beneath the a-Si dielectric
as in Fig. 8.9. During the fabrication process the a-Si dielectric layer was most likely subjected to stress
from the substrate and the NbTiN layer covering the dielectric. The result was a chip with craters in
the a-Si and NbTiN layer as in Fig. 10.1. The same process also affected the parts where the CPW
KID readout is coupled to the pure microstrip resonators, where the a-Si is deposited on top of the SiN
layer of the wafer and covered by the NbTiN layer of the CPW readout line. At these point the dielectric
seemed to blister, creating breaks in the readout line. Due to the breaks in the readout line most chips
in this process run are unusable.

As an alternative a second run is fabricated using the normal process of Fig. 8.8 where the microstrip
line is deposited on top of the dielectric instead of being buried underneath the dielectric. Instead
of using the protection layer as discussed in section 8.5 the NbTiN ground layer is made thicker to
compensate for the over etch during the NbTiN etching step. The craters in the a-Si layer do no occur
with this process flow. The measurements described in this section are performed with chips from the
second process run where the microstrip line is deposited on top of the a-Si layer.

65
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Fig. 10.1: Image from the a-Si chip fabricated using the inverted process from Fig. 8.9. Craters are clearly visible in the a-Si
layer around the meandering NbTiN microstrip line.

10.1.1. DC chip

Each fabrication run contains a DC chip which used to measure the properties of the superconducting
film. The measurements of the DC chip of the a-Si chip used for this experiment are given in Table
10.2. Using the sheet resistance Ry, critical temperature T, and thickness of the films the expected
kinetic inductance L, of the films is calculated. The expected kinetic inductance of the realised films is
one of the inputs for the simulation of the realised, which likely differ from the designed, couplers.

The measured T, of the NbTiN GND layer is much lower than expected. This indicates a film of
poor quality which could introduces additional losses in the transmission line.

Table 10.2: Results of the a-Si DC chip. This chip contains several simple lines created in the different layers present on the
chip. The superconducting properties of the different layers, such as the critical temperature T, and the sheet resistance R, can
be measured. Using the measured film properties an accurate estimation of the kinetics inductance L, can be made. The DC
chips are measured in a adiabatic demagnetization refrigerator (ADR) cryostat at SRON Utrecht. The NbTiN GND (a-Si) layer
has the a-Si layer on top and the NbTiN line layer (a-Si) has the a-Si layer below.

Layer t[nm] T, [K] R [Q] Ly [1H]
NbTiN GND 220 12.64 16.18 1.86
NbTiN GND (a-Si) 220 12.70 9.033 1.07
NbTiN line 150 14.99 11.42 1.12
NbTiN line (a-Si) 150 14.97 12.56 1.22

10.1.2. SEM results

Using a scanning electron microscope (SEM) accurate measurements of the coupler geometries on
the chip are obtained. For the a-Si chip the following deviations from the designed geometries are
observed:

* The CPW line has a line width of 1.49um and a gap of 2.67 um on both sides instead of the
designed 2 um line and gap.

» The microstrip line has a width of 1.76 um instead of the designed 2 um.

* In the MS-CPW coupler geometry (section 8.2) the width of the overlapping microstrip section is
3.51 um instead of 4.0 um and the length is 15.97 um instead of the designed 15 um (Table D.3).

Using these dimensions the coupler is simulated, the resulting Q. values are given in table 10.3.
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10.1.3. Corrected overview
With the results from the DC chip and the SEM measurements the FP coupler is simulated again but
with the geometry and kinetic inductance L, corresponding to the fabricated coupler. This simulation

results in corrected values for the expected Q. and frequency spacing f,,, of which an overview is given
in table 10.3.

Table 10.3: Corrected overview of the Q. and frequency spacing f;, for the a-Si microstrip FP resonators and their corresponding
KID ID. The given Q. values are for the centre frequency of the band f = 350GHz.

KID ID Qc,designed Qc,corrected fO,corre\':ted

FPO 3,000 1,666 4.67 GHz

FP 1 6,000 3,332 2.33GHz

FP 2 12,000 6,663 1.17 GHz

FP 3 30,000 16,660 047 GHz
10.2. Analysis

For the a-Si experiment all measurements are performed with the two lens set-up of section 7.4. The
analysis of the a-Si experiment is subdivided into multiple sections, each focussing on a particular step
in the analysis path. The final result is an estimated Q; value for the a-Si dielectric.

10.2.1. Raw response

Measurements were carried out at T = 40mK. The raw response of the four FP KIDs and the blind KID
is given in Fig. 10.2.

10° Raw KID response
— FPKIDO
— FPKID1
— FPKID2
— FPKID3
10 F — blind KID |}
5 |
8 |
5
8 ! W “l * ' ' ‘ ‘# it .. VA »’ ‘
5" J ’ '\t
| \ ~
o ‘}) Al } \\ : |
10 5F g“«p«/ﬁ \4 i
A g ’&' i
Xg’j\
‘\\ (‘)!
-7 ! ! ! I I
10 320 330 340 350 360 370 380

Frequency [GHz]

Fig. 10.2: The raw response of the four FP KIDs and the blind KID. For the a-Si experiment the measured frequency range is
320 GHz to 380 GHz with a resolution of 10 MHz. The chip is cooled to 40 mK.
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10.2.2. Corrected response
The corrected response for all four kids,

Responserp(f)
Responsegiina(f)’

is given in Fig. 10.3. Since the Q. value increases from FP 1 to FP 3 (Table. 10.3) the relative peak
height should decrease from FP 0 to FP 3 as in Fig. 8.7. This is indeed observed for FP 0, FP 1 and FP
3. FP 2, which is expected to show peak height between the height in FP 1 and FP 3, however shows
significantly weaker peaks compared to the other FP KIDs. This vastly suppressed peak height is an
indication of an additional loss mechanism present in the microstrip FP. As this is only observable in
one FP, the most likely explanation is damage to the chip during fabrication. The response from FP 2

is therefore excluded from Q analysis to avoid any impact from unknown loss sources that are not due
to the microstrip itself.

Responsecorrectea(f) =

(10.1)
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Fig. 10.3: Overview of the response of all four FP KIDs normalised to the response of the blind KID. The minimum and maximum
mode number are given in table 10.4

Similar to the polyimide chip (chapter 9.3) there is an additional resonance visible on top of the FP
response. A detailed discussion regarding this additional resonance is given in section 9.4. Due to
the small frequency spacing f,, between the FP peaks in FP 3 it's response samples this additional
resonance.

The expected frequency spacing f;,rrecteq IS cOmpared with the observed frequency spacing £, pserved
of Fig. 10.3 in Table 10.4. The difference is roughly 10%.

Table 10.4: The corrected expected frequency spacing f,,rrecteqa VS- the observed frequency spacing fpserveq- The minimum
Nmin @nd maximum n,,,4. mode number of the peaks between 320 GHz and 380 GHz is given.

KID ID fO,corrected f0,observed Nmin Nmax
FPO 4.67 GHz 410GHz 78 92
FP 1 2.33GHz 2.15GHz 155 183

FP 3 0.47 GHz 0.42 GHz 765 902
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10.2.3. Individual peaks

In Fig. 10.4 a single FP peak in the response if FP 0 is plotted for seven different measurement runs
with identical measurement settings. There is a slight deviation in the observed peak over the different
measurements in peak height and in peak resonance frequency f,,, which can be attributed to fluctu-
ations in toptica output power and frequency stability. Averaging over all peaks, the difference in f,
between measurement runs is * 5MHz, which is lower than the 10MHz relative frequency accuracy
guaranteed by the manufacturer. These deviations in peak shape due to the source behaviour lead to
a statistical scatter in the fitted QI across multiple measurements.

10"

P

. . .
3460 3462 3464 3466 3468 347.0
Frequency [GHz]

Corrected response df/f

109 1 1 L L
345.5 346.0 346.5 347.0 347.5 348.0

Frequency [GHz]

Fig. 10.4: A single FP resonance peak in the response of FP 0 analysed over seven measurement runs with identical measure-
ment settings. The peaks show small deviations between the different measurements.

An overview of the peak fitting to individual peaks is given in Fig. 10.5. Almost all FP peaks in
the response of the three FP KIDs can be correctly fitted with a lorentzian peak. The dominant effect
which results in wrong fits is the asymmetrical shape of some peaks as seen in Fig. 10.5b, which can
be attributed to the impact of the secondary resonance on the FP transmission curve. Due to the
asymmetric shape of the peak the fitted lorentzian peak is broadened, resulting in a lower Q;. FP 0
is affected by this the most, as is expected due to the wider peaks from the lower designed Q. value
(Table 10.3). For FP 0, 4 out of 15 fitted peaks have an asymmetrical shape. For FP 1, 2 out of 26 fitted
peaks show a slight asymmetrical shape and for FP 3 none of the 47 fitted peaks show an asymmetrical
shape.
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Fig. 10.5: An overview of Lorentzian fits of the FP peaks in the response of the FP KIDS. FP naming is consistent with table
10.3. (a) Good Lorentzian fit of FP 0. (b) Bad lorentzian fit of FP 0 due to the asymmetrical nature of the FP peak.
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10.2.4. Q values
In Fig. 10.6 the averaged fitted Q, of all peaks, between 320 GHz to 380 GHz, of seven measurements
is plotted. The averaged Q, for each peak over multiple measurement runs is given as

Y1 Qu(f)
M

(@) = (10.2)

where M is the total number of measurements. The larger scatter in Q; for FP 3 is likely due to the
small peak width, 200 MHz, which makes the peaks more sensitive to the frequency scatter caused by
the frequency uncertainty of the toptica source.
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Fig. 10.6: Mean fitted Q; (f) with standard deviation over seven measurement for each peak. The values of Q, are plotted against
the resonance frequency f,, of the corresponding peaks. A linear fit through Q, is plotted to show the trend in Q; vs. frequency.
As expected from the simulated Q. of the coupler and assuming a Q; constant over frequency, Q, of the peaks decreases with
frequency. The linear fit of Q, is a first order check and does not represent an assumption on the actual frequency behaviour of

Q.

Fig. 10.7 shows the fitted Q; values for the peaks in the response of FP 3. There is a clear relation
between the fitted Q, value and the oscillation in peak height due to the additional resonance. The fitted
Q, value strongly follows the peak height of the FP peaks, i.e. the fitted Q; decreases when the peak
height increases, introducing a similar oscillation in the fitted Q; Even with this oscillation in Q, there is
a visible trend of decreasing Q, over frequency.

Using the DC chip and SEM measurements the fabricated couplers can be simulated. The obtained
frequency dependent Q. of the resonators is given in Fig. 10.8. The difference in Q. values between
the FP resonators is due to the difference in frequency spacing f,, and thus mode number between
the FP resonators. To obtain the frequency dependent Q. values of Fig. 10.8 the observed frequency
spacing f, of each resonator is used to calculate the mode number of the peaks (Table 10.4).

With the frequency dependent measured Q,; of Fig. 10.6 and the simulated Q. of the coupler, the
frequency dependent Q;(f) can be determined as

Qc(NA()
Qc(f) = Qu(f)

where FF is the fill factor as defined in section 5.2. For the 2 ym wide microstrip on 250 nm of a-Si the
fill factor is 67.7%. The obtained Q;(f) is given in Fig. 10.9.

Qi(f) =FF (10.3)
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Fig. 10.7: The fitted Q; values for the FP peaks in the response of FP 3. There is a clear correlation between the change in peak
height and the change in fitted Q, value, i.e. when the peak height peaks the fitted Q; values of that peak drops. This indicated
that the additional resonance, the source of the change in peak height, affects the fitted Q; values. The dotted line is plotted to
make the frequency behaviour of the fitted Q, clearer.
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Fig. 10.8: Using the simulated S,; of the couplers and the mode number of the FP peaks of each resonator, the frequency
dependent Q.(f) of each FP resonator can be estimated. The difference in Q. between the different FP resonators is due to
the difference in frequency spacing f,, and thus mode numbers of each FP resonator. The Q.(f) value is an estimate since the
radiation losses of the coupler (section 5.2) and the exact film parameters at the coupler are unknown.
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For the design of both the a-Si and polyimide chip a constant Q; over frequency is assumed, however
the resulting Q; is clearly decreasing with frequency. The linear fit of Q; in Fig. 10.9 is a first order check
and does not represent an assumption on the actual frequency behaviour of Q;. The slope of the linear
fit is not consistent across FP KIDs, the slope dQ/df in GHz™! is —43.16 for FP 0, —22.47 for FP 1,
and —15.23 for FP 3. This can mean that something is wrong in the analysis, something is wrong with
the KID, or the frequency oscillations are hiding the true trend of FP 0.
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Fig. 10.9: Mean Q;(f) calculated from the fitted Q;(f) values of Fig. 10.6 and the corrected Q. 10.8 for all three FP resonators.
The given Q; values include the fill factor and are thus the Q; values of the dielectric material and not of the transmission line
(section 5.2). The linear fit of Q; is a first order check and does not represent an assumption on the actual frequency behaviour

of Q;.

10.2.5. Averaged Q; values
Table 10.5 gives the average Q; values assuming a frequency constant behaviour. To obtain this value
all Q; of Fig. 10.9 for each FP are averaged using the error bar as the weight.

Table 10.5: The weighted average Q;, first for each FP assuming constant frequency behaviour (Fig. 10.9) and second over all
three FP KIDs. The average is weighted with the error bars of Fig. 10.9

KID ID Weighted average Q;
FPO 1535 £ 854
FP 1 2328 £ 608
FP 3 2370 £ 303
Average 2355+ 101
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10.2.6. Q|(Qc,Qi) curve

In Fig. 10.10 the averaged @, value for each peak is plotted against the expected Q. value of that peak.
Three lines for different frequency independent Q; values are plotted using the estimated Q; of Fig. 10.9.
Due to the oscillation in Q; and the frequency dependency of the measured Q; the points don’t follow
the slope of the plotted Q; lines. Fig. 10.10 does show that the difference in fitted Q; between FP 0, FP
1, and FP 3 is consistent with the difference in expected Q. of the FP KIDs for the measured Q; range.
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Fig. 10.10: Plotted @, vs. Q. for different values of Q;. For each resonator the averaged fitted Q; of each peak averaged over
multiple measurements is plotted against the expected Q. value of that peak. The averaged Q, is taken over the peaks in the
frequency range from 320 GHz to 380 GHz for FP 0 and FP 1 and 320 GHz to 380 GHz for FP 3. Note that the given Q; is of the
dielectric, taking the fill factor of the microstrip geometry, 67.7%, into account.

10.2.7. Full curve

Fig. 10.11 shows a comparison between the modelled curve, using the expected Q. value (Table 10.3)
and estimated Q; =~ 2355 (Table 10.5), and the response of FP 0. The curve is modelled with the
ABCD matrix approach (chapter 4) using the two FP couplers, and therefore does not reproduce the
oscillations due to the secondary resonance.

The modelled FP response shows that, for these Q values, the expected relative peak height
[S21.min| — 1S21,max| 18 higher than the relative peak height observed in the KID response. The dif-
ference in relative peak height is likely due to the spurious response, due to which the full curve cannot
be measured. This suggest that lowest FP response lies roughly -5dB below the spurious response
floor (Fig. 7.8). The peak height oscillation visible in the response of FP 0 is also in the order 5dB. Deter-
mining the absolute peak height oscillation and comparing it to a full model of the additional resonance
is an interesting avenue to pursue for future analysis, but out of scope for this thesis project.
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Fig. 10.11: The response of KID 0 together with the modelled FP response. The FP response is modelled for the expected Q.
of 1660 at 350 GHz and the averaged Q; of 2355.
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10.3. Results and discussion

Even without including the secondary resonance in the FP model there is a good match between the
modelled FP response, using the measured Q values, and the response of the KIDs. This indicates
that the ABCD approach used to model the FP response (chapter 4) is in agreement with the fabricated
on-chip FP resonators.

From [16]-[18] a Q; of 10,000 is expected for the PECVD deposited a-Si dielectric. Using the a-Si
chip a Q; of approximately 2,000 to 3,000 is measured. The difference in expected and measured Q;
can be caused by:

» Poor quality of the NbTiN film. The measured T, of the NbTiN GND layer is much lower than
expected. This indicates a film of poor quality which could introduces additional losses in the
transmission line. The measured Q; might thus be a combination of the losses in the a-Si dielectric
and the losses due to the NbTiN film. The losses introduced by the poor NbTiN are frequency
dependent, and might explain the frequency dependency of Q; found in Fig. 10.9. To fully exclude
the effect of the poor NbTiN film a new set of chips has to be fabricated with better NbTiN film
quality.

« Effect of the deposition and etching steps on the a-Si layer. The a-Si layer might degrade during
the deposition and etching of NbTiN on top of the a-Si, which is required to create the microstrip
line. Since the CPW line does not include these chips it can be useful to compare the measured
Q; values for a CPW line to those of a microstrip line.

» Deposition of the a-Si layer. It could be that this specific deposited film has inherently high losses.
The effects of the deposition method on the losses in the a-Si layer are not fully known. A separate
project aimed to study this effect started in parallel to this project. Using the lab-on-chip proposed
in this thesis dielectric layers deposited under different deposition conditions will be studied.

The current analysis method is affected by the oscillation in fitted Q; due to the additional resonant,
and by the spurious response floor which makes it impossible to measure the full FP curve. The first
makes it difficult to analyse the real frequency behaviour of Q;, and thus the frequency behaviour of Q;.
The second makes it impossible to fully apply the full curve approach of section 7.5. Through the full
curve approach the realised Q. can be measured instead of being estimated from the realised coupler
geometry. The measured Q. will increase the accuracy of the measured Q; since the estimated Q.
includes uncertainties on the radiation loss of the coupler and the exact NbTiN film parameters at the
coupler. Suggestions on how to reduces the oscillation in Q., and how to measure the full curve are
included in the recommendation section at the end of this thesis.
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Conclusion

This thesis gives an overview of the developed design tools for a novel lab-on-chip technique to mea-
sure the losses of superconducting microstrip lines at mm-wave frequencies and sub-K temperatures.
Using these design tools, two chip sets for measurements of a polyimide and a-Si dielectric have been
designed. The measurements and analysis of both designs have been presented, which has proven
that the proposed lab-on-chip measurement technique works very well. There is a good match between
the measured FP response and the modelled FP response and the measured response follows the ex-
pected dependencies on the design parameters, Q. and the resonator length. In detail, the following
requirements were defined:

» The dielectric loss should be measurable at frequencies ranging from 300 GHz to 1.1 THz.

« Dielectrics with an intrinsic loss quality factor ranging from 100 to 10°. These values originate
from the sparse data that exist for polyimide and amorphous silicon. The data that is available
for these dielectrics is either measured at room temperature, low frequencies or under specific
device conditions [15]-[18].

» The dielectric loss should be measured at sub-K temperatures. DESHIMA and MOSAIC are
superconducting detectors which operate at sub-K temperatures, therefore data regarding the
dielectric losses are required at sub-K temperatures.

 Suitable for different dielectric materials with different thicknesses and different dielectric con-
stants ¢,..

During the project an attempt was made to measure one of the 650 GHz a-Si chips, however the
response of the KIDs did not show a FP behaviour for any of the four FP KIDs. A likely cause for the
failure of this chip is the poor quality of one of the NbTiN layers which might cause additional losses
in the transmission lines. These losses are frequency dependent which might explain why the chip
was not measurable. The 850 GHz a-Si chip was not measured during this project. A new fabrication
run and full measurements of the 650 GHz and 850 GHz are required before the performance of the
on-chip FP can be analysed at frequencies higher than 350 GHz.

With the polyimide chip a Q; = 150 is measured and with the a-Si chip a Q; ~ 2355 is measured.
For higher Q; values the small width of the resulting FP resonance peaks with respect to the Toptica
source’s frequency uncertainty will introduce a large scatter in the fitted Q; as for the a-Si chip. Using a
different source, with a higher frequency resolution, in the experiment set-up might mitigate this scatter
in fitted Q,. Other than this scatter in fitted Q, there is currently nothing that suggest a Q; up to 10°
cannot be measured with the current on-chip FP and measurement set-up.

The dielectric constant &, of polyimide is 2.9 and the layer used for the experiment had a thickness
if 1 um. For the a-Si dielectric this is 10 and 250 nm respectively. Both experiments resulted in mea-
sured Q; values without problems that can be attributed to the dielectric constant or the thickness of the
dielectric material. It is thus concluded that the on-chip FP experiment works for dielectric with differ-
ent dielectric constants and thicknesses. The only problem that was encountered is that the inverted
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process (section 8.5), where the microstrip line is buried beneath the dielectric layer, does not work for
the polyimide dielectric due to resonances inside the coupler. These resonance likely occur due to the
lower dielectric constant ¢, of polyimide compared to a-Si.
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Recommendations

To improve the quality of the on-chip FP experiment the following recommendations, divided per topic,
are made:

12.1. Oscillation in FP peak height

The oscillation in FP peak height causes an oscillation in fitted Q;. Due to this oscillation it is difficult to
find the exact frequency dependency of Q; and Q;. Reducing the oscillation or the effect of the oscillation
thus improves the quality of the experiment:

» The oscillation in FP peak height, observed for both the polyimide and a-Si chip, is likely due to the
additional resonance originating from reflections between the antenna-lens system and the first
FP coupler. The reflections at the antenna-lens system can be reduced by applying a matching
layer on the lenses. Reducing the reflections at the antenna-lens system should decrease the
magnitude of the additional resonance and thus the oscillation in FP peak height.

* It is possible that the effect of the additional layer can be removed or reduces by applying ap-
propriate filtering techniques. Investigating these techniques however lies outside the scope of
this thesis project. If deemed feasible, it recommended to investigate this option in a separate
project.

+ Make an attempt to fully model the secondary resonance by including the full antenna-lens system
in the ABCD matrix model of the FP and match it with measured data.

12.2. Spurious response floor

Even with the two lens system (section 7.4) the spurious response negatively influenced the a-Si mea-
surements (chapter 10). The measurements can be improved by:

» Applying a matching layer to the lenses of the lens-antenna system will increase the optical ef-
ficiency of the measurement set-up and will thus increase the FP response with respect to the
spurious response floor (section 7.3).

» An improved two lens system where one of the lenses is placed inside the cryostat close the the
FP chip, and the aperture size (section 7.4) is correctly matched to the beam pattern of the lens
antenna. This improvement requires significant design and fabrication efforts and could not be
completed within the time frame of this thesis.

12.3. Chip improvements
The following improvements to the FP chip can be made:

* Analysis of the pure microstrip KIDs which were present on the a-Si chip. The pure microstrip
give a measurement of the dielectric losses at microwave frequencies (= 4 — 7GHz) which can
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12. Recommendations

be compared to the losses measured at THz frequencies with the FP resonators. The microstrip
resonators on the a-Si chip however couldn’t be measured and this comparison was thus un-
available. It is recommended that the reason the microstrip resonators on the a-Si chip failed is
analysed and that the number of pure microstrip resonators on future FP chips is increase.

The current chips contain a pure NbTiN KID in only one of the two NbTiN layers, and the losses
of only one of the NbTiN layers is thus measurable. It is recommended to place a pure NbTiN
KID in both NbTiN layers for future FP chips.

A KID directly coupled to the lens-antenna can be placed to measure and analyse the power
coupled from the Toptica source to antenna-lens system.
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The scattering (S) matrix

For a N-port network the scattering matrix is given by

43 Si1 Sz o S
A E R (A1)
W Svi Snz - SwwIlW

in which the scattering (S) parameters give the relation between the incident (V) and reflected (V)
voltage waves at the ports of the network.

S12
— 00— 0
Slﬂ two-port ESZZ
—O0—— —o—
S21

Fig. A.1: Representation of the scattering parameters.

For the two port of Fig. A.1 the scattering matrix is

V| _ S S| |
[Vz_] B [521 522] [V2+ (A2)
where, as an example, S;; gives the ratio between the incident and reflected wave at port 1. S,;
gives the transmission from port 1 to port 2.
For a reciprocal two-port
512 = 521. (A3)

The reflected and transmitted power ratios are given by the modulus square of the S parameters,
i.e. the fraction of reflected power at port 1 is given by |S;|?.

If the network has an external power input, i.e. an amplifier, it's referred to as an active network. A
network without any external power input is referred to as passive. For a passive and lossless two-port
the power is either reflected at the input port or transmitted trough the two port and thus

1S111% + 18121 =1 (A.4)

and

85



86

A. The scattering (S) matrix

1S221% + 1S211% = 1.

(A.5)



The transmission (ABCD) matrix

Iy Iy
—O0—— —o——
+ A B +
. C D Ve
—O0—— —o——
(a)

N R R
—Oo— —o—
+ Al Bl + AZ BZ +
h. ¢ Dy Yol 6 Db Rz
—O0— —o0——

(b)

Fig. B.1: a) A two-port network. b) A cascade connection of two-port networks.

The transmission, or ABCD, matrix defines the relation between voltage and current at the input
and output ports defined as in Fig. B.1a

V; = AV, + BI,

(B.1)
11 = C‘/Z + DIZ

The ABCD parameters are typically given in matrix form

n]_[a B|[»
il [e 5] e2
The advantage of using ABCD matrices to describe networks is that the ABCD matrix of a cascade

of two-port networks is given by the product of the ABCD matrices of the individual two-port networks.
The ABCD matrix of the cascade given in Fig. B.1b is then

il _ (41 Bi||A2 B||Vs
[11] = [61 Dl] [Cz D, | |15 (B3
The ABCD parameters of a two port can be evaluated as
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88 B. The transmission (ABCD) matrix

A= i B = i
W, L, _
I,=0 V,=0 (B.4)
ok poh
V2 I,=0 I V,=0

where I, = 0 is equivalent to an open port and V, = 0 to a shorted port. The ABCD parameters of
some commonly used two-port networks are given in Table. B.1.

Table B.1: ABCD of commonly used two-port circuits. y = a + jf

Circuit ABCD Parameters

e} Z O

A=1 B=7

cC=0 D=1
O O
O I O

A=1 B=0

Y cC=Y D=1
O I O
O O

ZoY A = cosh (yl) B = Z, sinh (yl)
C =Y, sinh (yl) D = cosh (yl)




Conversion between S and ABCD
parameters

Table C.1: Conversion between ABCD and S parameters. Zg; is the impedance of the source. Zg, is the impedance of the
load.

ABCD to S

__ AZy,+B—CZy,Zy,—DZj,
AZy+B+CZ51Zp+D 7y,
2(AD—BC)(Ro1Ro5)"/?
AZy+B+CZy1Zp+DZ gy

— 2(R01R02)1/2)
AZy+B+CZ51Zp+D 7y,

—AZy,+B—CZy, Zy,+DZ5,

AZy+B+CZy1Zg+DZyy

Sy =

S to ABCD

— (Z01+511Z01) (1 =S22)+512521Z01
251(Ro1Ro2)'/?

— (Z01+511201) (Zo2+522202) =512521Z01Z 02
2S31(Ro1Ro2)*?

— (1—=S11)(1=S532)—S512521

2551(Ro1Ro2)*?

— (1—=511) (Zo2+S522Z02)—S12521Z02
2831 (Ro1Ro2)Y?

A

B

D
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Unmeasured devices

D.1. Pl chip design for Q. = 20,000

Table D.1: Overview of the CPW FP and coupler parameters for the bare CPW and the CPW covered with a ployimide (PI) layer.
Coupler dimensions are given as in Fig. 8.2.

lresonator f0 l1 l2
Bare Q. = 20.000 5mm 8.0GHz 6.0 um 6.0 um
Pl Q. = 20.000 5mm 7.7GHz 6.0 um 6.0 um

Table D.2: Overview of the CPW to microstrip coupler geometries . Coupler dimensions are given as in Fig. 8.3.

lresonator f0 loverlap

Q. = 20.000 7mm 7.9GHz 17.7 pm

D.2. Amorphous silicon chip design for 650 and 850 GHz

Table D.3: Overview of the microstrip FP resonator design for the a-Si experiment. Each frequency band f is a different chip
with four resonators. Coupler dimensions are given as in Fig. 8.3.

f Qc 1resonator fn loverlap
o 3.000 2.0mm 10.96 GHz 8.0um
R 6,000 4.0mm 5.48 GHz 8.0um
= 12,000 8.0mm 2.74GHz 8.0um
© 30,000 20.0mm 1.10GHz 8.0um
o 3,000 1.5mm 14.61 GHz 5.0 um
& 6,000 3.0mm 7.31GHz 5.0 um
= 12,000 6.0mm 3.65GHz 50um
© 30,000 15.0mm 1.46 GHz 5.0um
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Fig. D.1: Resonance curves for the 600-700 GHz microstrip FP resonator.
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D.2. Amorphous silicon chip design for 650 and 850 GHz
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Fig. D.2: Resonance curves for the 800
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