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Résumé

La prochaine génération d’instruments pour l’observation de la polarisation du fond
diffus cosmologique est partiuliérement exigeante en termes de nombre de détecteurs,
de qualité de la mesure et d’efficacité de remplissage du plan focal. De plus, pour
détecter les modes-B de polarisation provenant de 'inflation, il faut observer le ciel
avec plusieurs bandes de fréquence afin de soustraire les avant-plans. Dans ce con-
texte, les détecteurs a inductance cinétique (KIDs) représentent une technologie trés
prometteuse en raison de leur grand facteur de multiplexage et de leur facilité de
réalisation, tandis que le couplage avec une antenne peut fournir des solutions multi-
bandes et double-polarisation dans un design compacte. Les KIDs & éléments local-
isés (LEKID) couplé a une antenne développé dans cette thése sont sensibles a la
polarisation avec deux sous-bandes & 140 GHz et 160 GHz chacune avec une bande
passante de 10%. L’architecture proposée utilise une antenne a fente excitée par
une ligne microruban et deux filtres passe-bande vers deux résonateurs. Ces derniers
sont couplés capacitivement avec ’antenne et comprennent une ligne microruban en
Aluminium comme absorbeur. Cette architecture est particuliérement simple & fab-
riquer, sans via et ne nécessite que de deux niveaux de métallisation. La transition ne
nécessite aucun dépodt de diélectrique au-dessus du résonateur, évitant ainsi les limi-
tations de toute source de bruit due au substrat non-monocristallin (TLS). En outre,
la méme technique de couplage peut étre appliquée & de nombreux types d’antennes

excitées par une ligne microruban, ce qui permet de s’adapter aux filtres passe-bande.

Mots clefs: détecteurs & inductance cinétique, supraconductivité, cosmologie
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Abstract

Next generation telescopes for observing the Cosmic Microwave Background are de-
manding in terms of number of detectors and focal plane area filling efficiency. More-
over, foreground reduction in B-Mode polarimetry requires sky observation with
multiple frequency bands. In this context KIDs are promising technology because
of their large multiplexing rate, while antenna coupling can provide multi-band and
dual-polarization solutions in compact design. The proposed polarization sensitive
antenna-coupled LEKID is operating at 140 GHz and 160 GH z with a bandwidth of
almost 10% for each sub-band. The design involves a microstrip excited slot antenna
and two open-stub band-pass filters to direct the signal toward two resonators. These
are lumped elements capacitively coupled to the antenna and include an Aluminium
strip as absorber. The architecture proposed is particularly simple to fabricate,
via-less and only involves two metallization levels. The transition does not require
any dielectric deposition above the resonator, thus preventing limitations from any
source of noise due to non-monocrystalline substrate (TLS). Furthermore, the same
coupling technique can be applied to many types of microstrip excited antennas,

which allow to accommodate band-pass filters.

Keywords: kinetic inductance detectors, superconductivity, cosmology
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Introduction

Kinetic Inductance Detectors (KIDs) are promising technology for future high-sensitive
observational astronomy, with particular advantages for millimeter-wave and far in-
frared detection. Frequencies up to 600 GHz are of great interest for observing the
Cosmic Microwave Background (CMB), which is the first light emitted after the Big

Bang, and its polarization.

About 10% of the CMB signal is linearly polarized by Thomson scattering. As I
will explain in Chapter 1, the polarization process requires a quadrupole distribu-
tion of matter, which might be generated by primordial gravitational waves origi-
nated during the inflationary epoch. These waves form tensor perturbations that
imprint on CMB photons a special polarization pattern, called B-mode in analogy
with electromagnetism, which is distinguishable due to their unique behavior under
parity inversion. CMB polarization contains more information than the temperature
anisotropy and B-mode detection would open a window to the inflationary epoch,

occurred before recombination.

Currently, the sensitivity needed for B-modes detection is still unknown, with an
upper limit set by data from Bicep2 experiment, Keck array and Planck. Since
ongoing observations have already reached the photon noise limit, the instrument
sensitivity can be improved by increasing the number of detectors on focal plane.
The main goal for future CMB observatories (both ground and space based) is to
push down the B-modes upper limit of about two orders of magnitude, which re-
sults in the technological challenge of implementing large detector arrays on focal
plane. Furthermore, B-mode observation is limited by foreground contamination.
Main sources of noises are gravitational lensing, synchrotron emission and thermal
dust. Components separation requires observations with a wide spectral coverage,

roughly between 40G H z — 600G H z. These requirements lead to what is called CMB
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“stage-4” for ground based projects, which demands large arrays containing about
10° detectors. Space observatories are necessary to fulfill the full spectral coverage,
which is not observable from the ground due to the atmosphere opacity, setting some

extra constraints in terms of weight and physical size of focal plane.

Next generation focal planes are oriented toward planar antenna-coupled detec-
tors. Antenna-coupling is advantageous because it can provide multi-band and dual-
polarization solutions in compact design: this kind of arrangement is particularly
convenient for space based telescopes, where the mass and focal plane area is a con-
strain. I will illustrate in Chapter 2 some techniques commonly used in microwave
engineering to process high frequency signals. Basic antenna properties and the

dipole antenna I have used in this work are described in Chapter 3.

Kinetic Inductance Detectors are a very interesting alternative to bolometers. As
described in Chapter 4, KIDs are LC resonators that exploit the kinetic inductance
which arises from the two fluids model of superconductivity to detect photons. The
basic idea is that a resonant circuit has a natural frequency which depends on the
value of its capacitance C and inductance L. Under certain circumstances photons
can be absorbed in the superconducting metal, altering the factor L of the circuit,
and so change the natural frequency. Resonators are coupled to a readout line; a
measure of the resonant frequency is directly proportional to the power absorbed in
the circuit. The readout line provides a tone to the resonator and the measure is
carried out by fast electronic at room temperature. A signal with multiple tones is
used to read an array of several resonators in a multiplexed way. The multiplexing
rate allows for using a single readout cable to measure the resonance of hundreds of
detectors. This is a clear advantage compared to more common bolometers which
require superconducting electronics (SQUIDs) working at low temperature for a lower

multiplexing rate.

In order to shrink the pixel size it is common to develop lumped elements (LEKIDs)
with a large capacitor. The latter can be implemented as a planar structure, like the
interdigital capacitor. LEKIDs also have the advantage of a more uniform current
distribution across the inductor. Despite the LEKID design can be polarization
sensitive, each pixel is limited to one frequency band. Ground based experiments,
for which the atmosphere allows few windows in the millimeter domain, can be

upgraded time by time to detect different frequencies. Space observatories lack of
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this feature and the multi-frequency design has to be implemented on pixel. For
this reason the CMB community is currently focusing on antenna coupled KIDs.
Cameras operating with antenna coupled bolometers are already active on ground
based telescopes and we aim to recover the same sensitivity and performance with

KID technology.

In this thesis I have developed an original architecture for coupling a lumped element
KID with a microstrip excited antenna. In Chapter 5 I will discuss the simulated
performance of each component. I have used full wave simulation software (CST
Microwave Studio) to design a dual-resonant slot antenna, which is the receiver of
the detection chain. The high frequency signal is then filtered on a diplexer that
I have simulated with Sonnet Software. I have developed a microstrip-to-coplanar
transition design to couple each filter with one resonator. Such a tramnsition is the
critical part of my work and it has been simulated with both CST and Sonnet. I
have firstly considered the NIKA (New IRAM KID Array) pixel as a starting design
of the LEKID geometry. I then adapted it to deal with all the requirements needed

for the antenna coupling.

The fabrication of few demonstrators took place at Paris Observatory within a col-
laboration with the GEPI group. I did not actively participate in the fabrication
process except for the design of the photomasks as described in Chapter 6.

I have arranged the setup of a cryostat at APC to test some demonstrators at low
temperature in collaboration with the millimeter lab group members. In addition, the
Institut NEEL in Grenoble provided the equipment for a full pixel characterization
in terms of noise and spectral sensitivity. Experimental set up and measurements

are discussed in Chapter 7.

Preliminary tests presented a number of unexpected features. I will discuss in Chap-
ter 8 the development of a new optimized design according to these results. New
demonstrators are currently under fabrication and will be tested both at APC and

Institut NEEL.

During these three years I have also participated in the Cosmic Origin Explorer
(COrE) collaboration. COrE was an ESA M5 proposal for a space based telescope
dedicated to B-Modes observation [core-mission.org|]. The focal plane of COrE con-

sisted of more that 2000 detectors arranged in 19 frequency bands from 60 GHz to
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600 GH z using KIDs as baseline technology. Unfortunately, the proposal has been
rejected because the total cost of the mission was exceeding the given budget for a
M5 mission. Nevertheless, new technological solutions for large focal plane arrays
are currently under investigation and the CMB community is particularly active in

KIDs development.



Chapter 1

Science Background

The Copernican system and the embrace of the heliocentric model during the XVI
sec. started a scientific revolution in cosmology. After then and the first observa-
tions with the Galilean telescope in the XVII sec., astronomers become aware of the
possibility to understand the laws that regulate the universe, its composition and

evolution through time.

After the Newtonian description of gravity, cosmology were stuck on a stability
problem. As Newton itself wrote in the second edition of Principia Mathematica,
the universe must extend to infinity in all directions in order for the gravitational
attraction to be uniform and null. Otherwise, the gravitational attraction between

celestial bodies will eventually make the universe collapse.

Many cosmologists and mathematicians in the XVIII sec. started to take into account
non-euclidean geometries to describe the universe [1]. Einstein was the first to link
the geometry of space with gravity. He realized that light is bent under the effect
of a gravitational field. To describe the space curvature under the effect of gravity
Einstein consulted his mathematician friend Marcel Grossmann. The collaboration
between the two led to the development of the general theory of relativity. Later in
1917 he published his model of a static and closed universe which aimed to solve the

problem of Newtonian cosmology.

Since then, the technological advancements allowed astronomers to expand their
knowledge to all the frequency spectrum. I will start this chapter by describing the

historical steps which led to the Big Bang theory and modern cosmological models.

5
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Then I will focus more on the Cosmic Microwave Background (CMB) science, which
is the main motivation for the present work. I will illustrate the main open problems
in cosmology and how the inflation theory may provide a solution to them. Current
models can be validated experimentally with high sensitivity measurements of the
CMB polarization. I will present an historical introduction on the CMB discovery,
the current status of observations and the technological challenges we are facing for

next generation CMB observations.

1.1 Expanding universe

The first evidence of the expanding universe was obtained in the early 1900 by
Vesto Melvin Slipher from the Lowell Observatory in Flagstaff, Arizona. He was the
first astronomer to detect celestial body spectra with enough signal-to-noise ratio
for Doppler shift measurement [5]. He observed spectra for 25 spiral nebulae and
discovered that four of these had a radial velocity toward the observer (blue-shifted),
the others were receding from the observer (red-shifted). He calculated the recession
speed in the range of 150 —1100 km/s [6]. The mean value he found was thirty times
larger than the average velocity of the stars. This measure led to the “island-universe’

hypothesis, in which spiral nebulae were distinct galaxies, not gravitationally bound

to the Milky Way.

Later in 1920, the astronomer Edwin Hubble was working at the Mount Wilson
Observatory in California, equipped with a 2.5 m telescope, the Hooker Telescope,
which was the largest telescope in the word at that time. By taking advantage of
the relationship between Cepheid variables luminosity and their pulsation period,
Hubble calculated the distance of three nebulae observed by Slipher. He discovered
that those objects were far away from the Milky Way, supporting the island-universe

model.

Hubble also studied the relationship between the recession velocity and the distance
form the observer. He estimated the distance for 24 extra-galactic nebulae for whom
he knew the radial velocity. His measurement lead to a linear correlation between
distances and velocities [7|. He also combined the nebulae into 9 groups according to
proximity in direction and distance, finding again a linear correlation with distances

(Figurel.1.1). Calling v the radial velocity and D the distance from the observer,
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Figure 1.1.1: Plot published by Hubble in 1929 [7]. The full line represents the linear correlation
between nebulae radial velocities (black dots) and their distance from the observer. The dotted line
represents the linear correlation calculated from combining nebulae into groups (white disks).

we can write the Hubble’s law:

v = HyD (1.1.1)

where H is known as the Hubble Constant and has the dimension of the inverse
of time. The value of Hy calculated form the Hubble plot was 500 Km s~ Mpc™!.
Currently, the estimated value of Hy is in the range of 68 Km s 'Mpc™' < Hy <

89 Km s~ Mpc~! obtained from different methods and cosmological models [8].

It is notable that despite the universe is expanding, objects that are bound grav-
itationally, like galaxies in the local group, are not moving apart from each other.
Thanks to local non-homogeneity of matter distribution and peculiar motions, grav-
itationally bound systems can interact and collapse into more massive systems and
form the structures that we observe today. The expansion becomes homogeneous at
large scale where these local irregularities can be neglected. Modern cosmology has
adopted the so called *Cosmological Principle’, which states that the properties of
the universe at large scale are the same for every observer at any location. In other
worlds, the universe is homogeneous and isotropic when the scale is large enough,
and there is not any special location in the universe. Notice that isotropy implies
homogeneity since we assume the universe to be isotropic for every observer, but a
homogeneous universe can be anisotropic. Furthermore, the universe appears to be

isotropic for every observer since we assume the observers to be in free falling [9].
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1.2 Cosmological distances

We can parameterize the expansion of the universe by using a time-dependent scale
factor a(t) [10]. It relates the distances between any two objects taken at any
moment in time with those taken at a reference time, that is arbitrarily chosen to be
the present. In such a reference, the scale factor at g, the present epoch, is a(ty) = 1.
We call the distance of two objects proper distance. It changes during time due to
the expanding universe. If we scale the proper distance by the scale factor, we obtain
the proper distance d(t) at time t. Calling dy the proper distance at t = ¢ty we can
write:

d(t) = a(t)dy (1.2.1)

The recession speed of two galaxies is the derivative of their proper distance, so from

1.2.1 we can obtain:

d(t) = a(t)to (1.2.2)

Combining 1.2.1 and 1.2.2 we obtain:

The latter is the Hubble law written as a function of the scale factor. We can infer
the Hubble constant as:
(T
Hy = @ (1.2.3)

In modern cosmology it is useful to use the comoving distance, the distance between
two objects which remains constant at any time, thus comoving with the expansion.

The comoving distance r can be calculated as:

I (1.2.4)

1.3 Friedman models

We can write the metric of our universe by considering the spatial increment dl in
polar coordinates (r, ¢, ) of a two dimensional space on a surface of a sphere. Along

with the assumption an expanding, homogeneous and isotropic universe we obtain
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the invariant interval |11, 12, 13]:

a(t) [ dr?

ds® = dt* —
5 2 | 1—kr2

+ 72 (d6? + sin*0d¢?) (1.3.1)

where k = 1/Ry, with Ry the radius of curvature of the universe at t = ty, and
re = Rosin (r/Rp) being the comoving angular diameter distance. The metric in
1.3.1 is the Robertson-Walker metrict. The value of k determines the geometry of

the universe. We can distinguish three cases:

e k = 0: the radius of curvature is Ry = oo so the universe is flat (or Euclidean).
In this case the shortest path between two points is a straight line. Two parallel

lines never meet each other.

e k> 0: it corresponds to a closed (or spherical) universe. This geometry allows
two parallel lines to converge at a certain point. The sum of the angles of a

triangle is greater than 180 degrees.

e i < 0: it corresponds to an open (or hyperbolic) universe. In this case two
parallel lines are always divergent. The sum of the angles of a triangle is lesser

than 180 degrees.

Notice that the geometry of the universe in the Robertson-Walker metric changes as

a~2(t) and the scale factor contains all the information about the expansion.

In order to have access to the dynamics of expansion we must solve the Einstein’s

field equations. The Robertson-Walker metric provides a solution to those as follows:

.. drG 3p 1
87pG 2 1
2 2 2
_ _ ZA 1.3.3
3 Rz T3 (1.3.3)

where p is the total inertial mass density of the matter and radiation in the universe,
p its pressure and G the gravitational constant. Equations 1.3.2 and 1.3.3 are com-
monly called Friedman’s equation. The 1.3.3 has the form of an energy equation and
contains the cosmological constant A. The first term on the right side represents the

gravitational potential energy of the expanding universe.

YAlso called Friedmann-Lemaitre-Robertson- Walker metric or FLRW.
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Since the total mass is conserved during the expansion, we can express p as a function

of its value today pg and the scale factor as:

p=a">po (1.3.4)

3. Also, the total energy ¢; associated with the mass

assuming the volume V « a
density can be written as e; = pc?. With these assumptions, equation 1.3.2 can be
inferred from the derivative of 1.3.3 by substituting p with the first law of thermo-
dynamics in relativistic form written as follows:
p
I ) 0

%4‘34@ -

Equation 1.3.2 has the form of a force equation and makes more evident the purpose
of the cosmological constant. The first term on the right side has a negative sign,
thus represents the total gravitational force that prevents the expansion. The second
term on the right side contains A and has a positive sign. It represents the force
involved on the expansion that keeps the universe from contracting due to gravita-
tional interactions. The cosmological constant was firstly used by Einstein in 1917,
before the Hubble discovery of the expansion. Einstein introduced A in an attempt

to describe a model of static universe, which was widely accepted at that time.

Solutions of equation 1.3.3 are called Friedman world models. We can distinguish
two cases: solutions where we consider A = 0, thus we do not take into account its
repulsive effect, and solutions with A # 0. Today we link the cosmological constant

effect with dark energy, the nature of which is still unknown.

Before we start studying the dynamics of Friedman’s world models, it is better to

introduce the critical density p. and the density parameter Qs as follows:

_po _ 8mGpog
Q) =20 = 2E
Pc 3H0

(1.3.5)

These quantities will be used to rewrite Friedman’s equations in more useful form.
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1.3.1 Dust

World model with A =0 and p = 0 is called dust. With these assumptions and 1.3.5

Friedman’s equations become:

. O H?
QuH? 2
.9 M1l
a2 = - — (1.3.7)
a R%

where we have also assumed p = ppa™>. The dust model is particularly friendly for
calculating the spatial curvature k at the present epoch. Considering t = tg, a = 1

and @ = Hy we obtain from 1.3.7:

1 Qup —1
I (U D]

o~ (/) (1.3.8)

Depending on the value of Q,; we get different dynamics:
e Q) < 1: the universe is open and expands to a = co.

e Oy > 1 : the universe is closed and stops expanding when a = a4, at the
cosmic time tyae = ™80 [2Ho (s — 1)3/2 . At time t = 2t,,4, the universe

collapse to the so called Big Crunch.

e Oy = 1: it is often called FEinstein-De Sitter model. The universe is flat
and the expansion eventually stops at a certain cosmic time. The scale factor
depends on ¢ as a = (t/to)Q/ 3 where the current age of the universe is t) =

(2/3) Hy".

e Qur = 0 : the universe is open and the velocity of the expansion is constant.

The current age of the universe is tg = H; ! This model is called Milne model.

Different world model dynamics for some values of {29 are shown in Fig. 1.3.1.

1.3.2 Effect of A on world models

The cosmological constant introduces a repulsive force on Friedman’s equations that
allows the universe to accelerate and contrasts the gravitational attractions at large
scale. Degpite its nature is still misunderstood, it can be represented as repulsion of

the vacuum. Thus, we can associate to the cosmological constant a negative pressure
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Friedman world models with A=0

N

w

Scale factor

Qo=3

1 2 3 4 5 6 7
Cosmic time

Figure 1.3.1: Plots of the scale factor with Hy = 1. At the present age a = 1 and t = tg, for different
values of Q¢ we obtain Hoto = 1 for Qo = 0, Hoto = 2/3 for Qo = 1, Hoto = 0.57 for Qo = 2 and
Hoto = 0.51 for Qo = 3.

of the type p, = —p,c® with a constant? mass density p,. As in the case of A = 0,
it is convenient to introduce a density parameter (25 associated to dark energy. We
assume again the dust model where the matter and radiation pressure py, is null. In
such a scenario the Friedman’s equation can be written in the form:

Qun HE
2a?

a =

+QaHEa (1.3.9)

QunH? 2
a2 =M 0_%+QAH§a2 (1.3.10)
a 0

where the cosmological constant A = 81Gp, and the density parameter:

87Gp,
Qp = =28
3H;

We can infer the the effect of A on the curvature of the universe by considering

equation 1.3.10 at the present age, thus substituting a = 1 and @ = Hy. We obtain:

1 (2 +Qa) —1]

TR (@)

From the latter we obtain the condition Qo = (Qa7 + Qa) = 1 for a flat universe.

Notice that the curvature of the universe is open in case of €, < 1 and closed in

2Tt can be demonstrated from the first law of thermodynamics with the assumption of V o a>.
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case of Qo > 1.

World model dynamics with a non-zero cosmological constant have been particularly
interesting since latest observations [14] reported Q4 # 0. We can summarize those

models by setting ¢ = 0 in 1.3.9 and substituting a,,;;, into equation 1.3.10. We

obtain: , )
. 3H c
0

From this latter equation we distinguish three cases:

2

e .. > 0: the universe keeps expanding exponentially from a singularity. At

large scale it has the dynamic of a de Sitter model.

. afm.n < 0: in those models the direction of expansion never changes, so the
universe can follow two different branches. One where the expansion is not
sufficient to prevent the universe to collapse, and the other where the universe
keeps expanding. In every case there is no initial singularity and the universe

bounced form the time at which a = amn-

® Gmin = 0: the universe starts from a stationary value of a or tends to a constant

value of a. This is know as the Eddington-Lemaitre model.

It is remarkable that we get different values of the age of the universe for different
world models. Considering an empty universe, tg is simply obtained from the inverse
of the Hubble constant. When the cosmological constant is included, tg can be larger

than Ho_l depending on the value of Q4.

The first evidence for dark energy was found in 1998 by the Supernova Cosmology
Project 15| and the High-z Supernova Team [16] that lead to a Nobel prize in 2011.
The value of Q5 was inferred from the relationship between the magnitude of type
Ia Supernovas and their redshift z. Fig. 1.3.2 shows the plot of the Qjs, 24 joint
confidence intervals. For a flat universe, they found Qj; = 0-28J:8:8§ with Qy =1 —
Qur. Even with no assumption about the spatial curvature, they found Q4 > 0 at the

99.7% confidence level. Furthermore, both groups agreed on a negative deceleration

aa Q]y[
qo = — <2> ZT—QA
a to

parameter:

indicating that the expansion of the universe is accelerating.
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Figure 1.3.2: Joint confidence intervals for (27, 24). The dotted contours don’t take into account
unclassified objects SN 1997ck (z = 0.097) [16].

1.4 Thermal history of the universe

The expanding universe argument suggests that at some point in the past the scale
factor must be zero and the density diverges in what is called the initial singularity.
That moment is known as the Big Bang. Conditions at this point in time are so
extreme that physical laws as we know might be not valid anymore and quantum
effects apply on cosmological scales [17]. The thermal history of the universe gives
us a picture on how galaxies and large scale structures have formed. Key events are

shown in Tab. 1.4.1:

e ¢ <1079 s: the physics of very high energy (> 1 GeV ~ 10'3 K) is is not well
established to characterize the very early universe. The universe experienced
an exponential expansion associated to an unknown scalar field. This event,
called inflation, will be discussed more in detail later in this chapter. An
extension of the standard model predicts symmetry-breaking transitions [19]
all over this period. The asymmetry between matter and anti-matter that we

observe today has its origin during the Baryogenesis, which is a mechanism
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Event time t  redshift z temperature T’
Inflation 1073 s (?) = =
Baryogenesis ? ? ?
EW phase transition 20 ps 10%° 100 GeV
QCD phase transition 20 us 1012 150 MeV
Dark matter freeze-out ? ? ?
Neutrino decoupling 1s 6 x 10° 1 MeV
Electron-positron annihilation 6s 2 x 10° 500 keV
Big Bang nucleosynthesis 3 min 4 % 108 100 keV
Matter-radiation equality 60 kyr 3400 0.75 eV
Recombination 260-380 kyr 1100-1400 0.26-0.33 eV
Photon decoupling 380 kyr  1000-1200 0.23-0.28 eV
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

Table 1.4.1: Time scale and energy involved for some main events according to the Big Bang theory.
Table credit to Daniel Baumann [18].
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still not completely understood. The Higgs mechanism becomes effective at

E ~ 100 GeV |18|, this event is referred as the electroweak phase transition.

t ~ us: at energies of 200 MeV quarks are confined into hadrons. Three quark
systems form baryons (like protons) and quark-antiquark pairs form mesons
(like pions). In this stage, called QCD phase transition, the universe is a hot

plasma of nucleons, leptons, pions, their associated neutrinos and photons.

t < 1 s: when temperature drops to 7' < 10! K, muon neutrinos (v, 7,)
decouple from the plasma and expand freely, interacting only through weak

interaction. Below 10" K protons are more numerous than neutrons.

t ~ 6 s: electron-positron annihilation starts. The energy released is only
transferred to photons and v,, 7, neutrinos decoupled. For that reason today
we observe a photon temperature greater than neutrino temperature. The
reduction of e, € freeze the n/p ratio since reactions n + v, <> p + e and

n + € <> +, loose efficiency.

t ~ 3 min: nucleosynthesis started forming some ionized elements like helium
and deuterium from protons and neutrons. Neutral atoms became to form

while the temperature decreased.

t ~ 10° years: This is the epoch of recombination. The reaction H+vy — e~ +p
becomes inefficient, thus, while forming neutral atoms, the number of free
electrons decreases drastically as well as the efficiency of Thomson scattering
with photons. Therefore, the universe became transparent to photons, which

are observed today as the Cosmic Microwave Background.

The epoch of recombination is of great interest for observational cosmology. It is

notable that at redshift z ~ 1500 the CMB temperature was about T" =~ 4000 K,

well below the 1.5 x 10° K, corresponding to hv = hT = 13.6 €V, necessary to ionize

neutral hydrogen. Despite that, the number of photons is several order of magnitude

greater than the number of hydrogen atoms. Thus, photons in the Wien region

of the spectrum are enough to ionize the gas. It can be found that 7' ~ 5600 K

is a temperature high enough to largely ionize the intergalactic gas. Considering

the present CMB temperature of 2.72 K, the universe became ionized at redshift
z ~ 2000 which corresponds to a scale factor a ~ 2.72/5600 = 5 x 1074
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1.5 Inflation

Physics before the electron-positron annihilation phase is quite speculative. The
standard model of Big Bang cosmology described by the Robinson-Walker metric
has a singularity at t = 0 where 7' — oo. Alan Guth firstly proposed in 1980 [25] the
inflation theory for which the universe experienced an exponential growth at its very
beginning. This period of time takes the name of inflationary epoch, the existence

of which may explain three cosmological problems.

Flatness problem

1

As we have seen in previous sections, considering the scale factor a = (1 + z)™ 7, the
Hubble’s constant varies with redshift as
G 5 0.5
H(z) = % = Ho [(1+z) (Qoz + 1) —QAz(z+2)]
and so the density parameter 1.3.5
&rG 3 QO
Qp = —=po (1 = 1.5.1

Qoz+1 1 1
—Qp _ -
1+ 2 (1+2) (142)
At large redshift, or z > 1, the first square bracket in the denominator of 1.5.1
tends to g, and the second square bracket tend to zero. Consequently, we obtain
Qar — 1 regardless of the value of €2y we measure at present time. The dark energy

contribution can be neglected at large redshift due to their large different dependence

on redshift. We then rewrite 1.5.1 as follows

<1_91M) =(142)"" (1—&)

which tell us that if Q¢ # 1 in the past, it must be different from 1 at present
time. This property requires a fine tuning of the value ), in the early epoch
to result in €9 = 1. The consequent flatness of the early universe is called the
flatness problem, since there is nothing in the standard model that would require
any particular value of y. The fine tuning is more pronounced including a non-
zero cosmological constant [26]. Considering a reference model with Q4 = 0.7 and

Qpr = 0.3, we obtain Qy; = 0.999999996 at z = 1000.
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Figure 1.5.1: Particle horizon at the time of CMB formation has an angular size of 2.1° on the sky,
which is in contrast with the CMB uniformity we measure today.

Horizon problem

Two points in space-time are said in causal contact if they are close enough to
communicate with light signals. Considering an observer at point O in space, the set
of points causally connected to O are within a sphere of radius Rj,. Because of the
universe expansion, the radius is time-dependent. In other words, any light signal
received by O at time ¢ must have been emitted at time ¢’ with 0 < ¢’ < t. The

radius Ry, can be then calculated as

which diverges at a — 0 since the observer at the initial singularity is in causal
contact with the whole universe. The radius Ry, take the name of particle horizon.
It is remarkable that the recession speed can be greater than the speed of light but if
two points were causally connected in the past, they will remain connected forever.
This is not the case when considering the Hubble sphere, for which objects located
at the sphere border are moving at the speed of light with respect to the center.
The existence of a particle horizon rises a question about the structures we observe
today on the CMB. Those larger than Rj at the time of CMB formation should
be causally disconnected as shown in Fig. 1.5.1. Considering the same reference
model discussed in the flatness problem, at z ~ 1000 the angular size of the particle

horizon is 6 =~ 2.1°, so regions separated by more than one degree on the CMB sky
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are casually disconnected, but the CMB sky is uniform to a precision of 107°.

Monopole problem

This problem arises from the grand unified theories (GUT). As the universe ex-
panded and cooled, the GUT scalar filed symmetry broke at 7'~ 106 GeV, leaving
the field into a particular configuration. This scenario is analogous to that of the
magnetism. When molecules are cooled down to a certain critical temperature the
magnetic moments align with those of their neighbours. Similarly, when the GUT
field freezes, it points to a particular direction like a monopole. The scalar field must
be uncorrelated at distances larger than the particle horizon. Thus, if monopoles
did not annihilate with each other, their number density would be one monopole
per nucleon at present time, enough to dominate the energy density of the universe.

This contradiction is known as the monopole problem.

Solution

The inflation theory provides an answer to all of these open questions. An inflationary
expansion can be described as a universe with a cosmological constant. In such a

case the Friedmann equation becomes

8rG k A

o2 — _E L2
5 P23

(15.2)

The first two terms of 1.5.2 become negligible as the expansion proceed while the

last term remains constant. Thus, after a while, we can write
H? = a _
a

which has an exponential solution of type

As said before, the inflation come from a hypothetical scalar field that permeate the
universe. The particle associate to such a field is called inflaton, and so the field

wnflaton field. The inflation mechanism is speculative, more details can be found in
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Figure 1.5.2: Example of inflaton potential well with a flat region. After a slow-rolling phase the
field oscillates around the minimum and decay in other particles. Credit to [28].

literature. In few words, the potential energy V (¢) associated to the scalar field ¢
might be time dependent. In this scenario, at the very early epoch V (¢) is at its
minimum. As the universe expands and cools down, the position of the minimum
shift and the universe settle to the new minimum as shown in Fig. 1.5.2. The energy
released is proportional to AV. Another possible scenario involves the inflaton to
cross a potential barrier through quantum tunnel in order to find a deeper minimum.
This is the case of the universe in a false vacuum. We don’t know the shape of the
potential, but after some time, the inflation must come to end. The inflation phase
allows the universe to be in thermal contact in the early epoch, and so solves the
horizon problem. Similarly, the huge expansion would have dilute any topological
defect, like the monopoles, by a factor e3°0, thus solving the monopole problem.
Moreover, the expansion is so quick that we are unable to see the curvature of the
space. During the inflation the scale factor increases exponentially but the energy
density of the universe remains constant. Since

k|
a’H?

Dot (1) — 1| =

the inflation pushes the value of ;¢ to the unity with an accuracy of many decimal

place, thus solving the flatness problem.
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Figure 1.6.1: Original horn antenna used by Penzias and Wilson to characterize the excess noise
then recognized as CMB signal. Source: Wikipedia

1.6 Cosmic Microwave Background

1.6.1 Origin

As the universe cooled down with the expansion, photons lost energy until a mo-
ment they decoupled from matter and traveled free throughout the universe. The
last scattering surface represents the boundary between the opaque and transparent
universe to light. Therefore, it sets a limit on observations through electromagnetic
signals. The surface of last scattering originated at that particular distance (about
6000 h~*Mpc) for which photons have reached us today. The universe is filled with
CMB photons with a density of n, = 3.7x 10® m™3 and observers in different parts of
the universe would see the surface of last scattering with the same radius but centered
on their location. The Cosmic Microwave Background was incidentally discovered in
1964 by two radio astronomers at the Bell Telephone Laboratories, Arno Penzias and
Robert Wilson, working on a 6 meter horn antenna in New Jersey. They measured
an excess isotropic noise at 4080 M Hz with a correspondent residual temperature
of 3.5+ 1.0 K [20]. At the same time, Robert H. Dicke, Jim Peebles, and David
Wilkinson were building their own radiotelescope searching for the CMB when they
heard about the noise problem of Penzias and Wilson. The two groups published a
paper in 1965 [21] explaining the noise problem as a CMB measurement. Penzias

and Wilson shared the 1978 Nobel prize in physics for their discovery.

In the early universe photons were created and absorbed continuously, so they were

in thermal equilibrium with the environment. As a consequence, the universe was an
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Figure 1.6.2: Black body spectrum of the CMB calculated with different telescopes. Credit: C.
Caso et al. (Particle Data Group), The European Physical Journal C3 (1998) 1.

almost perfect black body, for which the intensity I, as a function of temperature is

given by the Planck’s law:

2hv? 1
c? . hv 1
PA\LET

Since its discovery, the CMB intensity has been measured with several instruments

L (T) = (1.6.1)

including three space telescopes:

1. Cosmic Background Explorer (COBE): lunched in 1989 with three instru-
ments (DMR, FIRAS and DIRBE) [22]. The mission is often referred as the
beginning of the precision cosmology era and led to the 2006 Nobel prize in
physics shared with George Smoot and John Mather.

2. Wilkinson Microwave Anisotropy Probe (WMAP): lunched in 2001, it
includes five separate frequency bands from 22 to 90 GHz [23].

3. Planck: lunched in 2009 with two instruments (LFI and HFI) both sensitive
to polarization in nine frequency bands from 30 to 857 GHz [24].

The inferred spectrum in Fig. 1.6.2 is the best black body source ever measured with
a temperature T' = 2.72 K. Despite the cosmological redshift, the black body curve

has the characteristic of maintaining the shape regardless of the expansion. This can
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be demonstrated by substituting v/ = vp/ (1 4 z) in the Planck’s law 1.6.1, so that

, dv  2h(1+ z)? ')? v’
IV g = @ exp(hu’(l—l—z)_l) (1+2)
kgT

Since the temperature has the same variation with z, in other words 7" = Ty(1 + 2),

we obtain
2h (1 4 2)* )?

c2 hv' )
exp T

which has exactly the same form of 1.6.1. Nevertheless, the energy density decreases

dv’

I (V', T) dv =

with time by a factor 7/ = j (i + z)_4 since the wavelength decreases by a factor

(1+ 2) and the volume by a factor (1 + z)3. Recalling the Stefan-Boltzmann law
j=oT?

we obtain

TomB X (1 + Z)

The last scattering surface is not generated instantaneously but is rather a transition
that corresponds to a redshift interval of Az ~ 195. Therefore, the CMB is a layer

of a comoving radial distance of about Ar = 42Mpc.

1.6.2 CMB anisotropies

Despite the great sky uniformity, quantum fluctuations occurred at the very early
epoch. These generated small density fluctuations which, along with the cosmic
expansion, led to the structure we observe today. These primordial anisotropies,
thus, are of great interest in cosmology and can be observed in terms of temperature
fluctuation on the CMB. Fig. 1.6.3 shows the improvement in terms of angular
resolution from COBE mission (> 7°) to WMAP (> 0.3°) and Planck (> 0.05°), for
which the measured AT/T =~ 1075, Anisotropies on the CMB are caused by three
effects [29]:

e The gravitational redshift of photons from within the density fluctuations
at the last scattering surface. This effect was firstly described by Sachs and

Wolfe in 1967. Photons from high-density regions at last scattering experience
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Figure 1.6.3: Evolution in angular resolution of satellite instruments. Source: Wikipedia.

a stronger gravitational field, and are thus redshifted more than photon in

low-density regions.

e Adiabatic perturbations. In high density regions radiation and matter are

more compressed, resulting in higher temperature.

¢ Doppler perturbations. Velocity of plasma at recombination leads to Doppler

shift, increasing the temperature.

All of these effects are called primary anisotropies, to be distinguished from the
secondary anisotropies which did not generate at the time of recombination but by
all sort of scattering along the line of sight. Temperature fluctuations are projected
on the CMB sphere, thus it is convenient to use a spherical decomposition. Angular

scales on the sky can be characterized by spherical harmonics Y}, (0, ¢) so that

oo m=l

AT
= (0.0) =2 Y amYim (6,9)
=0 m=—I
with [ being the multipole and a;,,the fluctuation amplitude coefficient. Fig. 1.6.4
shows graphically the relationship between [ and the angular scale. For a given

multipole [ the size s of a spot in the sky is approximately

The inflation theory predicts the coefficients a;,, to be Gaussian distributed, for

which the mean value is null. In this scenario we can introduce the angular power
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Figure 1.6.5: CMB temperature power spectrum. It is noticeable the effect of cosmic variance at
low [ and the acoustic peaks. Credit to Planck 2015.

spectrum with a set of coefficient C; defined as
<a'lm' a?m) = C’l(sll’émm’

The observed power spectrum would be of the form

l
1
Cl = m Z almafm

m=—I

The CMB temperature power spectrum is shown in Fig. 1.6.5. Quantum fluctuation
from the early epoch generated gradients in density of matter. While the gravity
contracts the high density regions, the pressure due to radiation counteracts the
compression, resulting in an oscillating region which takes the name of acoustic
oscillation. Compressed regions are hotter compared to low density regions. The
acoustic oscillation frozen during recombination producing peaks on the temperature
power spectrum. These are called acoustic peaks. The main features we observe on

the temperature power spectrum are the following:

e Value of [ = 1 corresponds to a dipole pattern in the sky. This is not related
to intrinsic CMB properties but rather on the Earth motion relative to it. The
dipole is used to infer some parameter like the sun motion around the galaxy

and the sun velocity. Therefore, the temperature power spectrum is usually
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plotted starting from [ = 2.

e The error bar increases at small scale due to the cosmic variance. It arises from
the fact that there are only (20 4+ 1) m samples at fixed [. The precision limit

set by the cosmic variance is given by

2
AC[ - T—HCZ

e The position of the first peak is an indicator of the space curvature. Measure-
ments suggest the peak to be located at [ = 200, which is consistent with a flat

universe.

e Higher peaks give information about the presence of dark baryon and cosmo-

logical parameters like Qg and .

e Photons started to diffuse as the universe becomes transparent to radiation.
This diffusion dumped perturbations smaller than the thickness of the last scat-
tering layer. The process is know as Silk damping and suppresses or smooths

peaks above [ = 500.

1.6.3 CMB polarization

About 10% of CMB photons are linearly polarized by Thomson scattering. These
photons contain more information than the temperature anisotropy and a measure of
the polarization power spectrum improves the precision of cosmological parameters.
The process of polarization involves the scattering of electromagnetic radiation by
a free electron and requires a quadrupole distribution as shown in Fig. 1.6.6. The
quadrupole anisotropy can be due to scalar (m = 0), vector (m = 1), or tensor
(m = 2) perturbations. Vector perturbations are damped by the expansion, therefore
only scalar and tensor perturbations are observable [31]. Scalar perturbations are
generated by density gradients on the last scattering surface and are responsible
for large scale structure formation. Tensor perturbations arises from primordial
gravitational waves which are predicted by the inflation theory. These waves affect
the space-time metric along the orthogonal directions with respect to the propagation
axis. The compression due to this perturbation generates a quadrupole distribution

which polarizes CMB photons. Scalar and tensor perturbations are shown in Fig.
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Figure 1.6.6: Effect of Thomson scattering in a quadrupole distribution. Polarization along the
radial direction decreases in intensity and the photon flux along the line of sight appears linearly
polarized.
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Figure 1.6.7: Scalar perturbation (left) and tensor perturbation (right). Source: [32]

1.6.7. Linear polarization on the sky can be decomposed into two components called
E-modes and B-modes depending on the parity?. E mode signature is invariant
under parity transformation while B mode is not. The effect of parity is shown in

Fig. 1.6.8. It is remarkable that:
e Scalar perturbations can only generate E-modes on the sky.

e Tensor perturbations can generate both E-modes and B-modes.

CMB polarization was firstly detected by DASI [30] in 2002. Beside cosmological
parameters, polarization is of great interest since gives information about the infla-
tion epoch. In particular, B-modes can be originated only from primordial tensor
perturbation. Therefore, the detection of such a polarization pattern will give us the

signature on the CMB of primordial gravitational waves.

3E modes and B modes are analogous to E and B fields in electromagnetism.
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Figure 1.6.8: Polarization patterns of E-modes and B-modes. It is shown their opposite behavior
under parity. Source: [32]

1.6.4 Observational challenges for CMB polarimetry
Sensitivity

We can observe four spectra, TT, TE, EE and BB. These are calculated as the
temperature difference of unpolarized CMB (T), E-modes (E) and B-modes (B) on
two different locations of the sky. The TT curve is the CMB temperature power
spectrum discussed in the previous section. Fig. 1.6.9 shows recent measurements of
some spectra with data from different experiments, which involves space telescopes,
ground based telescopes and balloons. B-modes are still undetected and currently we
only have measured an upper limit. Inflation models predict B-modes to be fainter
than E-modes of at least one order of magnitude. It is a convention in cosmology to
use the tensor-to-scalar ratio r defined as
AT

r = —
2
AS

where A% and A?g are the power spectra of tensor and scalar perturbations respec-
tively. We don’t know the exact value of r, from current available measures we
obtain an upper limit of » < 0.07 with 95% confidence. Some theories predict the
factor 7 to be of the order of 10~ 3or smaller. This value is small enough to set a
technological challenge in terms of detection sensitivity. Detectors already reach the
fundamental limit given by photon noise, thus, next generation telescopes dedicated
to CMB polarimetry require more detectors on focal plane. The community often
indicates the current instrumentation development as CMB stage-3 with focal planes

having ~ 10* detectors. As shown in Fig. 1.6.10, during the next few years CMB
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Figure 1.6.11: Spectra of galactic emissions compared to CMB anisotropy. Source: Bennet et al.
[36].

stage-4 is supposed to operate with ~ 10° detectors on focal plane.

Foregrounds

Beside the sensitivity, B-modes observation is limited by foreground contamination.
B-mode pattern on the sky can be produced by E-mode polarization bent by inter-
actions with gravitational fields. This process is known as gravitational lensing. The
B-mode lensing signal can be removed using primordial E-mode map along with the
CMB lensing potential [34]. The latter is also a CMB stage-4 measurement goal.
Astronomers call this technique delensing and it is a crucial approach to reduce the
effective noise in primordial B-mode map. Observations are also limited by galactic
emissions. Telescopes located at South Pole, like BICEP and Keck Array, benefit
of clean sky but still foregrounds are significant compared to B-modes. Galactic

emission components shown in Fig. 1.6.11 are characterized by:

e Synchrotron: Dominant at low frequencies (< 40 GHz). Synchrotron radia-
tion occurs when cosmic ray electrons interact with the galactic magnetic field.

Photons are polarized perpendicular to the field lines.

e Free-free: Unpolarized emission due to electron-ion scattering in interstellar

plasma.

e Thermal dust: Thermal Emission from interstellar dust grain such as graphites

and Silicates. This component dominates the foreground above 80 GHz.

e Spinning dust: A fainter component of the foreground at low frequencies
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(20 GHz — 60GH z) supposed to be originated by spinning particles.

B-mode observation requires component separation on the sky map. Therefore, next
generation telescopes must be sensitive on a wide range of frequencies in order to

cover the spectrum of each source of contamination.

1.7 Conclusions

CMB polarimetry is a great probe for modern cosmology which may provide infor-
mations from the inflationary epoch. B-modes observation is a compelling challenge
that is pushing astronomers to develop new technological solutions. Next generation
focal planes will require large number of detectors to increase the sensitivity, polar-
ization sensitive pixels and multi-chroic solutions to fabricate large arrays in compact
design. In this context, antenna-coupled detectors is the preferred architecture. In
particular, microstrip excited planar antennas can provide polarization sensitive re-

ceivers and can easily accommodate bandpass filters for multi-chroic design.



Chapter 2

Microwave Circuits

Signal processing for radio and millimeter astronomy requires high frequency circuits.
In the millimeter or microwave domain, the frequency is too high for the electronic
devices to be efficient. For that reason, direct detectors for frequencies higher than
about 100 GH z often rely on superconducting properties of metals to push down the

readout electronic operational frequency range.

In the context of antenna-coupled Kinetic Inductance Detectors (KIDs) two types
of technologies are involved. First, high frequency signals have to be carried from a
receiver (antenna) to a detector. This step may involve signal filtering and impedance
matching, which is usually carried out with planar transmission lines. Then, KIDs

readout electronic makes use of more traditional circuit components up to 10 GH z.

In this chapter I will introduce the main aspect of microwave engineering that are

used for developing electrical circuits and microwave components.

2.1 Planar transmission lines

Before the appearance of planar transmission lines, electromagnetic waves were
mainly transmitted by waveguides. A waveguide is defined [38] as a system whose
electromagnetic properties do not change along at least one straight line in space.
Standard waveguides have the advantage of low loss, but they are bulky and ex-
pensive. Therefore, during the 1940s, when printed circuits become popular due to

military applications, planar transmission lines were developed. Today they are used

33
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Figure 2.1.1: Notation used. The cross section of the waveguide lies on the z,y plane. The z axis is
the waveguide axis of symmetry and also the direction of wave propagation. Electric and magnetic
fields have components only along = and y in pure TEM modes.

for integrated circuit, thus a large amount of literature exists for many applications,
especially in microwave systems. Waves can propagate along a transmission line in

three different ways:

e Transverse electromagnetic (TEM modes): the longitudinal components of the

fields are null.

e Transverse electric (TE modes): the longitudinal component of the electric

field is null.

e Transverse magnetic (TM modes): the longitudinal component of the magnetic

field is null.

In each case wave propagates with a propagation constant 3, that in the case of lossy
lines becomes v = a + jf3, where « is the attenuation coefficient. The propagation
constant S can depend on frequency. In these cases there is a cutoff wavenumber
ke = \/m, which represents the longest possible wavelength for the wave to
propagate. We are interested in TEM modes propagation. In this case the cutoff
wavenumber k. is equal to zero. In TE and TM modes k. is a function of the angular
frequency w and a propagating wave with wavenumber k& < k. corresponds to an

exponentially decaying wave called evanescent mode.

Propagation of waves along a waveguide can be derived from the Maxwell’s equations.
Considering a conductor as in Fig. 2.1.1 and a wave propagating along the z axis,
they can be written as

VxE=—jwuH (2.1.1)
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h

Figure 2.1.2: Face front (left) and section (right) of a microstrip line, a thin metal conductor of
thickness t and width w printed over a dielectric substrate of thickness h. The opposite face of the
dielectric lies on the ground level.

V x H = jweE (2.1.2)

where €, p are respectively the permittivity and permeability. We used the time
dependence in the form of exp (jwt) and the electric and magnetic fields E, H are

described as follows
E(z,y,2) = [et (v,y) + eq (z,y) 2] exp (—jB2) (2.1.3)

H (CL’, Y, Z) = [ht (xvy) + h, (.TC, y) 2] exp (_]ﬁz) (214)

with e; and e, being the transverse and longitudinal components of the electric
field, hy and h, the transverse and longitudinal components of the magnetic field. A
solution for TEM modes can be found from 2.1.1 and 2.1.2 considering £, = H, =0
as follows [40]

B*E, = w?ueE, (2.1.5)

where 3 = w,/ji€ = k and so k. = \/k? — 32 = 0.

A commonly used planar transmission line in microwave frequencies is the microstrip
line. It is more economic, compact and lighter than traditional metallic waveguide.
The disadvantages are mostly the higher losses and the various consequences of the
fact that, unlike waveguide, microstrip is an open structure that can cause some
undesired effects like cross-talk, interference and so on. Microstrip lines (Fig. 2.1.2)
have a thin conductor of width w that lies over a grounded dielectric substrate of
thickness h. Calculation of the fields around the conductor is complicated because
the it is not entirely covered by the dielectric and a dielectric-air interface is involved
with two different values of relative permittivity. For this reason waves in microstrip
lines propagate with a hybrid TM-TE mode. However, if the dielectric thickness
is small with respect to the wavelength (h < \) the fields are quasi-TEM. This
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means that some components of the electric and magnetic field lines are not null
in the direction of propagation. Thus, a small amount of energy is associated with
these longitudinal components [39, 43]. Non-TEM lines have propagation constant
and characteristic impedance that vary with frequency, this type of lines are called
dispersive. It is convenient to introduce the effective dielectric constant e.7y of the
microstrip line takes into account the fraction of the total energy that exists in the
air. The effective dielectric constant is greater than the dielectric constant of air and
smaller than the dielectric constant of substrate. An expression for €.y is given by

[40]
er+1 e.—1 1

Eeff = +
ST 2 /1t 120w

Microstrip lines are equivalent to a conductor in a homogeneous material with a

(2.1.6)

dielectric constant €.y . Waves that propagate along it have a wavelength Acy; re-
duced by a factor Aeyr = A/ /Ecrs [41]. The characteristic impedance of a microstrip
line is given by the thickness of the dielectric, dielectric constant and width of the

conductor. Using 2.1.6 it can be calculated as

U ife <1
VEeff w  4h h —
Zy = 1207 LW (2.1.7)

VEIT |5 + 1393+ 0.6671n (5 + 1.444)]

Attenuation in a microstrip can be given by the dielectric loss oy as well as the

conductor loss a.. We can estimate them as follows [40]

_ ko€, (Eeff —1)tané ) _ R,
= NG [Np/ml]; Qe = 20TV [Np/m)] (2.1.8)

where tan ¢ is the loss tangent and Ry = /wyp/20 is the surface resistivity.

' .,
» |

Figure 2.1.3: Face front (left) and section (right) of a coplanar waveguide, a thin metal conductor
of thickness ¢ and width w printed over a dielectric substrate of thickness h. The two ground planes
lie over the substrate, contrarily to the microstrip, at a distance d from the central conductor.
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Figure 2.2.1: Transmission line of characteristic impedance Zj terminated in a load impedance Zy..
The Ohm’s law requires the ratio of voltage to current at the termination to be Zr. According to
this, reflection of the incident wave occurs in the case of a mismatched line, for which Z # Z,.

For KIDs application microstrip lines are usually adopted along with Coplanar
Waveguides (CPW). These are particularly used for the readout node since they
can be connected to coaxial cables easier than microstrips. A coplanar waveguide
can be described as a planar transmission line of width w in the center of two ground
planes at a constant distance d from each side as shown in Fig. 2.1.3. Because of the
system symmetry, the coplanar waveguide effective dielectric constant can be writ-
ten approximately as [42] eq.rr = (e, + 1) /2, so it is equal to the average dielectric

constant of the substrate and the air.

2.2 Impedance matching

2.2.1 Terminations

The basic concept and design of impedance matching and signal filtering can be
understood by studying the electrical behavior of terminated transmission lines. We
can start considering the general case of a load impedance termination Z; shown
in Fig. 2.2.1. The signal is flowing through a transmission line with characteristic
impedance Zy and is described by an incident wave which has the form V&'eﬂﬂz.
The wave is generated from a source located at z = z; with z5 < 0. The values of
voltage and current along the line are given by the sum of the incident and reflected

waves amplitude as follows:

V (2) = Vyhe 87 vy edP? (2.2.1)
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Vit |
I(z) = 0 -iBz _ Y0 jpz 2.2.2
() = pe 97— A 2.22)
with V;;” being the reflected wave amplitude. Because of the Ohm’s law, the voltage

and current at the termination must follow the relation

V() Vi+Vy
I0) Vi -vy

7 = Z

We can calculate the amplitude of the reflected wave by using these last three equa-

tions, we obtain

__Zr— 2

=V =1V 2.2.3
0 ZL+ZO 0 0 ( )
where T' is the wvoltage reflection coefficient given by the reflected wave amplitude
normalized to the amplitude of the incident wave. Equations 2.2.1 and 2.2.2 can be

rewritten as

Vi(z) =V, [e‘jﬁz + Fejﬁz} (2.2.4)
_ VO [-ipr _ pgise
I(2)= Zo [e —Te ] (2.2.5)

From these equations we notice that the voltage and current along the line are
composed of a superposition of the incident and reflected wave. Hence, a stationary
wave forms along the line when I' £ 0. An ideal impedance matching requires I' = 0,

that occurs when Zj = Zy from 2.2.3.

The power Pr, delivered to the load will be equal to P, = P; — Pg, with P; and
Pr being the incident and reflected power respectively. The power loss due to a

mismatch is called return loss (RL), defined in Decibel as

RL = —20log |T| (2.2.6)

From the definition above, a matched line has a return loss of co dB. In the case of

I' # 0 the amplitude of the reflected wave can be calculated from 2.2.4 taking into
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Figure 2.2.2: Lossless terminated transmission line. The voltage drop must be zero across the short
circuit, therefore the stationary wave has a node at the termination.

account the definition in 2.2.3. We obtain
[V (2)] = [Vo" | [1 + D] exp [ (0 + 262)]]

with 6 being the phase of the reflection coefficient. The consequence of having a
standing wave is that the voltage amplitude depends on the position along the line.
The nodes and peaks are separated by A/4 where X is the signal wavelength through

the line. As a result, the input impedance Z;, seen along the line becomes

Viz) 7 1+ Texp(2§52)

Zin (2) = I(z) 01—Fexp(2j52)

(2.2.7)

2.2.2 Short Circuited and Open Circuited Lines

We can now replace the termination load with a short circuit as shown in Fig. 2.2.2.
A lossless load is characterized by Z1, = 0, thus the voltage drop must be zero and the
termination becomes a node of the stationary wave. In this case the input impedance
along the line can be calculated by using 2.2.7 with the condition I' = 1, we obtain

a purely imaginary impedance given by
Zin (2) = —jZo tan (Bz)

The line is only reactive, the voltage and current can be calculated from 2.2.4 and

2.2.5 as follows:

V(z) =V, [e‘jﬁz — ejﬁz} = —2;5V;" sin (B2)

Voh 1 : —2V;"
=7 [ } Zo 8 P2)
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Short Circuited Line | Short Circuited Line .
10 — Voltage (left axis)
\ \ — Current (right axis)
s 05 05 _
= S
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Figure 2.2.3: Input impedance (left) as a funcion of the distance from the short circuit, located at
z = 0. Standing wave along the line in terms of voltage and current (right).

|
Zs

Figure 2.2.4: Transmission line terminated in an open circuit. The current must be zero across the
termination, therefore the stationary wave has a maximum at the termination.

Nodes of voltage and current are separated by a quarter wavelength. Fig. 2.2.3

shows the characteristics of a short circuited line as a function of z.

The case of an open circuited line is show in Fig. 2.2.4. This termination is char-
acterized by Z = oo, thus the current must be zero and the standing wave along
the line has a maximum located at the termination. The input impedance can be

calculated as in the short circuit case, we obtain
Zin (2) = jZpcot (Bz) (2.2.8)

Voltage and current are shifted by 45° compared to the short circuited line. These
are given by
V(z) =V, [e‘jﬂz + ejﬁz} = 2V," cos (Bz)
_ ‘/b+ —jBz iBz| _ —2jVo+ :
I(z)—Z—O[e —e ]—Z—Osm(ﬁz)
A plot of V (2) and I (2) is shown in Fig. 2.2.5.
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Figure 2.2.5: Input impedance (left) as a funcion of the distance from the open circuit, located at
z = 0. Voltage and current along the line (right).
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Figure 2.2.6: A line with characteristic impedance Zy connected to a quarter wave transformer of
characteristic impedance Z;,. The \/4 segment assures a phase shift of 7 for the reflected wave at
the Zy — Z; interface.

2.2.3 Quarter wave transformer

Considering a resistive load Ry, the complex input impedance 2.2.7 has a real solution
for a terminated transmission line of length A/4 and characteristic impedance Z;.
With these assumptions we obtain

_ 4

Zin — RL

(2.2.9)

Connecting a transmission line of characteristic impedance Zy = Z;;,, at distance \/4

from the load does not produce reflected wave when

Zy =\/ZoRy, (2.2.10)

A quarter wave length transmission line with such a property is called Quarter Wave
Transformer, shown in Fig. 2.2.6. This circuit element is widely used for impedance

matching and is the basic element for different kinds of filters. From the incoming
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Figure 2.2.7: An open circuit stub of length /5 and characteristic impedance Zs connected in parallel
at distance z, from a load Zy..

wave point of view, the circuit does have an impedance mismatch both in the Zy— Z;
and Z; — Ry, interface. Typically, every segment of a quarter wave transformer has
a different characteristic impedance, thus Zg # Z; # Ry. The wave at the Z; — R,
interface get reflected on the Z segment with a phase shift of 7 in case Z; has a length
of (2n + 1) A/4. This condition together with 2.2.10 assures that the superposition
of all the partial reflections along the circuit adds to zero. Thus, the infinite set of
waves traveling forward with the same phase velocity combine into a single traveling

wave.

2.2.4 Stub matching

When considering superconducting lines, loads are often reactive more than resistive.
In such a scenario we may want to use a stub to carry out the impedance matching.
A stub is a piece of line of fixed length Is connected in parallel to the transmission
line at a certain distance zs from a load Z. A schematic of a stub matching is shown
in Fig. 2.2.7. A stub can be terminated both with an open or a short circuit. Since
the connection is in parallel, it is more convenient to use the admittance Y. We can

infer the input admittance Y;, = 1/Z;, from 2.2.7 as follows

v 1 <1—Fexp(2jﬁz)>

"7 Zo \1+ Texp (2jB2)

Considering the case of Zy = 502 and Z; = 50 + 50 ) we obtain a value of I' =
0.2 +i0.4. A plot of the real (Conductance G) and imaginary (Susceptance B)
part of Yj, is shown in Fig. 2.2.8. The admittance is periodic each A/2. Values
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Figure 2.2.8: Real and imaginary part of the input admittance for Zy = 502 and Zr = 50+ 50 Q2.

of G = 0.02S are a match for 50§ resistors, they occur at z; = —0.25\ — n(\/2)
and zg = —0.42\ — n(A/2). At those distances the line is also inductive with B =
0.02 S. By inserting a stub in parallel at z; or zo with R = 502 we obtain a match
for the resistance, then the stub length can be tuned to cancel out the reactance
at those points. Considering an open circuited stub, the necessary length [s to
obtain B = —0.02 S is given by the inverse of 2.2.8 and turns out to be \/2. For a
short circuited stub the length would be a quarter wave. Once every parameter is
set, the stub compensates for the load mismatch and no reflection occurs along the

transmission line.

2.3 Filters

Microwave and RF filters come in a lot of varieties depending on the desired behavior
and characteristics. Signal filtering can results in signal amplification (active filters)
or not (passive filters). When designed with planar transmission lines, filters can be
realized with stubs, stepped varying characteristic impedance, coupled transmission

lines, resonant elements or a combination of them.
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2.3.1 Transfer function

A filter can be described by a linear and time-invariant two-port network for which
the input I and output O are related by the transfer function O = T x I. The

transfer function will take the form of a ratio of polynomials [45]

T(p) = <an> (P—p)(P=p3)...(P—pn) _ N(p)

bn) (p—p2) (p—p4a).(p—Pm)  D(p)
where p = 0 + jw is the complex frequency. Values of p = pi,ps...p, are zeros
for the numerator N (p) and are called finite-frequency transmission zeros of the
filter. Values of p = po, py...pm are zeros for the denominator and are called poles
of the filter. Those are the natural frequencies of the circuit and are influenced by
all the circuit components. Nodes and poles are usually represented on the complex
frequency plane or p-plane, where o lies on the x axis and jw on the y axis. The
poles must lie on the second and third quadrant (left half of the p-plane) or on the

jw axis for the filter to be stable [46]. The zeros can occur anywhere. The py,, pp,

pattern on the p-plane determines the filter response.

As an example of p-plane we can consider a short circuited line as discussed in section
2.2.2. The input impedance of a quarter wavelength long lossless transmission line

can be written as

T = (on—1)\? [p+ 2njw] [p — 2njw]
Z(”‘Z%wn:l( ) BTl Ga T

A lossless line is characterized by o = 0, hence the poles and zeros lie on the jw axis.

These points, shown in Fig. 2.3.1, are respectively

poles - p=+(2n—1) jw

zeros — p = £2njw

The effect of introducing loss along the line is to shift both the poles and zeros on
the negative o axis. The resulting plot of |Z(p)| would become smoother, with no

divergences, and strictly greater than zero.

Unlikely the zeros, poles are characteristic of each network and, except for degenerate

cases, are not influenced by all the elements in the circuit. A network composed of
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Figure 2.3.1: Zeros (crosses) and Poles (dots) on the p-plane for a short circuited quarter wavelength
lossles transmision line.

two networks connected in series will have the poles of both of them.

In the following sections I will explain in more details the response of two of the most

common filter approximations for RF and microwave applications.

2.3.2 Butterworth filter

This type of filter is designed to have the maximally flat response along the pass-
band. The transfer function of a Butterworth filter can be written in terms of the

So1 parameter of a two port network as follows [47]:

1
S = 1T /N
2(P) = {1 )
where
. [(21'—1)71
Di = J €Xp 27
n

and n is the degree of the filter, which is equal to the number of reactive elements in
the circuit. The zeros of the Butterworth transfer function are all at infinity and the
poles are equally spaced along the semi circle on the left side of the p-plane. This is

due to the fact that
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Figure 2.3.2: Pole distribution of a Butterworth filter with n = 5.

lpil =1
(20 — 1)

Arg (pi) = 5

Example of pole distribution is shown in Fig. 2.3.2.

2.3.3 Chebyshev filter

The Chebyshev response is designed to have a steeper transition between the pass-
band and the stop-band with respect to the Butterworth filter. This kind of filter

show ripples across the pass-band. The transfer function can be written as [48]

1
. i\ |2
I -+ ()

[Tz, (p + i)

Sa1(p) =

where

. { 1. (2i—1)7r]

pi=2jcos|sin N+ -———
2n

and n is the degree of the filter. As well as in the case of Butterworth filter, the

poles of a Chebyshev filter are located at infinity. For that reason those filters are

also referred as all-poles filters. An example of pole distributions of a Chebyshev
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Figure 2.3.3: Pole distribution of a Chebyshev filter with n = 5.
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Figure 2.3.4: Bandpass filter modeled with quarter wavelength short circuited stubs along a trans-
mission line. [46]

filter is shown in Fig. 2.3.3. They all lie on an ellipse on the left side of the p-plane.

The minor axis has size of n and is oriented as the ¢ axis. The major axis has size

of v/1+ n? and is oriented as the jw axis.

2.3.4 Short circuited stubs Chebyshev bandpass filter

Microstrip line Chebyshev bandpass filters can be modeled with simple quarter wave-

length short circuited stubs as shown in Fig. 2.3.4. The filter degree n sets the num-

ber of stubs along the transmission line. Stub characteristics depend on the desired

filter properties and transmission line impedance. Since the connection is in parallel
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it is convenient to use the admittance Y to describe the transmission line and Y;
for the ¢ — th stubs of length ;. Transmission line admittance between two adjacent
stubs Y; ;11 is constant and generally differs from Yy. Therefore, the separation ; ;1
between two adjacent stubs changes as well. Admittances Y; for a bandpass filter of

order n are given by

h Jn_
Y, =Y <9n9n+1 - 90912> tanf + Y <Nn1,n — nYOLn>

J,_ . J .
Y;—Yb<Nz’—1,i+Ni,i+1_ i Z’Hl) Jori=2ton—1
Yo Yo

Jii .
Yi,z‘+1:Y0( }’;H) fori=1lton—1
0

where

(1—-Pugm/> (2.3.1)

with F'BW being the desired fractional bandwidth of the filter and h a dimensionless
parameter which sets the filter intern admittance. The others design parameters are

calculated as follows:

Sz _ o [hoy
Yo 92

Jn—l,n hglg”H—l
=go\l———
Yo 90gn—1
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Jii h,
bitd _ 909 por =2 ton—2

Yo V9iGi+1

Jiiv1\2 [ hgogy tan 0\ >
Nis = ¢ (Fie) sy (ot

Values of parameters g; can be found in literature, they determine the amplitude of

the Chebyshev ripple along the passband. Tables in Fig. 2.3.5 show element values
of g; as a function of the filter order n and the desired passband ripple. Values of [;
can be inferred from the stub effective dielectric constant as a quarter wavelength:

considering the wavelength along the microstrip A, we obtain:

Am 75

4 foma/Eers

where faopr, is the signal frequency expressed in GH z.

2.3.5 Open circuited stubs Chebyshev bandpass filter

A Chebyshev bandpass filter can also be modeled with open circuited stubs. This
solution may provide an easier implementation in most cases' but has the drawback
of adding complexity on the filter geometry. Compared to the short circuited case,
each of the n open circuited stubs is composed by one quarter wavelength piece of line
in series with a quarter wavelength open circuited stub. This circuit is equivalent
to a half wavelength open circuited stub of discontinuous impedance as shown in
Fig. 2.3.6. The open circuited Chebyshev bandpass filter has a peculiar stopband
characteristic. At the attenuation pole, the main line sees the stub as a short circuit
and the transmission drop to zero. The attenuation pole frequency f,), is a parameter
of the filter. In the special case of fu, = fo/2, with fy being the bandpass filter central
frequency, the admittance Y;, of the quarter wavelength piece of line is equal to the
admittance Yj, of quarter wavelength open circuited stub. In the general case these
admittances can be inferred from the admittances Y; of the short circuited stubs

Chebyshev bandpass filter in the following manner

!Considering a microstrip line, a short circuit requires substrate drilling or extra deposition
steps.
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For passband ripple L, = 0.01 dB

n &1 82 &3 84 8s 86 87 83 89 8o
1 0.0960 1.0

2 0.4489  0.4078 1.1008

3 0.6292 09703 0.6292 1.0

4  0.7129 1.2004 1.3213  0.6476 1.1008

) 0.7563 1.3049 1.5773  1.3049 0.7563 1.0

6 0.7814 1.3600 1.6897  1.5350 1.4970  0.7098  1.1008

7 0.7970 1.3924 1.7481 1.6331 1.7481 13924 0.7970 1.0

8 0.8073 1.4131 1.7825 1.6833 1.8529 1.6193  1.5555 0.7334 1.1008

9 0.8145 1.4271 1.8044 1.7125 1.9058 1.7125 1.8044 14271 0.8145 1.0
For passband ripple L, =0.04321 dB

n &1 &2 &3 84 8s 86 &7 83 89 8o
1 0.2000 1.0

2 0.6648  0.5445 1.2210

3 0.8516 1.1032  0.8516 1.0

4 09314 1.2920 1.5775 0.7628 1.2210

5 0.9714 1.3721 1.8014  1.3721 09714 1.0

6  0.9940 1.4131 1.8933  1.5506 1.7253  0.8141 1.2210

7 1.0080 1.4368 1.9398 1.6220 1.9398 14368 1.0080 1.0

8 1.0171 1.4518 1.9667 1.6574 2.0237 1.6107 17726 0.8330 1.2210

9 1.0235 1.4619 1.9837 1.6778 2.0649 1.6778 1.9837 1.4619 1.0235 1.0
For passband ripple L, = 0.1 dB

n &1 & g3 84 8s 86 &7 83 8o gio
1 0.3052 1.0

2 0.8431 0.6220 1.3554

3 1.0316 1.1474 1.0316 1.0

4 1.1088 1.3062 1.7704  0.8181 1.3554

5 1.1468 1.3712 1.9750 1.3712 1.1468 1.0

6 1.1681 1.4040 2.0562 1.5171 1.9029 0.8618 1.3554

7 1.1812 1.4228 2.0967 1.5734 2.0967 14228 1.1812 1.0

8 1.1898 1.4346  2.1199 1.6010 2.1700 1.5641 19445 0.8778 1.3554

9 1.1957 1.4426  2.1346 1.6167  2.2054 1.6167 2.1346 14426 1.1957 1.0

Figure 2.3.5: Parameters g; for a bandpass Chebyshev filter of order n. Values of gy are equal to 1.

|46]
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Figure 2.3.6: Bandpass filter on a transmission line modeled with half wavelength open circuited
stubs of discontinuous impedance. [46]

Y; (ozl- tanZ 6 — 1)

Yy, —
‘ (a; + 1) tan? 0

Yi, = a;Yia

with 6 defined in 2.3.1 and

ot [ Par
a; = cot (2f0p>

where fq, must be lower than the filter low band edge frequency.



52

CHAPTER 2. MICROWAVE CIRCUITS



Chapter 3

Antennas

Most of the detection techniques used in radio and millimeter astronomy rely on Het-
erodyne systems or direct superconducting detectors. In the first case the radiation
is collected by a receiver, like a feed horn, down-converted in frequency and then
treated like AC current in standard circuits. These architectures have been used
even in recent space missions like Herschel and are suitable for detection of wave-
lengths up to tens of GHz or high resolution spectroscopy. For photometry, direct
detection techniques are more sensitive [49]|. Direct superconducting detectors are
of great interest for CMB applications and they can benefit from all the advantages
provided by antenna-coupling, which can be implemented on-chip in the form of pla-
nar structures. This is particularly advantageous in space based telescopes since the

payload weight and size are a constraint.

An antenna is a device which emits (or collects) electromagnetic waves propagating
through a waveguide and assures the power transmission between the source and free
space. Antennas also provide polarization sensitive receivers, which is advantageous
in the context of CMB polarimetry. Moreover, planar antennas can be fed with planar
transmission lines, which can easily accommodate bandpass filters. These features
are appealing for multi-chroic pixels dedicated to CMB stage “4” and have motivated
the CMB community to develop antenna-coupled detectors. For this reason, I aim
to develop an antenna which has low polarization leakage and large bandwidth. The
latter is defined as the antenna operational frequency range, conventionally measured

in the spectral region where the antenna reflection is below —10 dB.
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B (Zp)
EB, Zb

Figure 3.1.1: Antenna A with impedance Z4 excited by an electric field E4 on a network of
impedance Z, in front of an antenna B with impedance Zp.

In this chapter T will discuss some basic antenna properties and the dual-resonant
slot-antenna exploited for the development of a dual-color antenna-coulped LEKID

discussed in chapter 5.

3.1 Basic properties

3.1.1 Reciprocity Theorem

Antenna properties can be studied in emission or reception. The reciprocity theorem
states that properties are the same in both cases. This can be demonstrated con-
sidering two antennas A and B consisting only of passive elements as in Fig. 3.1.1.

The current on A is given by

Ey
Iy=——+
Za + ZA
where E4 is the applied electric field and Z4, Z, are the impedance of the antenna
and the network impedance respectively. The current I4 will generate a current Ip

on the antenna B as follows

€

Ip=K——7+—
B Zy+ Zp

with K being a proportionality factor and e = K'I4. We obtain

Ex
(Za+ Za) (Zy+ Z)

To test the reciprocity we now excite the antenna B. Similarly to the previous case

Ip = KK’

we obtain a current in A equal to
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xr

Figure 3.1.2: Measurement of the normalized power pattern. The receiver is scanning the antenna
in ¢ and 6 at a constant distance r from the transmitter.

E4
(2t +Z)) (Zy + Zj)

Iy = KK'

Since I’y = Ip we find that the new impedance Z' must be equal to Z. Therefore, if
the antenna is adapted in transmission, it will be adapted in reception in the same

way.

3.1.2 Radiation pattern

The radiation pattern of an antenna can be measured by transmitting power to a
second antenna located at a constant distance r as shown in Fig. 3.1.2. The receiver
scans the power pattern P (¢, 0) in spherical coordinates measuring the normalized

power pattern

P (9,6) = 5P (6,6)

Because of the reciprocity theorem, using the fixed antenna as a receiver will not
affect the measure. It is necessary that the radius r of the scanning sphere is large
enough to be in the farfield region of the emitter. Considering an antenna of diameter
D emitting at wavelength A, this condition is satisfied when the curvature k, of the

wavefront is k, < 2D? /A, and so r > 2D?/)\ [51].
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The total beam solid angle (25 of an antenna is given by the power pattern integrated

over the entire solid angle as follows

932/4 P, (¢,0) d (3.1.1)

An ideal antenna emits only over a given solid angle and P (¢, #) is null elsewhere.
In the real case the power pattern shows one or more main lobes and few side lobes
which have a considerably smaller values of P (¢,0). The separation between main
lobes and side lobes is a characteristic of the antenna. It is more useful to describe
the antenna beam Qj;p only in terms of the main lobe. In this case the integral 3.1.1
is confined in the range of ¢ and 6 where the main lobe is present. The main beam
efficiency np will be given by the ratio np = Qprp/p, this value is an indicator of
the quality of the antenna in terms of directivity. The main lobe is characterized by
the full width to half power (FWHP), which is the angular extension of the beam

where P (¢,0) is the half of its maximum value.

The directive gain G (¢, ) can also be inferred from the power pattern. Even in this

case the normalization factor is integrated over the entire solid angle, we obtain

G(0,0) = m (3.1.2)
The amount of power P; detected by the antenna is expressed by the effective aperture
A, = Py/|(P)|, where |(P)| is the incident power density. The effective aperture has
the dimension of m? and is related to the antenna beam and the wavelength A. To
show what the relation is we can consider the case of an antenna confined inside a

black body at temperature T' at thermal equilibrium as shown in Fig. 3.1.3. The

antenna directivity D can be inferred from 3.1.2 and 3.1.1 as

47

D=_"
Qp

(3.1.3)

The surface A of the black body intercepted by the lobe is radiating to the antenna
with intensity I, given by the Rayleigh-Jeans law

 2%kpT

I, = —5-Av (Wm™2Hz"'Q7"] (3.1.4)
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A

NIRRT
st topy
-4 b

Qp

Figure 3.1.3: Antenna confined inside a black body at temperature 7. The antenna beam Qp
intercepts a portion A of the black body surface.

which results in a power W, detected by the antenna' of

kpT

Because of the thermal equilibrium, the antenna radiates over the area A of black
body the same amount of power L. This can be calculated by the Nyquist theorem

as LAv = kT Av. Taking into account the antenna directivity in 3.1.3 we obtain

Q
L'Av = kBTAVDT;f (3.1.6)

with L’ being the power fraction incident on the surface A. Since equations 3.1.5

and 3.1.6 have to be numerically the same, we obtain

4 A,
D= 32

(3.1.7)

None of the quantities in the latter equation depends on the thermodynamic, hence
the assumption of thermal equilibrium is valid. Combining 3.1.3 and 3.1.7 we obtain

the relation between the beam and the effective aperture as follows

!The power collected is divided by a factor 2 because only one polarization component is con-
sidered.
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AQp =\

which also sets the diffraction limit of an antenna.

3.1.3 Antenna temperature

Every object at thermal equilibrium emits some radiation for which we can associate
an equivalent black body temperature. For low frequencies we can use the Rayleigh-
Jeans approximation hv < kT, valid for v [GHz] < 20.84 T [K]. In this regime we

obtain

hv -~ hv
b)) S T

and so we can rewrite the Planck’s law 1.6.1 as
Brj (v,T) = —kpT (3.1.8)
c

The latter shows that the black body brightness increases linearly with the thermo-
dynamic temperature. We can thus define the brightness temperature, or equivalent
temperature, as the temperature which results in the brightness given by 3.1.8. The
thermodynamic temperature of an object in the Rayleigh-Jeans approximation is
equal to its equivalent temperature divided by the emissivity €. The latter is a
dimensionless parameter of value between 0 and 1 that depends on the molecular
structure of the object. Objects with emissivity equal to unity are surfaces of perfect
black body. Common objects in millimeter and radio astronomy are the ground,
which has an equivalent temperature of 300 K, and the sky. When looking at the
Zenith the sky equivalent temperature depends on some factors like the weather and
is usually below 10 K. Near the horizon the equivalent temperature can increase
above 100 K. These emissions can be detected by the antenna weighted with the

power pattern as follows

5" 3 T (6,0) P (¢ — 0,0 — 0o) sin Oddd
27 [T P (¢, 0) sin Oddd

Ta (¢’ 9) =

where Ty is the antenna temperature and Tp the brightness temperature of the

detected object.
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) Y
A Band-stop filter A Band-pass filter

(a) (b)
- P

Figure 3.1.4: Metal is represented by gray objects, empty space by white color. Considering a
linearly polarized signal along the z axis, the structure in (a) is a band-stop filter for frequencies
that correspond to A/2 the length of each segment. The complementary structure (b) has the slots
oriented along the orthogonal polarization axis to take into account the fields transformation.

For optically thick sources the brightness temperature will be equal to the thermo-
dynamic temperature of the object. The above expression for T4 is incomplete, a
full description must take into account the antenna temperature 7Tp, the equivalent

noise temperature and all kind of losses.

3.1.4 Babinet’s Principle

Most planar antennas can be modeled as the mirror or dual of standard resonant ge-
ometries which can be solved analytically. In these cases the Babinet’s principle gives
the relationship between an antenna and its complementary structure. The Babi-
net’s principle used in electromagnetism is an extension of the Babinet’s principle
used in optics, which can be derived from the Huygen’s principle [53]. The comple-
mentary screen of a perfect electric conductor is a magnetic perfect conductor. Such
a conductor can be reproduced by a perfect electric conductor with the condition of
exchanging the electric field with the magnetic field and vice-versa. Therefore, when
we apply the Babinet’s principle, we consider conjugate sources for consistency with
the field transformations. An example of this convention is given in Fig. 3.1.4. We
can call V~ the ratio of the reflected electric field on the surface in 3.1.4 (a) to the
reflection due to an infinite metal screen and V,~ the same corresponding ratio for

the surface in 3.1.4 (b). The Babinet’s principle states that
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Vo +V, =1

As a consequence, if the structure in (a) behaves like a Bband-stop filter, the structure

(b) must behave like a band-pass filter.

3.2 Dipole antenna

I will now discuss the fundamental properties of dipole antennas. Because of the
Babinet’s principle, a simple slot antenna can be described as the dual of a standard
dipole antenna. Slots are planar antennas already exploited by the CMB community.
These can be arranged in phase array which has advantageous beam control that
does not require optical elements like lenses or bulky components like feed-horns.
This is particularly convenient for space applications since the payload weight is a
constraint. In the present work I have chosen the model a slot antenna because it
requires only few parameters to tune and is faster to simulate with finite element
software compared to more complex planar antennas like the sinuous. Moreover,
the slot is polarization sensitive and serves as the basic element of more complex
design like the seashell or the twin-slot antenna. The latter has the advantage of

suppressing potential propagation mode across the focal plane.

3.2.1 Main properties

A full mathematical description of the electromagnetic behavior is possible only for
few antennas. One simple case we can consider is a wire of length [ and negligible
diameter excited at the center. A radiant element defined as such take the name
of dipole. Considering the wire oriented along the z axis, we can write the current

distribution as

o -
Iy sin k<—z> 0<2<1/2

o -
Ipsin k<2+z> —1/2<2<0
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I A it [ = X /4
1=)/2
------- I=X\
----------- =2\
I() B

1/2

- -

o

Figure 3.2.1: Current distribution along a dipole of length [ excited at the center.

where [y is a constant. A plot of the current distribution along z for different values
of [ is shown in Fig. 3.2.1. The radiated field of a dipole can be calculated as a sum
of infinitesimal dipole of length dl located all along the wire. The total field of the
antenna is the pattern muliiplication of each sub-component. The radiated field of

one infinitesimal element is inferred starting from the Maxwell equations

V x ﬁA :jWEEA
EA = —Vgo—iwff

where A is the vector potential and ¢ the arbitrary scalar function in the Lorentz

condition, hence

1
Jwue

1

g@:

With these assumption the radiated electric and magnetic field in polar coordinates

are given by [52]
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o

Figure 3.2.2: Notation used to calculate the farfield radiation pattern.

Iyl cosd 1 ik
E, = 1+ — Jkr
r =1 272 < jk?") €

_ klplsinf <1 1 1 >e‘jk’”

Jkr (/’{:7“)2

Eo = jn 47y

kIplsin @ 1 ik
Hy=j——— 1+ — JET
¢ =ty ( * jkr) ‘

Ey=H,=Hy=0

with n = y/pu/€ being the intrinsic impedance of the medium where the electromag-
netic wave propagates and the vector 7 is calculated from the dipole middle point.
We are interested on the farfield region, where kr > 1. The vector R originated at

the infinitesimal dipole has the following relationship with 7 as shown in Fig. 3.2.2

R~r—zcos® for phase terms

R~r for amplitude terms

Under these assumptions we can rewrite the radiated fields for an infinitesimal dipole

as follows
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kIye %" sin @
—¢

—jkz cos Gdz
4mr

dEy = jn

Elye 7% sin 6
—e¢

—jkz cos edZ
4y

dHy = j

dE, ~ dEs = dH, = dHp = 0

The pattern multiplication involves the integrals of these quantities multiplied by
a space factor. More detailed calculations can be found in [52] and result in the

following expression for a general dipole of length [

kl o) _ kl
.  Jgeikr c0s | - cos cos | 3

6= Jn 2mr sin 0

cos (kl cos 9) cos <M>
T —jkr 5 - 5
H ] 0€ 2 2

- 27r sin 0

Some plots of the dipole radiation pattern for different values of [ are shown in Fig.

3.2.3. The beam directivity increases with the dipole length.

3.2.2 Slot Antenna

In the millimeter domain slot antennas cut in metallic ground planes are efficient
radiating elements. A slot antenna is the complementary structure of a floating
strip. Because of the Babinet’s principle, the slot antenna will radiate according to
the dipole antenna described in section 3.2.1. The radiating electromagnetic field

will be given by the solution for the Maxwell equations in free space

= 2E
20
V°E = e 72
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————— 1= /50 = 0450 3-dB beamwidth = 90°
=274 I'= /4 3-dB beamwidth = 877
=22 I=af2 3-dB beamwidth = 78°
I=3M4 I=33/4 3-dB beamwidth = 647

.............. I=2 f=A 3-dB beamwidih = 47.8°

Figure 3.2.3: Dipole beam for different values of {. [52]

. d2H
2 _
VB—Medt2
_ dH
EF=—pu—o
V x e
. dE
H=—nu—
V x th

The boundary conditions differ between the slot and the dipole. Considering the
coordinate system as in Fig. 3.2.4 and antenna symmetry [52], we obtain for a

dipole

H, =0 within the dipole region

H,=H, = outside the dipole region

E, =0 within the slot region

E,=FE, = outside the dipole region
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A A
Floating strip Slot
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Z/ > Y > Y
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%

y

Figure 3.2.4: A floating strip (left) and its complementary plane (right).

For both the radiating elements the problem has the same solution and the fields
distribution within the slot will be the same of those in the dipole under the condition

of replacing F with H.

Slot antennas can be excited by microstrip coupling. In this case the microstrip
crosses the slot along its short axis. The strip termination is crucial to adapt the
microstrip to the slot impedance. The slot antenna is surrounded by a magnetic
field that takes the name of magnetic current in analogy with a standard dipole.
The slot impedance depends on the position along the long edge and it is generally
proportional to the ratio of the voltage drop across the two facing edges along the
small axis to the value of H. The electric field at the slot termination edges must
be zero, hence the impedance is null at these points. While moving toward the slot
center, the electric field gets larger and reach the maximum value at the center for
a slot which is resonating at A\/2. At this point the impedance Z; can be inferred
considering impedance Z; of the complementary dipole. By using the Babinet’s
principle we obtain

2
ZsZq= "

where 7 is the intrinsic impedance of the surrounding media.

3.2.3 Dual-Resonant Slot

Slot antennas are selective in linear polarization, which is essential for CMB observa-

tion, but naturally narrow-band with high quality factor. The bandwidth is usually
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Figure 3.2.5: Microstrip parameters used for the excitation of the dual-resonant slot antenna. The
fictitious short circuit sets the antenna edge for the A\; resonance.

significantly smaller than other microstrip excited antennas like the sinuous. This
feature diverges with the antenna-coupling detectors concept for which the same
antenna is used to extract more than one band per pixel. Several techniques exist
to increase the resonance width; most of them involves special terminations for the
microstrip. We consider in this section a technique described in [55] which involves
the microstrip generated electric field interference with the slot electric field. Such
an interference results in a dual-resonant slot antenna. In order to understand the
working principle, we can start considering to excite a slot antenna close to the edge
as shown in Fig. 3.2.5. Because of the considerations in 3.2.2, in this configuration
the microstrip must be of low impedance. Common dielectrics used for low temper-
ature applications are silicon oxides with dielectric constant below 4 and thickness
smaller than 1 pm. With these parameters, microstrip narrower than few pm are
of low characteristic impedance and can be used to excite a slot close to the edge
with minimal effort on the design.At one particular frequency above the standard
A/2 resonance, the electric field generated by the microstrip cancels out the electric
field at one point inside the slot. Since the electric field has a null, that point is
equivalent to a short circuit. As a result, the microstrip induces a new resonance
As/2 where A\s < X and the electric field is confined between one edge of the slot and
the fictitious short circuit. The microstrip is terminated with an open circuit well
beyond the slot. The termination acts like a stub for which the length can be tuned
to select the resonance \ or As. The existence and location of the fictitious short

circuit along the slot is determined by the microstrip characteristic impedance, the
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Figure 3.2.6: Radiation patterns of the two frequencies of a dual-resonant slot antenna operating
around 3 GHz (a) and 4 GHz (b). Solid lines and solid lines with dots show the H-plane Co-Pol and
X-Pol respectively. Dashed lines and dotted lines show the E-plane Co-Pol and X-Pol respectively.
[55]

slot width, the distance from the edge and the strip length. In the particular case
of As close to A, which is basically an upper limit on the distance from the edge,
it is possible to tune the strip length to an average value that can excite both the
resonances. The resultant antenna resonance is wider than a single resonant slot
antenna. This technique allows reaching bandwidths larger than 30% retaining the

dipole radiation pattern (Fig. ) in the whole operational frequency band.
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Chapter 4

Kinetic Inductance Detectors

All detectors currently under development for CMB observation exploit supercon-
ducting properties of metals. The most common detectors are bolometers in the form
of Transition Edge Sensor (TES) that exploits the transition between superconduct-
ing and normal phase of metals to detect photons. In this chapter I will explain the
working mechanism of Kinetic Inductance Detectors (KIDs) that are high quality
factor LC' superconducting resonators. Application on photon detection of these de-
vices is quite recent and the theory of KIDs has been developed mostly on the last
decade. KIDs are an alternative to TES since they can provide higher multiplexing
rate and are easier to fabricate. Therefore, they are advantageous for large focal

plane arrays as required for B-modes polarimetry.

I will introduce some important aspects of superconductivity which are crucial for

the understanding of KIDs mechanism. The chapter is organized as follows:

o KIDs theory: This section introduces the basic properties of resonant circuits
which are exploited for KID technology. Then I will describe the mechanism of
KIDs as photon detector. The detection occurs when a photon of high enough
energy breaks one or more Cooper pairs in the superconducting metal. This

event changes the inductance of the circuit, and so the resonant frequency.

e Superconducting properties of KIDs: The kinetic inductance in supercon-
ductors arises from the two fluids model of superconductivity. I will explain in
this section how the Cooper pair density affects the temperature stability of

KIDs and why they are more stable than bolometers. The binding energy of a

69



70 CHAPTER 4. KINETIC INDUCTANCE DETECTORS

Cooper pair is a characteristic of each metal. It also sets an energy threshold
for photons in order to break a Cooper pair. I will describe the origin of Cooper
pairs and why only few metals are suitable for KIDs development. Further-
more, KIDs are fabricated in thin metal layers, I will explain how this aspect

influences the metal properties in terms of kinetic inductance.

o KIDs sensitivity: I will describe the readout approach used for KIDs ar-
rays and the main sources of noise that are characteristic of superconducting

resonators which limit the KIDs sensitivity.

4.1 KIDs theory

4.1.1 Series RLC circuits

To understand the behavior of a KID it is necessary to study some properties of
RLC circuits. The main aspect we are interested in is the resonant frequency fo. It
can be calculated considering the input impedance Z;, of the circuit, which is the

sum of the impedance of every component

1 2P;
Zin = R+ jwL + —— !

= 4.1.1

where w is the angular frequency, I the current and F;, the power delivered to the
resonator. The circuit stores energy in the form of magnetic and electric energy. The

average value W, and W, of those quantities is given by

1., 1
W, =~ |1 5=
© 4||w2C’
1
szzuy?L

Some of the power P,,; is dissipated by the resistor because of the Joule effect [40]
1
Pout = 5 1> R
With those assumptions we can rewrite P, as

Pz’n = Iout + 2jw (Wm - We)
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and
2 (Pout + 2jw (Wm - We))

Zin =
m |I|2

By definition, at resonance the average electric energy equals the average magnetic
energy. In other words, the resonant frequency is defined when W,, = W,, which

gives
o 2Pout o

= |]|2 =

in

The effect of reactive elements is to produce a phase shift ¢ between voltage and
current given by

. X
= arctan —
? R
where X is the total reactance of the circuit. From 4.1.1 we obtain

1
X =wl — —
w wC

The two components of the reactance must add to zero at resonance, so
Wy = —— (4.1.2)

The input impedance has a minimum when w = wy and is purely real since the
inductance and capacitance have the same value with opposite sign. Moving from
the resonance to the frequencies where the current drop to Iy/ v/2, which are the cutoff
frequencies, ¢ = 45° and the total reactance of the circuit is numerically equivalent to
the resistance R. For frequencies w < wyp the resonator shows a capacitive behavior.

For frequencies w > wq the behavior is dominated by the inductor.

The resonance of a RLC circuit is characterized by the quality factor Q. It is defined
as the angular frequency at resonance multiplied by the ratio of the energy stored in

the resonator to the power loss

W + We

= W
Q 0 Pout

The quality factor is inversely proportional to the loss of the circuit. It can be
calculated at resonances considering W, = W, as follows

2Wn, 1 L
= = Wn—
P  woRC R

Q(WO) = Wo
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Resonance cutoff frequencies

! Vo

-0.05 0 0.05
0m/my

Figure 4.1.1: Example of resonance curve. The two cutoff frequencies are located at —3 dB from
the peak, which corresponds to half of the signal.

In the case of a KID, the resonator is coupled to a feedline. The coupling will be
carried out with a certain quality factor Q.. Therefore, the total quality factor Qsot,

or loaded quality factor, of the resonance measured on the feedline will be given by

111
Qtat B Q Qc

(4.1.3)

The bandwidth of the resonance peak is defined at the cutoff frequencies vq, vy as
B = vy —rq. Asshown in Fig. 4.1.1 the two cutoff frequencies are calculated at those
points where the signal is half of its value at resonance. The bandwidth is related to
the quality factor and the resonant frequency 1y as follows

W

Qtot - B

It is clear from the latter equation that the quality factor is a measure of the se-
lectivity in frequency. High values of @ means narrow bandwidth resonance. As
an example of the advantage in terms of detector multiplexing, working with super-
conducting resonators having Qo = 10* allows to multiplex three resonators within
a bandwidth of 1 M Hz. Decreasing the loaded quality factor by a factor 10 will
result to an increased bandwidth of a factor 10 to accommodate the same number
of resonators. The internal quality factor is also related to the voltage across the
circuit components. At the resonant frequency the value of @) is equal to the ratio
of the voltage drop across the inductor or the capacitor to the voltage drop across

the resistance.

The input impedance can be rewritten in terms of the quality factor and resonant
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frequency. Combining 4.1.1 and 4.1.2 we obtain

1 w? —w?
= ' 1— — ) = ‘ 1—- 70
Zin R—i—wa( w2L0> R+ij< 2 )

We can now define the distance from the resonance as Aw = (w — wp) and replacing

the numerator in the latter equation as follows

w? — Wi = (W —wp) (W wp) = Aw (2w — Aw) =~ 2wAwW

which is valid for small Aw. Therefore, we finally obtain

2RQA
Zin ~ R+ j2LAw = R 4 j @AW
wo

4.1.2 KIDs working principle

As stated in its name, KIDs exploit the kinetic inductance of superconductors to
detect photons. The basic idea is that a resonant circuit has a natural frequency
which depends on the value of its capacitance C' and inductance L. Under certain
circumstances photons have the capability of being absorbed by a superconducting
metal and alter the factor L of the circuit. This event shifts the resonant frequency
to a longer wavelength. Therefore, a measure of such a resonant frequency is directly

proportional to the power absorbed on the circuit.

Early KIDs were simple quarter wave resonators coupled to a readout line. These
circuits have the disadvantage of a non-uniform current distribution along the trans-
mission line and the fact that the physical size of the structure is a quarter wavelength
of the natural frequency. This is problematic since the readout electronic requires
low frequency resonant elements, hence quarter wave resonators design involves long
transmission lines. Typical readout tones are around 3 GHz, which is 10 ¢m in
terms of wavelength. In the context of CMDB stage ’4’, reducing the size of the pixel
is critical to optimize the area filling efficiency. Resonators can be reduced in size by
adopting lumped RLC circuit instead of the quarter wavelength line. Each element
of an RLC circuit can be modeled out of a superconducting transmission line. The
resistive and inductive behavior appears from the two fluid model of superconduc-
tivity described below in this chapter. The capacitance is mostly given by geometric

factors and its presence lowers the natural frequency of the circuit, therefore shrink-
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RLC Circuit coupled to a readout line
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Figure 4.1.2: RLC circuit coupled to a readout line. The quality factor measured by the feedline
depends on both the quality factor of the resonator and the coupling quality factor.

ing the physical size of the resonator. Detectors developed like that take the name of
Lumped Element Kinetic Inductance Detectors (LEKIDs). Those are lumped in the
sense that the structure is smaller than the wavelength that excite them. To read
the resonant frequency the resonator is coupled to a feedline as shown in Fig. 4.1.2.

The coupling technique may vary depending on the design.

The total inductance L;,; has two contributions, the internal inductance L;,; and

the external inductance L.;; which are defined as follows

e The internal inductance L;,: is given by the kinetic inductance Lj and the
magnetic inductance L,,. The existence of L arises from the two fluids model.
In two words, the current carried by Cooper pairs in a superconductor have a
larger inertia with respect to normal electron and since the effect of scattering
is null, the acceleration time under an alternating electric field is not negligible
[56]. The inertia causes a delay in the generated current with respect to the
voltage phase. This effect reproduces the common behavior of an inductance
and is called kinetic inductance.The magnetic inductance L,, is given by the

magnetic field generated by the flowing charge carriers along the metal.

e The external inductance L., also called geometrical inductance L,, depends
only on the structure geometry and is fixed by the design. Typically, the
transmission line designed for resonators is folded in a meander-shape. The
value of L.,; in these cases will be given by the cross section of the conductor
and the geometrical parameters of the meander arms such as the distance

between two nearest segments [57].
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Figure 4.1.3: Example of a Lumped Element Kinetic inductance Detector. The transmission line
and the interdigital capacitor form a LC' circuit. The physical size of the resonator can be 100 times
smaller than A\? of the resonant frequency.
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Figure 4.1.4: KIDs multiplexing over a single feedline. Depending on the resonance quality factor
and readout electronic, a single feedline can handle up to few thousands resonators.

A signal of frequency f propagating through the feedline is insensitive to the res-
onator when f # fy, with fg the natural frequency of the resonator. In the case of
f = fo the energy is stored within the resonator and the transmission parameter of
the line suddenly drops, producing a typical resonance peak. The photon absorption
occurs along the inductor, which is the section where the current is most important.

This is necessary to optimize the detector response.

A common LEKID shape is a meander inductor coupled with an interdigital capaci-
tor. This circuit is shown in Fig. 4.1.3. The entire structure is fabricated as a single
metallization level over a silicon substrate. The meander section can be directly
illuminated to absorb photous, in such a case the design has to take into account the

impedance matching with the free space.

By adjusting one arm length of the interdigital capacitor it is possible to tune the
natural frequency of the resonator. This allows to couple several resonators with
different resonant frequency to the same readout transmission line as shown in Fig.

4.1.4. The multiplexing factor is the greatest advantage of the KIDs technology over
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the more common bolometers. Generally, we want the resonances to be separated by
at least three times the full width at half maximum (FWHM). Having the resonators
too close to each other can alter or superimpose the resonance curves. Typically, the
multiplexing rate can be increased up to few thousands of resonators, it depends on
the available bandwidth of the readout electronic and the resonators quality factor.
For this reason, each resonator must have a high quality factor, usually above 10°.
This value can be achieved only with superconducting metals deposited in thin layers.
Most of the time the metal thickness is small enough that charge carrier behavior is
no longer described by classical models and we need a mathematical description of

superconductivity in the so-called dirty limit or anomalous limit.

4.2 Superconducting properties of KIDs

4.2.1 Complex conductivity

In 1908 Prof. Heike Kamerlingh Onnes at University of Leiden was the first to liquefy
helium and reached a temperature 4 K. That made possible to attain superconduc-
tivity in certain metals. Onnes discovered that the resistivity of mercury drop down
to zero when temperature decreases below 4.1 K and he gained the Nobel prize in
1913. Superconductivity occurs in some specific metals when the temperature drops
below a critic temperature T,, which is a characteristic of each metal. Above T, the
electrical current is carried by electrons. Because of the scattering events with the
positive ions of the metal lattice, metals have a small resistivity p which depends
on temperature. In a normal metal p decreases with the temperature and tends to
a finite value for T" — 0 as shown in Fig. 4.2.1. In superconductors, below T, two
electrons can pair together forming a new charge carrier, often called superelectron.
This new particle has an integer spin since it forms as the sum of the two electrons
spin. Superelectrons follow the Bose-Einstein statistic and don’t scatter with the
positive ions like electrons do. Such a behavior causes the resistivity to suddenly

drop to zero when superelectrons are the charge carriers.

A mathematical description of superconductivity was given by Bardeen, Cooper,
and Schrieffer in 1957 (BCS Theory) [61] and led to the Nobel prize in 1972. They

explained the superconductivity using an electron-phonon interaction that causes
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Figure 4.2.1: Temperature dependence of resistivity for normal metals and superconductors. Below
T. the resistivity drops to zero in superconductors. Credit to [60]

the two electrons to couple, so the superelectron takes also the name of Cooper pair.
The binding energy of a Cooper pair depends on the critical temperature and is
typically of the order of few meV . This value is so small that at high temperature
the thermal energy brakes the pair into two electrons. Therefore, metals will transit

to the superconducting phase only at cryogenic temperature.

Two fluid model

Because of the differences that exist between electrons and Cooper pairs, supercon-
ducting transmission lines will have a distinct ability to conduct electrical current
when moving from DC to time variable signals. At microwave frequencies supercon-
ductors show a resistive effect as was observed by London early in 1940 |62]. This
is the main characteristic of superconductors which has been exploited for detector
development. An explanation of such phenomena can be derived by using the clas-
sical Drude model. It allows us to infer the conductivity of a metal from a kinetic
approach. The Drude model considers electrons of mass m. accelerated by an ex-
ternal electric field E. These electrons will move through the metal with an average
velocity vg,. The electrons can scatter with the positive ions of the metal lattice.
The average travel time of an electron before its next collision is given by the value of
7, which is called mean free time or relaxation time. The starting electron velocity
v is assumed to be oriented randomly so that v,, has no contribution from wvy.
Therefore, the average velocity will be given only by the contribution of the electric

field. In the case of E constant with time we obtain
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E
Vp = — L (4.2.1)
Me
Considering the density of electrons n., we can write the current density as
J = —neevy =cE (4.2.2)

which is the Ohm’s law. Combining 4.2.1 and 4.2.2 we obtain

J = ("627> E-—o= <"6627> (4.2.3)

where ¢ is the conductivity of the metal in the DC case.

We now consider the AC case; F is no longer time independent but varies accordingly

to the angular frequency w. The equation of motion of the electron will be given by

[63]

dp(t) _ p()
i + f (1) (4.2.4)

where p (t) is the momentum and f (¢) is the additional momentum given by the
influence of E. The first term on the right of 4.2.4 represents the frictional dumping

due to electrons collisions. Assuming the electric field to vary with time as follows
E (t) = Re (E () e_i“”)
we can find a steady-state solution for p of the form
P (t) = Re (p (w) e ™7)
Combining the latter with 4.2.4 we obtain
P (w)

—iwp (w) = - eE (w)

The conductivity can be inferred from the definition of the current density like in

the stationary case. Therefore
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which leads to the expression for the conductivity

2 2,2
nesT neswT 00

o » _ 425
0 (W) = o1 —ioy me(L+w?r?)  'me(1+w?r%) (1 iwr) —

where o¢ is the conductivity in the DC case. As expected, o (w) is composed of a
real and an imaginary part. The real part is the term that arises from the scattering
events on positive ions and determines the resistance of the metal. The imaginary
part is due to the inertia of the electrons. Because of their mass, electrons can’t
respond instantaneously to the applied electric field, hence there is a delay between
the phase of the electric field and the phase of the current. This property is called
Kinetic Inductance, since the current delay is the typical behavior produced by an
inductor. The ratio o2/07 is equal to wr and at microwave frequencies wr < 1. To
prove this limit we can consider aluminum, for which the concentration of electrons
ne can be calculated considering 3 times!' the concentration of atoms. Using 4.2.3
we obtain n = 1.8 x 107%m™3 and 7 = 7.2 x 107%s. For E varying at 300 GHz
corresponds a period of T = 3.3 x 107'2s and the product wr is of the order of 1073.
As a consequence, the kinetic inductance in normal metals is negligible. From the
point of view of the Drude model, it means that the electrons scatter on a positive ion

before being affected by the electric field variation, even at microwave frequencies.

The same approach is valid for superconductors. The conductivity can be inferred
with the Drude model with the condition of considering the Cooper pairs as charge
carriers. Hence, we swap ne with ng, the density of superelectrons, and m, with mg,
the mass of a Cooper pair. Because of the argument above about the integer spin, we
neglect the frictional damping term on the equation of motion. These assumptions

led to a pure imaginary conductivity as follows

2 2

nge
E—o,=—
WM WM

nge

J(w) =i (4.2.6)

As we will see in the next section, the number of Cooper pair is a function of tempera-
ture. In the ideal case of T' = 0 all the available electrons are coupled in Cooper pairs
and don’t contribute to conductivity, Hence, equation 4.2.6 is valid. On a real case,
even below the critical temperature, the thermal energy do not allow some electrons

to couple and may contribute as charge carriers. Therefore, the total conductivity

! Aluminum has three valence electrons, hence each atom contributes with three electrons to the
conductivity.
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Figure 4.2.2: Two fluid model of superconductivity. The current J generated by normal electrons
follow a resistive path of resistance R. The supercurrent J; is equivalent to an inductor in parallel
with R.

Otot can be written as the sum of the conductivity of each particle that contribute

to the current

(4.2.7)

where the sum n, 4 ng is equal to the density of the charge carriers n. Equation 4.2.7
states that conductivity in superconducting metals depends both on frequency and
the ratio n./ns. As a consequence, we get two contributions to the current. Normal
electrons are responsible of resistive effect while Cooper pair cause inductive effect
along the line. The current generated by Cooper pairs, often called supercurrent Jg,
leads to the two fluid model of superconductivity as shown in Fig. 4.2.2. It describes
the behavior of a superconducting transmission line as an inductance and a resistor in
parallel. Considering the DC case, we have w = 0 and 0; — o0, hence the inductor is
a short circuit over the resistance R and the current will flow carried by Cooper pair.
This is exactly what we expected for superconducting lines in direct current. While
we increase the frequency, the impedance of the inductor, which is proportional to
wL, increases and part of the current starts to flow on the resistive path led by
normal electrons. This is the origin of the resistive effect in superconductors when

dealing with high frequency signals such as in the microwave region.

4.2.2 Cooper pair density

We have seen in the previous section that from the two fluid model the ratio ng/ne

determines the impedance of a superconducting transmission line in terms of resis-
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tivity and inductance. We know that at 7' = 0 it has to be

ns (0)

n

=1 (4.2.8)

since in the ideal case all electrons are coupled in Cooper pairs. To infer the temper-
ature dependence of superelectrons density we consider the Ginzburg-Landau theory
described in [65]. Magnetic fields can’t penetrate into a superconductor more than
a certain length. This effect is known as the Meissner effect, for which the magnetic
field is rejected on the transition between the normal and superconducting phase.
The depth where the magnetic field reduces of a factor e is the London penetration
depth Ar, (T), which is temperature dependent and characteristic of each metal [66].

An expression for Ar, is given by

m 1/2
AL (T) = <WL(T)€2> (4.2.9)

and the temperature dependence have the form

AL(T) = AL (0) [1 - (;)4

The value of A,(0) can be inferred combining 4.2.9 with 4.2.8, then the temperature

~1/2

dependence of ns can be expressed in terms of the ratio A\(0)/A(T) as follows

that leads to

(4.2.10)

which implies

Equation 4.2.10 is plotted in Fig. 4.2.3. We can distinguish two regions:

e T ~ T, : the ratio ns/n depends on the temperature with a slope of —4. This
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Figure 4.2.3: Cooper pair density normalized to the charge carrier density as a function of the
temperature. Near the critical temperature the Cooper pair density increases with temperature
with a slope of —4 (dashed red line) and became quite stable below 0.2 7.

is the region where detectors based on thermal effect, like the Transition Edge
Sensors (TES), are more sensitive. Detectors based on Cooper pair counting
are inefficient because the sensitivity increases with the number of Cooper pairs

and temperature fluctuations affect the measure.

o T < 0.2T.: The number of Cooper pairs is quite stable in temperature and the

metal is less sensitive to temperature fluctuations.

Values of critical temperature for commonly used superconductors are around T, ~
1 K. This involves both pure metals and alloys. As a consequence, superconducting

detectors need to be cooled down to temperature T' < 300 mK to perform correctly.

4.2.3 Binding energy

In crystalline solids each atom confines the electrons in quantized energy orbitals.
Depending on the lattice, these orbitals can form energy regions available for elec-
trons, the valence band. An energy band can accommodate electrons depending on
the availability of the corresponding energy state. Because of their spin, electrons
must follow the Pauli exclusion principle, hence the lower state available is given
by the sum of all the already occupied states that add up to a lower energy, called

the Fermi energy er. The ability of conduct electrical current depends on the pres-
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Figure 4.2.4: Valence and conduction bands of solids compared with the Fermi energy. The ability
of electrons to jump from a band to another characterizes the conductivity properties of solids.

ence of electrons on the conduction band, in which they are free to move into the
lattice.More in general, we can categorize solids into three classes as shown in Fig.

4.2 .4:

o Insulators: The Fermi energy is inside an energy gap, or band gap, between
the valence and conducting band. The band gap represents a forbidden zone
for electrons with no available energy states. It corresponds to the difference in
energy between the highest occupied energy state and the lowest unoccupied
energy state. In insulators the gap is much larger than kpT' at room tempera-
ture and electrons don’t have enough energy to jump between the valence and

conduction band.

e Semiconductors: The energy gap is small enough that electrons can transit to
the conduction band via thermal fluctuation or photon absorption. This effect

is exploited by standard sensors for near infrared/visible detection.

e Conductors: The conduction band overlaps with the valence band and electrons

can jump between the two bands.

The function g (E), called density of states, describes the number of available energy
states in an energy range dE around an energy E. At thermal equilibrium ¢ (E) is

equal to the Fermi-Dirac density distribution of electrons

1

= 4.2.11
1+6Xp(E—6F/kBT) ( )

fFD(EaT)
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| VALUES AT T =0 |

CONDUCTOR §0 [nm] )\L [nm] k= )\L/fo
ALUMINIUM 1600 16 0.01
NIOBIUM 38 39 1.02

Table 4.2.1: Values of the coherence length, London penetration depth and Ginzburg-Landau pa-
rameter for Aluminum and Niobium. [67]

which can be used to calculate the number of electrons in the conduction band for a

given energy gap.

In superconductors the positive ions orbital displacement is due to Coulomb interac-
tion with moving electrons. Because of their masses, ions move slowly compared to
electrons. Hence, the positive charged region remains active long enough to attract
another electron, which is then coupled to the previous one that created the positive
charged region in the first place. This is a simplified explanation of a Cooper pair
generation which is well described by the BCS theory [61]. The characteristic length
for which two electrons are affected by the coupling is called coherence length & and
is a peculiar property of each metal. It represents the physical size of a Cooper pair
within the metal. The coherence length is also related to the minimum spatial ex-
tension of the layer between the superconducting and normal state. A mathematical

derivation for &y can be found in [67] and leads to the following expression

. 277,1)}:‘

§o = Ao

where vp is the electron velocity at the Fermi surface and Ag = A(0) is the binding
energy, or energy gap, of a Cooper pair at T = 0. The London penetration depth
and the coherence length are the fundamental lengths of a superconductors. The
first parameter relates how the current density is related to the vector potential and
the second is a measure of the range over which the vector potential is averaged to
obtain the current density. The ratio Ar, /& is called Ginzburg-Landau parameter.

Table 4.2.1 shows some values for Aluminum and Niobium at 7" = 0.

The binding energy is the analogous of the energy gap in solids. It represents the
minimum energy necessary to break a Cooper pair. If the thermal energy is greater
than the binding energy, the superconductivity will be destroyed. The temperature

dependence of the binding energy can be found in [68] as follows:
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| MINIMUM FREQUENCY DETECTABLE |

CONDUCTOR | T, |[K] | 2A [meV] | vmin [GHZ|
TITANIUM 0.39 0.12 28.6
GALLIUM 1.1 0.33 80.7

ALUMINIUM 1.2 0.36 88
INDIUM 3.4 1.03 249.4
TIN 3.7 1.12 271.4
MERCURY 4.2 1.27 308
LEAD 7.2 2.19 528
NIOBIUM 9.3 2.82 682.1

Table 4.2.2: Minimum frequency detectable for some superconducting metals.

A (T) =~ A(0) exp

S

Considering T' ~ T, the latter becomes

1/2
A(T)

A(0)

()

At T = 0 the minimum energy necessary to break a Cooper pair is given by

2A(0) ~ 3.52k, T,

where the factor two is required by energy conservation. This energy is typically of
the order of meV or less for metals with critical temperature less than about 1 K.
Superconducting detectors require more than one Cooper pair braking to be efficient.
This fact rises up the lower limit on photon energy and therefore frequency. Table
4.2.2 shows values of binding energy and photon energy necessary to break a single

Cooper pair for some metals.

4.2.4 Thin metal layers

Superconducting resonators are fabricated in thin films to maximize the kinetic in-
ductance. To achieve high responsive detectors it is necessary to have a metal for
which the kinetic inductance dominates over other kinds of reactive contributions.
The kinetic inductance fraction depends on the film thickness as shown in Fig. 4.2.5,

Lj becomes greater as the metal thickness is reduced.
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Figure 4.2.5: Ratio of kinetic and magnetic inductance (top) and their values in pH/square con-
sidering a superconducting penetration depth of 50 nm. Source: Simon Doyle thesis, 2008 [76].

The mean free path of a Cooper pair [ = vp7 can be shorter than the film thickness
t and the coherence length &y. In this regime, often called dirty limit, superelectrons
move through the metal by diffusion and the Drude model is not valid anymore. The
complex conductivity in the dirty limit can be found in the Mattis-Berdeen theory

[69] as follows

Gla(:) = % N f(E) = f(E + )] g1(E)dE
-A
' % /mm(Ahu,A) 1= 2f(E + h)|g1(E)dE

A
72(w) _ 1/ [1—2f(E + hv)] g2(E)dE
On hv max(A—hv,—A)

where o, is the normal state conductivity and we are assuming the metal to be in
thermal equilibrium, thus the density of states is given by the Fermi-Dirac distribu-

tion f (E) from 4.2.11. The coefficients g1, g2 are given by
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E?2+ A2+ WwE
gl(E) = 1/2
(B2 = A2 (B + w)’ - A?]

A2
E? + A’ + WwE
gQ(E) = /2

1
(A2 — E2)Y2 (B + hw)? — A2

= —3 X gl(E)

The imaginary and real part of the complex conductivity are shown in Fig. 4.2.6 as a
function of temperature and frequency. The aluminum has been modeled considering
the normal state conductivity o9 = 1.95x 107 S/m, vp = 1.34 x 105 m /s and assum-
ing T, = 1.2 K. With these values the aluminum becomes resistive above 90 GHz
and gains the ability of absorbing photons. moving at higher frequencieso; — 0.
Because of the temperature dependence of the Cooper pair density, we obtain oy
to be stable for temperature up to 0.2 K, accordingly with 4.2.10. The niobium
has been modeled considering the normal state conductivity op = 1.23 x 107 S/m,
vp = 0.28 x 10% m/s and assuming T, = 9.2 K. The real conductivity change
drastically around 690 G H z, which corresponds to the Cooper pair breaking energy.
Because of the higher critical temperature with respect to aluminum, the niobium

shows a complex conductivity which is quite stable for temperature up to 2 K.

The complex conductivity is also related [70] to the complex surface impedance

Zs (w,T) = Rs + 11X as follows

_ JEds ipow

Zs (W, T) = [Hds \/ o (w,T)

(4.2.12)

Rather than the conductivity, the surface impedance is the value measured experi-
mentally for thin layer superconductors. An expression of Z, for normal metals can

be derived from the Ohm’s law substituting J and B with the Maxwell’s equations



88 CHAPTER 4. KINETIC INDUCTANCE DETECTORS

2 Aluminum 35 Aluminum
107 | 03K |
0.5K I
—1K 3 —4 GHz
251 | 10GHz
—88 GHz
© 20+ —150 GHz
© 15 —
10 TS
5r b
107 - ‘ 0 e
0 100 200 300 0.2 04 06 0.8 1 1.2
GHz T K]

Niobium Niobium

Figure 4.2.6: Real part (dashed lines) and imaginary part (solid lines) of the complex conductivity
for aluminum (7, = 1.2 K) and niobium (7, = 9.2 K). Values of o1 are scaled by a factor 20
when plotted versus temperature. Note that differences in niobium o2 plotted versus frequency at
0.5 K, 1 K and 2 K are within the line width for frequencies above 690 GH z.
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|71, we obtain

O*E OE O*E

—_— = — —_— 4.2.13
92 O Lo It + oo 92 ( )

where we are assuming a non-magnetic metal with p, ~ 1, which gives u ~ po.
The second term in the right-hand side of 4.2.13 represents the time variation of the
vector field which takes into account the internal charge of materials. This is called
displacement current and can be neglected at microwave frequencies, since o > weeg.
A solution for E can be found using the equation of motion of an exponential decay

wave along the z direction

E = Egexp (ikz — iwt) exp (_§>

which lead to

1\2
(ik‘ + 5) = iweo

where the quantity ¢ is the skin depth, the distance from the surface where the field

is reduced by a factor e, defined as

2
5 p—
WO
and we can rewrite Z; as
(1+1)
7. —
# od

Moving to the superconducting phase the complex conductivity can be written com-

bining 4.2.9 and 4.2.7, we obtain

. Np . 1
o1 = jog = — 0y — j——— g
" TwioA; (T)

which, using 4.2.12, gives

1

Zs = Sw oy, (T) + iwpoAL (T)
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As in the case of the complex conductivity, an expression for the surface impedance
can be derived depending on the scale involved. In some cases Ohm’s law is no
more valid and deriving Z; need a more complete mathematical description of the
phenomena. A great effort in this direction has been done by J. Gao [72], which

gives an expression of Z; in terms of o1 and o9. We can distinguish three cases:

e Thick film in the extreme anomalous limit: this condition is verified

when & > A (0) AND [ > Ar (0), we obtain

Zs

V3w 3w op+joi |3
2 4uoA (0)  on

e Thick film, local (dirty) limit: this condition is verified when &, < Ao (0)

OR [ < Ao (0)
Z, = /jwiﬂf)
g1 — J02

e Thin film: in this case the film thickness ¢ < [, hence the Cooper pair mean
free path is limited by surface scattering. The Ohm’s law is valid when [ < &
AND [ <« Ao (T)

4.3 KIDs sensitivity

4.3.1 Response

All the information about resonator properties can be inferred from the feedline.
The readout node for a KIDs array usually involves 1Q} mixing for producing the
tones to be sent along the feedline, hence resonances can be represented on the 1Q
plane or with S-Parameters. We can now consider the case of a feedline coupled to
several detectors as in Fig. 4.1.4 and examine the transmission parameter S21: at
the frequencies corresponding to the resonators natural frequencies, the power along
the feedline is transferred to the resonators and the transmission drops as shown in
Fig. 4.3.1 (left). Each resonator produces a resonance peak as in Fig. 4.3.1 (right).

The transmission response can be described by the single-pole approximation [86] as
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Figure 4.3.1: Left: typical transmission parameter of a KIDs readout. Each peak along S21 corre-

sponds to a resonator. Right: Zoom on one pixel. The total quality factor is calculated at —3 dB
from the baseline.

S
Qc1+2jQix

where @; is the internal quality factor of the resonator and

521 (w) =1

w— wp
xTr =

wo
is the fractional detuning from the resonant frequency wg. The coupling quality

factor Q. can be inferred from 4.1.3 considering the min (|S21]) = 1 — Qiot/ Qe

Qtot

Qe = T min (181

and consequently, because of 4.1.3, we obtain

0; = — Qtot

min (|S21])

The resonance is affected by the readout power delivered on the feedline. The power
P, dissipated in the resonator is of the form P..s = Rclg, with R, the resistance
of the coupling and I. the current flowing from the feedline to the resonator, which

has the form [87]

Ze
Ic = ‘/source
Zo/Z + 2
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Figure 4.3.2: Left: Effect of rising up the readout power. The peak becomes skewed and eventually
the resonance may disappear for very high readout power. Right: Typical detector resonance shift
under the exposure of different black body sources.

where Zj is the characteristic impedance of the feedline and Vgypce 18 the Thévenin
equivalent voltage of the source. The peak current occurs at resonance, which is
temperature dependent. Therefore, we can define a resonant temperature for a par-
ticular readout frequency. Fig. 4.3.2 (left) shows a typical peak distortion due to
high readout power. The same figure (right) also shows a typical resonant frequency

shift due to millimeter waves absorption along the KID inductor.

The resonant frequency shift can be inferred directly from 4.1.2. Typically, the phase
is more gensitive and the response of a KID is calculated in terms of the phase shift.
Therefore, we are interested at the phase change over the Cooper pair variation
df/dNyp,. Considering a metal of volume V, thickness ¢ and penetration depth A, an
expression for df/dNy, can be found in literature |88, 89, 90]

o aCQrot dog
ANy ||V dngp

(4.3.1)
where the parameter ( is given by

2/

=1t G (2t/X)

and

Lkin
(Lg + Lkm)
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is the kinetic inductance fraction of the superconducting line. From 4.3.1 we infer
that the resonator response increase both with «, which is temperature dependent,
and @). The response also increases by diminishing the volume of the metal, hence
the detector benefits from thin metal layers. Nevertheless, we must take in mind
that pushing up the responsivity by decreasing the volume will result in a limitation

in terms of dynamic range.

4.3.2 Characteristic sources of noise
g-r noise

Cooper pair population is calculated by balancing the generation and recombination
time. Recombination occurs with a phonon emission. The average time necessary
for a Cooper pair to recombine is the quasiparticle lifetime 7,,. For detectors made
out of superconducting resonators this value is also related to the time constant. It
determines how fast the detector returns to its original state after a single detection.
Resonant detectors do not integrate signals as in the case of CCD, but rather measure
the flux in a temporal scale of 7,,. An expression for the quasiparticle lifetime can

be found in [73] as follows:

1 Jr [ 28\ T\ Y2 A
LT TN n [
T 10 \kpTe T.) P kpT

where 79 is a material dependent constant. The ring down time of a standard res-

onator depends on the quality factor and resonant frequency as follows [77]:

_ Qtot

T =
res 7rf0

Considering a superconducting resonator with quality factor of 10° and a resonant
frequency of few GH z, we obtain a ring down time of the order of the us. Typical
quasiparticle lifetime for a 100 nm thick aluminum layer at 100 mK can be found
in [78] of the order of few hundreds of us. Hence, the quasiparticle lifetime will

dominate the time constant of a superconducting detector.

Because of the thermal excitation, the number of quasiparticle fluctuates in time

from the generation and recombination processes; this effect leads to a source of
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Figure 4.3.3: The device tested is a half wavelength CPW resonator coupled to an X-slot antenna.
The CPW strip is a 50 nm thick layer of aluminum. Power spectral density for different values of
radiation power and tempperature (a,c) lead to an estimation of 74, (b,d). Dashed lines represent
Lorentzian fit to the corresponding spectrum. Credit: De Visser et Al. [80].

statistical noise, called g-r noise, which is the fundamental noise limit for KIDs. The
associated N EP,, can be estimated from the average value of quasiparticles (Ngp)

as calculated in [79]

(Nap)

—— X exp

NEP,, =2A
Tap

(~5r)

kgT
According to the equation of the quasiparticle lifetime, the g-r noise starts to decrease
exponentially when cooling down well below T,.. Measurements of the power spectral
density (PSD) of an Al antenna coupled resonator made by De Visser et Al. [80] are
shown in Fig. 4.3.3. Both the temperature and the radiation power effect on the

PSD is considered. From the spectra they also inferred the values of 74, and Ng,.
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Expected NEP at 6 GHz from a 3 um strip of 220 nm thick Aluminum resonator on
sapphire with 74, = 200 ms is of the order of 10~20 W/\/E at 100 mK. It increases
up to 1077 W/vVHz at 300 mK [89]. These values are sufficient for photon noise
limited observation of CMB polarization at 150 GH z.

Two level system noise

The dominant source of noise in superconducting microwave resonators is often due
to surface layer of two-level system (TLS) defects on metal interfaces or dielectrics
[81]. Resonators generate an electric field that can couple to dipole moments on TLS,
which results on local fluctuations in the electric field strength. These fluctuations
affect the local value of e.;r. As a consequence, we observe an increase in losses
and a jittering capacitance value in the resonator. The most sensible component
of a LEKID to TLS noise is the capacitor, in which the electric field is stronger
than in any other part of the circuit. The TLS noise has been extensively studied
in [72, 82, 83| and represents an excess noise that prevents microwave resonators to

reach the fundamental limit. The major results obtained are summarized as follows:

e The power readout Preqdout determines the electric field strength along the res-
onator. As a consequence, it also affects the coupling with the dipole moments.

The frequency noise Sy = df/ f? decreases with the readout power

Sy o P71/2

readout

e The temperature affects the phase noise as well as the resonance frequency
fo and the internal quality factor. The TLS theory gives an explanation for
all of these affected parameters [72]. The frequency noise decreases with the

temperature
S T™F with 1.73 <k <2

e The TLS noise is material dependent and it is influenced only by the interface
between a superconductor and the substrate/dielectric. The bulk properties
does not seem to affect the excess noise. The main contribution is the oxide
layer which form on the material surface, other contributions may come from
impurities and chemical residues left from fabrication. Some techniques has

been developed for reducing the TLS, like etching the substrate [85], or using
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Figure 4.3.4: Left: TLS noise of a Nb quarter wave resonator as a function of temperature. The
readout power increases from —105 dBm for the upper curve to —73 dBm for the bottom curve
with a step of 4 dBm. Right: TLS noise of a bare Al quarter wave resonator deposited over sapphire
(black plot) and the effect of dielectric deposition (red and blue plots). Credit to J. Gao [72].

materials that does not oxide, like the TiN.

e Using larger transmission lines results in a reduction of the TLS noise. This is
particularly true at those points where the electric field is stronger, like inside

the capacitor or at the transmission line open ends.

Fig. 4.3.4 shows some noise measurement of a Nb coplanar quarter wave resonator
as a function of temperature and readout power. It also shows the effect of dielectric

deposition over a bare resonator.

4.4 Conclusion

Microwave resonators are an attractive solution for B-Modes observation. Planar
structures are simple to fabricate and large arrays of KIDs are less expensive than
more common bolometers. The main advantage of using KIDs is the multiplexing
factor. Currently, bolometer multiplexing is also possible but it requires low temper-
ature electronics for a lower multiplexing rate. Contrary to TESs, kinetic inductance
detectors work well below the critical temperature, which is a region of more stability

and thus they are less sensitive to temperature fluctuations.

The critical point in KIDs development remains the TLS noise that can prevent the
detector to reach the photon noise limit. This is particularly true for antenna-coupled

detectors, for which the antenna adds some constraints on the pixel design and may
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require the deposition of extra dielectric layers. Another limitation is the binding
energy of common metals that makes KID technology ineffective for detection of

frequencies below 100 GHz.



98

CHAPTER 4. KINETIC INDUCTANCE DETECTORS



Chapter 5

Antenna-Coupled LEKID

As opposed to bolometers, the coupling of an antenna to LEKIDs is complex to
design since the resonator is a closed circuit and only the inductive part is sensitive
to Cooper Pair breaking. Therefore, the connection with an external transmission
line may require extra metal and/or dielectric layers that can potentially degrade the
performance in terms of noise and sensitivity. In this chapter, I present my original
solution to couple an antenna to a LEKID. The high frequency signal is filtered on
a diplexer and each sub-band is coupled to one detector resonating at low frequency.
Every component has been simulated with full wave simulation software. The receiver
and the diplexer-LEKID coupling have been simulated with CST Microwave Studio,

the diplexer and the superconducting resonator with Sonnet Software.

5.1 Electromagnetic field solvers

An ideal full wave simulation will give the same results regardless of the solver type,
the choice of one solver over another will only affect the simulation time. In practice
each solving approach is optimized for certain cases. Usually, the choice depends
on the size of the simulation box compared to the involved wavelengths. Other
discriminating factors can be the shape of the structure, the excitation signal and
model resonances. In the following sections I will explain the three solvers I have

used to run simulations in CST and Sonnet.

99
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Finite Integration Technique (FIT) in CST

The time domain solver, or transient solver, of CST Microwave studio uses the Finite
Integration Technique to infer the S-parameters. This algorithm is suited for hex-
ahedral mesh, which defines a finite calculation domain. CST solves the Maxwell’s
equations on two orthogonal sets of meshes [91, 92]. Electric voltages e and magnetic
fluxes b are defined on the primary mesh grid G, while the dielectric fluxes d and
magnetic voltages h are defined on the dual meshing grid G. Each side of a single

cell in G describes one side of the Faraday’s law

/E.dg—_a//gdg
A ot JJ 4

which can be analytically solved introducing the topological matrix C

0
C@ = —ab

The same procedure is performed on the grid G with the Ampere’s law. We obtain
a set for the Maxwell’s equations in the hexahedral mesh, or the Mazwell’s Grid

Equations (MGEs)

d - d
Ce=—2y Ch=2a+;
TTu a’ T

Sd=q Sb =0

which can be solved considering the averaged material parameter on the area and

edges of each cell of the mesh.

The transient solver carries out the excitation in time domain and recovers the spec-
trum with a Fourier Transform. Therefore, it is particularly indicated for broadband
analysis or arbitrary time signal excitation. It is also the best choice when the struc-
ture size d under study is electrically large. This is true in the case of d > Anin
where A, is the smaller wavelength simulated. When simulating strong resonant
structures, the energy remains in the system for a certain time after the excitation.
If the simulation ends before the resonance amplitude decays to zero, the Fourier

Transform will be calculated with a truncated signal, which may lead to inaccurate
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results. Typically, we observe ripples in the S-parameters when some of the input

energy remains in the simulation.

I have used the transient solver to simulate the antenna and the antenna-coupling

design.

Frequency domain solver in CST

This algorithm is suited for tetrahedral and hexahedral mesh. The Maxwell’s equa-
tions can be transformed into the frequency domain when the fields are characterized

by a time-harmonic dependence. These can be described by

Et) =% {E (w) exp (iwt)}

The software calculates a solution of the linear equation system frequency by fre-
quency and then interpolates the points to obtain the spectrum. The frequency
domain solver is particularly preferred when simulating narrow band spectra or in
cases of electrically short size structure, which means d < A. It is generally more
robust than the transient solver, on the other hand the tetrahedral mesh cannot be
refined by the user. Whatever the solver, CST allows creating custom materials with
frequency depended properties, which is convenient for modeling superconducting

metals.

I have used the frequency solver to validate simulations run with the transient solver.

EM in Sonnet Software

Simulations in Sonnet are enclosed in a metal box of which two opposite sides can
be opened to free space. The software divides the 2.5D structure in subsections
and adopts a modified Method of Moments (MoM) analysis based on Maxwell’s
equations [93, 94]|. The analysis includes every possible electromagnetic effect (dis-
persion, losses, coupling, ...) and uses the Fast Fourier Transform (FFT) to calculate
S-parameters. Sonnet is particularly effective with planar structures which are mod-
eled in layers, such as planar transmission lines, and when d < A, which is the case

of lumped elements. Sonnet allows creating custom materials with fixed character-
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Figure 5.2.1: Detection chain block diagram. The receiver is a dual resonant slot antenna coupled
to a diplexer. The power of each sub-band is absorbed on lumped resonator.

istics without a detailed frequency dependence. This feature can be a limitation
for broadband simulations of superconducting metals, for which the impedance may

vary considerably with frequency.

I have mainly used Sonnet for low frequency simulations in order to calculate the

detector resonant frequency.

5.2 Concept drivers
To develop a technological demonstrator, I aim to design an architecture that can
attain the following features:

e Sensitive to linear polarization according to the CMB polarimetry requirement.

e Operational frequency range around 150 GH z. The lower limit is given by the
superconducting Aluminum which has a cutoff frequency at about 100 GHz.
The upper limit is given by the laboratory equipment which allows to illuminate
the detector with monochromatic radiation up to 200 GH z. Moreover, this is

the frequency range of most interest for CMB.

e Detector resonance frequency in the range 1 — 3 GHz according to the low

temperature amplifier operational frequency range available at APC.
e Easy to fabricate.
e Avoid dielectric deposition over the resonator to reduce the impact of TLS.

The block diagram of the dual-color antenna-coupled LEKID is shown in Fig. 5.2.1.
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Original NIKA Design Coupling with a Microstrip

Figure 5.3.1: Basic idea of coupling a microstrip (yellow) with the NIKA pixel (dark gray) by
overlapping the two strips.

The receiver is a dual resonant slot antenna, which is sensitive to linear polariza-
tion. The bandwidth is large enough to obtain two sub-bands, each one coupled to
a superconducting resonator. The same architecture is suitable for different types
of microstrip excited antennas. These are preferred because they can easily accom-
modate bandpass filters. The diplexer is composed by two 5th order Chebyshev
open-circuited stub bandpass filters centered at 140 GH z and 160 G H z respectively.
Each LEKID is then coupled with one filter.

5.3 Antenna-coupling KIDs

The problem of planar antenna-coupling KID can be reduced to a microstrip coupling
with a superconducting resonator. Indeed, the coupling technique is independent
from the antenna and filter design as long as we use a microstrip excited antenna.
Since we plan to fabricate the antenna and the detector on the same ground plane,

the microstrip must lie on a different metal layer.

5.3.1 Basic idea

The starting geometry I have considered to design a resonator is the NIKA pixel [95]
shown in Fig. 5.3.1. A simple coupling can be achieved by overlapping the antenna
microstrip with the inductor. The microstrip will be fabricated in Nb, which has
negligible resistivity in the operational frequency range, so that only the Aluminum
resonator will contribute to signal absorption. The resonator is a closed geometry for

which is topologically impossible not to create a T-junction at the coupling point. It
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Figure 5.3.2: First detector prototype. The microstrip antenna (yellow) is coupled to the inductor.
Because of the ground plane discontinuity most of the signal is reflected back to the antenna.

is crucial that the absorption occurs along the inductor, which is the sensitive area,

so we must prevent power dissipation over the capacitor.

To design a first prototype I have reshaped the inductor to maximize the coupling
with the feedline. In order to take care of the T-junction I have designed a patch on
one side of the capacitor as shown in Fig. 5.3.2. The patch is located at distance \/4
to prevent the microstrip signal to couple with the capacitor. Since the resonator
is a lumped element, the patch does not affect the resonance at 1 GHz. The main
problem of this design is the ground plane discontinuity between the resonator and
the microstrip ground plane. The microstrip must have a consistent reference ground
plane to avoid reflection back to the antenna. It is clear that this problem is due
to the fact that the resonator is physically disconnected from the ground. Thus, in
a second attempt to couple the microstrip I have redesigned the resonator out of a
coplanar waveguide as shown in Fig. 5.3.3. The two ground planes are in Niobium
while the inductor central strip is partially in Niobium and partially in Aluminum.
The capacitor is entirely made of Niobium since we do not want any power dissipation
over it. By using this design the microstrip-to-detector transition can be reduced to
a simple microstrip-to-CPW transition for which several techniques can be found
in literature. Moreover, the power can be transmitted directly along the inductor
without the microstrip overlapping technique, thus eliminating the requirement of
dielectric deposition. The main concern of using a CPW is that it is necessary
to keep the two ground planes at the same potential, which is quite troublesome
especially because of the T-junction. The implementation of airbridges across the

two ground planes would introduce a significant effort in terms of microfabrication.
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Figure 5.3.3: Second detector prototype. The coplanar waveguide allows to couple the antenna
microstrip (yellow) without generating ground plane discontinuities.

Furthermore, the signal can propagate with different modes along a CPW, including
the slotline mode, which may lead to inefficient power absorption on Aluminum. I
found a solution to these problems by producing a short circuit along the inductor

as explained below.

5.3.2 Detector

A schematic of the final detector design and its equivalent circuit is shown in Fig.
5.3.4. The structure is entirely modeled out of a Nb CPW, except for an Aluminum
absorber located along the inductor. The interdigital capacitor has 12 arms per
electrode as shown in Fig. 5.3.5, each arm is separated from the adjacent by a 3 um
gap. The inductor is a 3 um Nb strip in a meander shape which has been short

circuited. Such a design has multiple benefits:

e The short circuit has the advantage to assure the two ground planes to be

electrically in contact without implementing airbridges.

e The microstrip signal power is transferred to the resonator so that the geom-
etry does not require an overlap with the inductor. This technique allows the
resonator to see free space on one side, thus reducing the impact of potential

TLS generated by dielectric deposition.

e The short circuit has the supplementary advantage of improving the microstrip-

to-CPW transition since it allows to excite the coplanar mode along the induc-
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Figure 5.3.5: Zoom on one end of the interdigital capacitor.
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tor more easily, thus enhancing the performance in terms of power absorbed

on the Aluminum strip.

One of the two short circuited ends is used to couple the LEKID to the microstrip
network above. The inductor includes a 2 mm long Aluminum strip to absorb the
millimeter signal coming from the bandpass filter. The absorber is 15 um wide with
3 um gaps between the ground planes. The Aluminum width has been chosen to
match the characteristic impedance of the Nb line. This has been calculated in
CST as well as the characteristic impedance of the Aluminum CPW. The Niobium
has been modeled with PEC and the Aluminum with a 2-D layer having a complex
conductivity calculated from the Mattis-Bardeen integrals discussed in section 4.2.4

for 20 nm thick Aluminum at 300 mK (table of values in Appendix).

The feedline provides the tone for the resonator. When the signal frequency along the
feedline is equal to the natural frequency of the resonator, the current flows through
the LEKID. T have developed two different LEKID coupling geometries with the

feedline:
1. The feedline central strip and the inductor are separated by 15 pum gap.

2. A narrow strip of ground plane divides the feedline from the inductor. The
LEKID is from 3 wm to 9 pwm more distant from the feedline with respect to
the gap-separated geometry.

Fig. 5.3.6 shows the current distribution inside the LEKID and along the feedline as
simulated in Sonnet. At resonance, the power flows through the resonator and the
current has its maximum along the inductor and at the two sides of the capacitor.
To multiplex different resonators along the same feedline 1 have changed the length
of the inductor. Fig. 5.3.7 shows how much the resonant frequency change by
reducing the Nb inductor of about 100 wm. I aim to multiplex up to 14 detectors
in a bandwidth narrower than 150 M H z, which should be large enough to minimize

potential resonance overlaps.

5.3.3 Coupling

Bandpass filters are connected with the resonators via capacitive coupling. The

design focuses on avoiding the excitation of a slotline mode along the absorber that
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Figure 5.3.6: Current simulated in Sonnet for a LEKID resonating at 1.461 GHz. Colors go from
blue (minimum intensity) to red (maximum intensity). The resonator is insensitive for frequencies
different from fo £+ (Qiot X fo) and the current only flows along the feedline (top). At resonance,
the transmission coefficient of the feedline drops down; the current flows inside the LEKID inductor
and at the two sides of the capacitor (bottom). The electric field is maximum across the interdigital
capacitor arms.
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Figure 5.3.7: By reducing the length of the inductor (top) we increase the resonant frequency.
The plot shows a resonance shift of more than 7 M H z for six resonators with progressive inductor
reduction of about 100 pm.
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Figure 5.3.8: Sketch of the LEKID coupling with the bandpass filter output microstrip line. The
two gaps of the incuctor are coupled with the two microstrip above. The phase shift between the
two capacitive couplings assures the coplanar mode excitation along the inductor.

would suddenly decrease the absorption efficiency. For this reason I have decided
to couple both the gaps of the CPW inductor. The output of each filter is a 2 um
wide microstrip, which becomes 5 ym wide after a 600 um long tapered line, and
terminates in a power divider above one shorted end of the LEKID inductor. The
two lines are separated by 500 nm of silicon oxide. The two ends of a power divider
must have twice the impedance of the input line. Thus, as shown in Fig. 5.3.8, the
power divider requires the two microstrips to be 2 ym wide, which is the reason of
the tapered line. In fact, dividing the original 2 um strip would require a design
quite demanding in terms of microfabrication. The two gaps of the CPW lines
split into two slotlines. Each of these is orthogonal to the microstrips above and is
capacitively coupled with one of them. Both the slotlines and the microstrips have a
reactive termination at their ends. The slotlines end with a short-circuited stub, the
microstrips end with an open-circuited stub. The impedance matching involves also
the aluminum strip, which is a reactive element. In total, I have three parameter to
set for matching the impedance, the two stubs length and the distance between the
aluminum strip and the coupling point. I have run simulations in CST to determine
these parameters. These simulations include the power divider, the transition and
the aluminum strip. I have used few 2D surfaces for adjusting the mesh. A snapshot

of the 3D model is shown in Fig. 5.3.9. The power enters the simulation in the
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Figure 5.3.9: Front view of the LEKID-filter coupling 3D model in CST (top). Zoom on the coupling
(left-bottom) and mesh grid (bottom-rigth). Millimeter waves enter the simulation on port 2, pass
through the microstrip-CPW transition and are absorbed on the aluminum strip. Any residual
power came out the simulation through port 1. Reflection on port 2 is influenced by the impedance
mismatching at the transition.
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Figure 5.3.10: Electric field strength along the absorber at 160 GH z.

form of millimeter wave along the microstrip line. If the impedance matching at the
coupling point is carried out correctly, the signal flow through the slotlines below
with minimal reflection. The two slotlines combine together to form the inductor
CPW. The design symmetry assures that there is A/4 of phase shift between the two
microstrip-slotline transitions, thus the two signals combine in such a way that the
two ground planes are at the same potential. In other words, the symmetry assures
the coplanar mode along the CPW. Absorption occurs along the aluminum strip,
which has been simulated as a 2D layer with a frequency dependent conductivity
according to the Mattis-Bardeen theory. The inductor ends on a waveguide port, so
that I can recover any potential unabsorbed signal. Once the aluminum properties
in terms of resistance and reactance are set, the power absorbed depends only on
the aluminum strip length. Note that because of the inductive behavior of the
line, changing the Al strip length may require a different set of parameters for the
impedance matching at the LEKID-filter transition. Simulation results are shown
in Fig. 5.3.10 and Fig. 5.3.11. Stub tuning at the transition is different for the
140 GHz and 160 GH z sub-bands to take into account the different wavelengths.
Most of the power is absorbed in about two lambda along the aluminum strip, which
corresponds to about 880 um at 140 GHz and 740 pm at 160 GH z. The simulation
gives more than 95% of absorption for both the sub-bands along the 2 mm aluminum

strip, the reflection on the excitation port is below —20 dB.

Critical points of the design are the stubs length and the system symmetry. They

affect the performance as follows:

e Reducing the microstrip stub length by 27 pum and the slot stub length by 10
pum will result in a frequency shift of +10 GHz of the coupling operational
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Figure 5.3.11: Simulation results for the 140 GHz and 160 GHz sub-bands. The absorption on
Aluminum is calculated as the power absorbed on Aluminum over the total power contained in the
simulation.

frequency range. Those values has been taken into account for sweeping some

parameters as described in section 6.4.

e A misalignment of the microstrip network with respect to the slotlines will

result to an incorrect excitation of the coplanar mode along the inductor.

e The length of the Aluminum strip sets the total reactance of the line and so it

contributes to the impedance matching.

5.3.4 Slot antenna

The receiver is a dual resonant slot antenna as described in section 3.2.3. The res-
onance has been simulated with the transient solver in CST. Fig. 5.3.12 shows a
screenshot of the CST 3D modeler. The ground plane is simulated as a 2D layer of
Perfect Electric Conductor (PEC), which is a good approximation for a 120 nm thick
Niobium cooled down to sub-kelvin temperature. The silicon substrate is loss free
with a dielectric constant of 11.9 while the SiO layer is simulated as an ideal material
with dielectric constant of 3.7. The microstrip is also modeled with PEC and has one
end excited by a waveguide port, which is 12 times larger than the microstrip and
20 time higher than the dielectric. The port size must be large enough to accommo-
date the electric field around the strip. The slot antenna is largely affected by the

boundary conditions. These set the effective size of the ground plane and determine
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Figure 5.3.12: Dual resonant slot antenna modeled in CST. The SiO dielectric is not shown. The
size of the box (450 um x 700 pum) has a minimal effect on the resonance since the open boundary
conditions in y and x assures the ground plane to be infinite in size.

how the substrate mode of the antenna is dissipated on the simulation box edges.
The final chip has the size of around 4 e¢m?, hence the ground plane is electrically
large compared to the simulation box and can be approximated as of infinite size. 1
have used open boundary both in the x and y axis to simulate an infinite structure.
The open boundary is a perfect impedance match with the geometry in contact and
represents a virtual extension of the 3D structure to infinity. Along the z axis, in
both directions, the boundaries are open with extra space between the 3D structure
perimeter and the simulation box to allow the emitted signal to be dissipated in free

space.

By default, CST generates a mesh grid which is insufficient to calculate the fields
at the point of the microstrip-slot coupling. To adjust the mesh, I have included
two 2D meshing surfaces as shown in Fig. 5.3.13 which are not taken into account
for the fields calculation but are effective to alter the mesh. One meshing surface is
centered on the slot and is 6 pm longer than the slot width and 8 pm larger than
the slot length. These dimensions assure that the surface covers the slot edges and
provides a meshing grid for the magnetic current. I have chosen 1 pm of mesh cell
size on the z axis, which is the main direction of the microstrip electric field, and
2 pum along the y axis. The other meshing surface is an extension of 12 um of the
microstrip open ends and provides a mesh cell of 1 pum in the y axis to resolve the

electric field at the line termination. Adjusting the mesh has the disadvantage that
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Figure 5.3.14: Strip length sweep for two different microstrip distances from the edge. Accordingly
with the expected behavior of a dual resonant slot the distance from the edge sets the maximum
antenna bandwidth and the strip length selects the resonance A and As.

the generated meshing grid is not local but extends across the whole simulation box,

drastically increasing the number of mesh cells and so the simulation time.

Simulations for a slot of size 32 pum x 382 um are in good agreement with expectations.
As shown in Fig. 5.3.14 the microstrip length can select the standard /2 resonance
or the short circuited As/2 resonance. In the case of A close to \s, choosing an average
value of the strip length will result in the dual resonant slot. Approaching the strip
to the slot edge, A become closer to A\s and the antenna bandwidth decreases. The
final design is a slot excited with a 2 pm strip which is 44 um distant from one
edge and ends 90 pum after the slot. This configuration provides a resonance with
a bandwidth of almost 40% at —10 dB centered at 150 GHz. The resonance of
such antenna is plotted in the next section (Fig. 5.3.17) in comparison with the two

sub-bands.

The boundary conditions used to simulate the infinite ground plane also affect the
farfield calculation. CST needs extra space at the boundary for a proper farfield
calculation, which in the case of the slot would result in a finite ground plane. An
infinite ground plane could be simulated if its size is larger than several wavelengths.
This condition with the extra space at the boundaries is memory consuming for a
standard computer since the mesh refining around the slot would spread across the
entire ground plane. Furthermore, the excitation propagating through the ground
plane wouldn’t be able to escape the simulation and the transient solver would give
a truncated calculation of the Fourier Transform. The effect of the boundaries on
the farfield is shown in Fig. 5.3.15 for three ground plane sizes. Boundaries on the

xy plane are fixed, I have considered two cases for the boundary below the silicon
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Figure 5.3.15: Farfield calculation in CST for different simulation box sizes and boundary condition

below the silicon substrate.
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substrate: extra space and normal open boundary in which no extra space is added.
In some cases the calculated farfield shows extra structures compared to the expected

dipole.

5.3.5 Diplexer

The microstrip network has been simulated with Sonnet Software. 1 have decided to
use the 5th order Chebyshev open-circuited stub bandpass to filter the signal. The

reasons are the following:

o I want to avoid filters with capacitive-coupled lines that can excite some prop-

agation modes over the ground plane/dielectric.

e Stepped impedance filters are also an option but are less flexible than stubs

and the microstrip line width is already pushing the fabrication limit.

e Short-circuited stub filters have the advantage of being physically shorter with
respect to the open-circuited stub filters. On the other hand, the short circuit
is implemented by connecting one strip end with the ground plane, thus it

requires more effort during the fabrication.

The diplexer includes two bandpass filters with bandwidth of about 10%, which
is tuned to fit in the antenna bandwidth and minimize the cross talk. The central
frequencies are 140 GH z and 160 GH z respectively. Each bandpass filter is composed
by ten stubs, five of which are quarter wavelength long and five are half wavelength
long. The half wavelength stubs are an extension of the quarter wavelength stubs
and together they form five elements of a Chebyshev filter. The size of each element
in Fig. 5.3.16 has been calculated starting from the admittance as derived in section
2.3.5. The millimeter signal from the antenna is filtered on a T-junction. The filters
are located at distance \/4 the central frequency of the adjacent filter as shown in
Fig. 5.3.17 to avoid reflection back to the antenna. In this manner the three lines of
the diplexer can share the same impedance and no additional impedance matching
is needed. This is advantageous because the mainline is only 2 pm wide and the T-
junction would require to further reduce the strip width, which already approaches

the microfabrication limit.
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Figure 5.3.16: Calculated size of each filter considering a 2 pum wide transmission line at ends,

passband ripple of 0.01 dB and the attenuation pole around 90 GH z.

140 GHz. Bottom: filter centered at 160 GH z.

Top: filter centered at
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Figure 5.3.17: Filters displacement within the diplexer. The plot shows the two bands compared
with the antenna resonance.

5.4 Pixel Design

The final design of the dual-color pixel is shown in Fig. 5.4.1 along with the fabri-
cation levels. The millimeter wave from the antenna is processed on the microstrip
network which consists of a 120 nm thick Nb layer' deposited over a 0.5 pm Silicon
oxide. The dielectric is also deposited over the antenna to avoid dielectric constant
discontinuities along the slot. The resonators and the antenna lie on the same level,
which consists of a 120 nm thick Nb ground plane. The LEKID-filter coupling is
capacitive, the power is transferred to a Nb CPW which is part of the LEKID in-
ductor. The CPW transits to an aluminum strip 20 nm thick. The strip is about
2 mm long and assures the millimeter wave to be absorbed in the metal via Cooper

Pair breaking.

5.5 Conclusion

The final pixel design requires only four depositions, no further structures are nec-
essary to be implemented after fabrication (airbridges, VIAs, ...). This is a clear

advantage for fabricating a prototype device.

Simulations show good overall efficiency: both the antenna and the coupling impedance

!The thickness has been increased to 300 pm during the microfabrication for mechanical stability
as described in Chapter 6.
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Diplexer: 120 nm Nb

Slot - LEKID: 120 nm Nb

Substrate: 300 ym Si

Figure 5.4.1: Sketch of the pixel design and fabrication levels. The antenna and the resonator
are deposited over a silicon substrate. The resonator includes an Aluminium strip. The dielectric
is deposited in correspondence of the microstrip network and over the antenna. The scale of the
antenna is exaggerated in this illustration.

matching generate reflected signals of the order of 1% in the operational frequency
range. Nevertheless, the design relies on several parameters and we haven’t fab-
ricated a demonstrator for each component. Therefore, we need to test different
prototypes with several parameter sweeps to effectively determine the real perfor-
mance. Major critical points are the antenna effective operational frequency range
and the coupling performance. At this stage of development we plan to multiplex
less than 14 detectors on a single chip. For this reason the resonance quality factor
is not among the priorities, thus I have focused mainly on the global efficiency of the
pixel when deciding which parameter to sweep. In the next chapter I will explain

the microfabrication process and I will give accurate details about these sweeps.
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Chapter 6

Microfabrication

Microfabrication is used in several different areas since the first development of the
transistor. These include microelectronics (integrated circuits, ...), micromachines
(robotics, mechatronics, ...) and nanotechnology. Clean room for microfabrica-
tion requires strict environmental parameters regulation such as temperature, at-
mospheric pressure and most of all the number of contaminant particles per square

meter.

In this chapter I will explain the microfabrication process with particular emphasis
on the technique used to fabricate KIDs. While this is not the core of my work, I
have collaborated with F. Boussaha, S. Beldi and C. Chaumont at Paris Observatory
to designed the photomasks used for fabricating some demonstrators. We have used

liftoff techniques for depositing dielectrics (evaporation) and metals (sputtering).

6.1 Deposition

Several techniques exist for depositing thin material layer of thickness down to few
nanometers. I will focus on two of them, evaporation and sputtering, which have been
exploited for KID development at Paris Observatory. Both are a type of Physical
Vapour Deposition (PVD) technique [96].

¢ Evaporation happens by heating the material in a high vacuum chamber.

Once exceeded the evaporation point, atoms move through the vacuum on a

123
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straight line from the source to the substrate. In order to improve the unifor-
mity of the film thickness, the substrate is located in a rotating platform. Clean
room at Paris Observatory uses a Joule effect heating system to evaporate the

dielectric layer (SiO).

e Sputtering allows for a more uniform deposition, and so it is preferred in case
of large wafers. At Paris Observatory sputtering is used in the clean room
to deposit metals (Al, Nb). The rotating wafer and the material to deposit
are located in two different facing platforms, which are two electrodes. The
anode is the wafer platform and the cathode is the material platform. The
chamber is then filled with neutral gas, usually Argon. A strong electric field
is applied between the two platform, ionizing the gas. Positive ions hit the
material and eject some atoms by collisions. These can have energy of few eV,
which corresponds to a temperature of about 60000 K, and reach the wafer
after many collision with the argon gas, which is at 7' = 300 K. This process is
called thermalization. It reduces the flux on the wafer and decreases the energy

of the deposited material leading to less re-sputtering back to the cathode.

6.2 Lithography

Microfabrication process consists of several depositions of different layers over a sub-
strate. This is usually a portion of a silicon block of certain diameter which is cut
in sections of definite thickness. The result is a disk shaped silicon substrate that
is called wafer. At Paris Observatory we have used 3 inches wide (76 mm) silicon
wafers with a thickness of 300 um. Depending on the technology, lithography allows
the fabrication of components with details smaller than a micron. The process of
depositing a thin layer of fixed geometry requires photomasks and photosensitive
films (or photoresists). The photomask is irradiated with UV light and produces a
shadow on the photoresist. It will then be dissolved with chemicals. The wavelength
used will determine the smaller detail achievable. The photoresist can be negative or
positive, which defines its polarity. Positive photoresists are soluble after being irra-
diated with light. Negative photoresists have the inverse behavior. The photoresist

will also affect the polarity of the photomask. We can distinguish two cases:

e Negative photoresist: the UV light irradiates the photoresist following the
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photomask shape. A thin layer of material to be shaped is deposited below
the photoresist. When dissolved, the non-irradiated part of the photoresist
disappear and what remains is the negative of the photomask which has the
desired shape for the layer below. Then, part of the bare thin layer can be
etched via chemicals of physical processes. The photoresist acts as a mask

during this step.

e Positive photoresist: in this case the irradiated part of the photoresist disappear
with the chemical and remains the positive of the photomask. The thin layer
is then deposited over the photoresist. A chemical is used to dissolve the

photoresist and consequently the associate thin layer above. This technique is

referred as liftoff.

The same result can be achieved by inverting the photoresist polarity and the
liftoff /etching technique. In those cases, pictures worth more than words. Fig. 6.2.1,
6.2.2, 6.2.3 and 6.2.4 show the required steps to fabricate the negative or the positive
shape of a photomagk by using etching or liftoff technique. For KIDs fabrication at

Paris Observatory we have used liftoff both for metals and dielectric deposition.

6.3 Chips fabrication

In order to fabricate the samples described in Chapter 5 I have designed four pho-
tomasks in total. These contain the design of each deposited material. The order of

deposition is the following:

1. Niobium ground plane, which includes the design of the slot antenna, part of

the LEKID and the feedline.
2. Aluminum strips.
3. Dielectric (SiO).
4. Niobium microstrip network, which include the antenna excitation and filters.

Each mask includes the design of five chips contained within a three inches large
wafer. Pixel design and parameter sweep will be discussed later in section 6.4. The

first fabrication attempt was unsuccessful: the photoresist used to deposit the di-
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Positive photoresist (sand)
deposited over a silicon wafer
(green).
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The photoresist is irradiated with
UV rays behind a photomask.

The non-irradiated part of the
photoresist is the positive of the
photomask. The irradiated part can
be dissolved with chemicals.

A thin layer of material (blue) is
deposited all over the surface.

Dissolving the remaining
photoresist will also remove the
material deposited above.

Figure 6.2.1: Liftoff with positive photoresist.
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Thin layer of material (blue) and
negative photoresist (sand) are
deposited over a silicon wafer
(green).

YYvvvyvvyy

The photoresist is irradiated with
UV rays behind a photomask.

The irradiated part of the
photoresist is the negative of the
photomask. The non irradiated part
can be dissolved with chemicals.

Etching the thin layer will remove
the material unprotected by the
photoresist.

The material has the desired shape
after dissolving the remaining
photoresist.

Figure 6.2.2: Etching with negative photoresist.
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Negative photoresist (sand)
deposited over a silicon wafer
(green).

The photoresist is irradiated with
UV rays behind a photomask.

The irradiated part of the
photoresist is the negative of the
photomask. The non irradiated part
can be dissolved with chemicals.

A thin layer of material (blue) is
deposited all over the surface.

Dissolving the remaining
photoresist will also remove the
material deposited above.

Figure 6.2.3: Liftoff with negative photoresist.
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Thin layer of material (blue) and
positive photoresist (sand) are
deposited over a silicon wafer
(green).
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The photoresist is irradiated with
UV rays behind a photomask.

The irradiated part of the
photoresist is the negative of the
photomask. The irradiated part can
be dissolved with chemicals.

Etching the thin layer will remove
the material unprotected by the
photoresist.

The material has the desired shape
after dissolving the remaining
photoresist.

Figure 6.2.4: Etching with positive photoresist.
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electric removed any aluminum deposition below once dissolved with chemicals. To
fix the problem, we took advantage of the fact that the aluminum sees free space on
one side, so we changed the fabrication order and deposited the aluminum at last as

follows:

1. Niobium ground plane.

2. Dielectric (SiO).

3. Niobium microstrip network.

4. Aluminum strips.

This fabrication order allowed indeed to deposit the aluminum. Nevertheless, once
tested, chips showed some problems in terms of performance. These will be discussed
in detail in section 7.2. The GEPI group at the Observatory figured out that the
main disadvantage of reordering the fabrication process was the contaminants left
from previous depositions which add up and affect the aluminum deposition. We
then fabricated a third chip set, keeping the same photomask order, using an acid
to clean the wafer surface before depositing the aluminum. Fabrication techniques

used for different fabrication attempts are shown in Fig. 6.3.1.

The GEPI group at Paris Observatory produced two sets of chips on a 3" silicon
wafers. Each wafer includes five different chips that I tested at APC in a 300 mK
cryostat and at Institut NEEL in a 50 mK cryostat. The two sets are equivalent
in terms of geometry but differs in the fabrication process. After the fabrication
we observed few chips that contains small defects on the geometry, these chips have
been discarded. We tested in total five different chips, two from the first fabrication
set and three from the second. Fig. 6.3.2 and Fig. 6.3.3 show a sample chip set

layout. Each chip contains:

e Two dual-band pixels

e One or two uncoupled detectors for reference

e Up to nine antenna coupled LEKIDs



6.3. CHIPS FABRICATION

First attempt

Slot - LEKID: 120 nm Nb

Substrate: 300 ym Si

Slot - LEKID: 120 nm Nb

Substrate: 300 pm Si

Second attempt
(First Run)

Diplexer: 120 nm Nb

Slot - LEKID: 120 nm Nb

Substrate: 300 ym Si
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Third attempt
(Second Run)

Surface cleaning

/

Diplexer: 120 nm Nb

Slot - LEKID: 120 nm Nb

Substrate: 300 pm Si

Diplexer: 120 nm Nb

Slot - LEKID: 120 nm Nb

Substrate: 300 uym Si

@

Diplexer: 120 nm Nb

Slot - LEKID: 120 nm Nb

Substrate: 300 ym Si

Diplexer: 120 nm Nb

Slot - LEKID: 120 nm Nb

Substrate: 300 pm Si

Figure 6.3.1: Fabrication order for the three fabrication attempts. The aluminum was completely
washed out by further depositions in the first attempt. First chip measured (first run) has been
fabricated with a different deposition order for which the aluminum is deposited last. In order to
optimize the aluminum performance we fabricated a third chip set with particular effort on cleaning

the wafer surface.

Figure 6.3.2: Layout of five chips on a 3 inches wafer (left). Zoom on one chip (right) with 2 dual

band pixels, 9 single filter pixels and a spare uncoupled detector.
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Figure 6.3.3: One chip mounted on a chip holder with two 50 €2 coaxial cable connectors (left).
Zoom at microscope (right).

Type “open” feedline coupling Type “close” feedline coupling

Feedline/Inductor Feedline/Inductor separated
coupling by ground plane

Figure 6.4.1: LEKID-Feedline coupling geometry sweep. In one case the two lines are separated by
3 pm - 5 um ground plane.

6.4 Parameter sweeps

The three-inches wafer has enough space to fit five chips of size 2 ecm X 2 ¢m in
it. These chips have different pixel geometry, which has been used to sweep some
parameters as shown in Fig. 6.4.1, Fig. 6.4.2 and Fig. 6.4.3. In total I have

considered six sweeps in the design:

e The main difference among the pixels is the technique used to couple the
LEKID with the feedline. In some cases the two CPW are separated by a
strip of ground plane (type “close” feedline coupling), in other chips the two
central strips are coupled with no ground plane in between (type “open” feed-

line coupling). The reason of this sweep lies on the fact that in simulation the
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Fine

Figure 6.4.2: Microstrip-CPW transition (rigth) and Antenna (left ) parameter sweeps.

T M' T m1@k
%
7 7

7

Figure 6.4.3: Two versions of the same LEKID geometry, one with filters and the other with the
antenna directly coupled to the LEKID. The two dual color pixels have filters in any case due to
the nature of the diplexer.



134 CHAPTER 6. MICROFABRICATION

open geometry gives a deeper resonance. Nevertheless, the close geometry is
preferred to avoid rough discontinuity in the ground plane and consequently

preserve the coplanar mode along the feedline.

e The various impedance matching are carried out by all the stubs along the
transmission lines. The lengths of these stubs are tuned around the value
calculated in CST to find out which one gives the best performance. This fine
tuning involves the line terminations at the LEKID-filter coupling, the distance
of the Al strip from the transition and the microstrip termination at the slot

antenna.

e I have considered two versions for each chip; one includes filters and a second
one with the antenna directly coupled to the detectors. The dual color pixels
lack of this latter variation since the filters are part of the diplexer impedance

matching.

6.5 Chips layout

The following pictures show the layout of the five fabricated chips. If not specified
differently, the indicated sub-band expresses the type of filter adopted and conse-
quently the impedance matching at the LEKID-filter transition.
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LEGEND

W = Slot width =32 um

L = Slot length =382 um

A = Antenna microstrip stub length =90 pm

D = Antenna microstrip distance from the edge = 44 um

S = Slotline length = 229 um (140 GHz sub-band) 208 um (160 GHz sub-band)

M = Microstrip length = 440 um (140 GHz sub-band) 386 um (160 GHz sub-band)
C = Aluminium strip distance from CPW - slotlines transition = 136 um

Resonance # ﬂPier type
T Single 11 [Dual| 12 Fosition
|7
@ detector color on mask
140 GHz
5-7 Sub-band
C+2
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variation [um]
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Chip 2 — 140 GHz sub-band — NO Filters — Type open

1 Single 11 Dual q5[|g Single 10 Single
detector color detector detector
140 GHz 160 GHz
C-2 S-7 S-7 ||S-5 S+5
C-2 C-2 C-2 C-2
5 Single 4 Single 2 Single 3 Single
detector detector detector detector
M+ 8 S-2 No antenna No sweeps
c-2 c-2 coupling
6 Single 7 Single 13 Dual 14]||8 Single
detector detector color detector
140 GHz 160 GHz
M-8 C-6 S+3 S+3||C+2
Cc-2 C-2 C-2

Figure 6.5.1: Layout of Chip_ 2. All the detectors, except for the dual color pixels, are coupled to
the antenna with the impedance matching adapted for the 140 GH z centered sub-band. This chip
does not include filters in single band pixels. The feedline coupling is of type “open”.

Chip 4 — 140 GHz sub-band — with Filters — Type open

1 Single 11 Dual q5||g Single 10 Single
detector color detector detector
140 GHz 160 GHz
s-7 s-7 |[S-7 S+7
C-2 .2 c.o |lC-2 C-2
M-19 M-19 M-19 M+ 19
5 Single 4 Single 2 Single 3 Single
detector detector detector detector
M +8 S-2 No antenna No sweeps
c-2 c-2 coupling
6 Single 7 Single 13 Dual 14[|8 Single
detector detector color detector
140 GHz 160 GHz
S+7 S+7
M-8 C-6 c-2 Cc-2 C+2
C-2 M+19 M+ 19

Figure 6.5.2: Layout of Chip 4. All the detectors, except for the dual color pixels, are coupled to
the antenna with the impedance matching adapted for the 140 GH z centered sub-band. This chip
includes filters in single band pixels. The feedline coupling is of type “open”.
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Chip 5 — multi sub-band — NO Filters — Type close

1 Single 10 Dual q1[|3 Single 4 Single

detector color detector detector
160 GHz 140 GHz 160 GHz | | 140 GHz 140 GHz
C-2 -2 s-2 ||lc-2 5-2
c-2 C-2 C-2
6 Single 14 Single 2 Single 5 Single
detector detector detector detector
140 GHz No antenna 160 GH
- Coupli z
i ; oupine No antenna (| s-2
- LEKID-feedline :
M -19 Distance: 6 um coupling C-2
8 Single 9 Single 12 Dual 13]||7 Single
detector detector color detector
140 GHz 160 GHz 140 GHz 160 GHz 160 GHz
S+7 S+7 S-2 S-2 S-7
C-2 Cc-2 C-2 C-2 C-2
M + 19 M + 19 Filters sweep || M - 19

Figure 6.5.3: Layout of Chip_ 5. This chip includes both the two sub-bands with filters, the feedline
coupling is of type “close” with 3 um ground plane between the inductor and the feedline. One of
the two dual color pixels has the 140 GH z filter coupled with the 160 GH z optimized slotline-CPW
transition and vice-versa. The last detector (resonance #14) is a spare LEKID moved 3 pum away
from the feedline.

Chip 6 — multi sub-band — with Filters — Type close

1 Single g Dual qg[[2 Single 3 Single

detector color detector detector
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Figure 6.5.4: Layout of Chip_ 6. This chip includes both of the two CPW-slotline coupling configu-
ration but does not include filters. The feedline coupling is of type “close” with 3 pm ground plane
between the inductor and the feedline. The last detector (resonance #13) is a spare LEKID moved
6 pwm away from the feedline.
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Figure 6.5.5: Layout of Chip_ 8. This chip includes some sweeps on the antenna geometry. The
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two dual color pixels have filters based on 5 yum microstrip line.




Chapter 7

Measures

In this chapter I will discuss the measurements I did of prototype chips. First, I will
describe the setup I have used to test the chips at APC and Institut NEEL, then T will
discuss the main results we have obtained from each prototype. We have completed
two measurement runs. The first run includes chips from the second fabrication
attempt as described in previous Chapter. The second run includes another chip set

with identical design for which we have improved the fabrication process.

7.1 Test setup

7.1.1 APC setup

I have used a pulse tube cryostat equipped with a monochromatic millimeter source
and a Vector Network Analyzer to test the chips at 300 mK. This temperature is
achieved with two adsorption pumps for Helium-4 and Helium-3 single-shot cycle.
The cryostat includes a 5 ¢m window at the bottom to illuminate the pixels. Fig.
7.1.1 shows some pictures of the equipment in the millimeter laboratory. Chips are
measured with two coaxial cables; the setup consists of one variable attenuator, five
DC-blocks and one low temperature amplifier as shown in Fig. 7.1.2. DC-blocks
allow for thermal decoupling of the attached coaxial cables as well as suppressing
low frequency noise. The main source of heat inside the cryostat is the amplifier
connected to the 4 K plate, therefore one extra Dc-block is connected to the output

line. The measurement is performed with a commercial Vector Network Analyzer
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Figure 7.1.1: Pulse tube cryostat with two adsorption pump (left). Millimeter wave source (top
right) and cryostat setup at 4 K (bottom right).

Figure 7.1.2: Cryostat optical setup (left) and coaxial cables arrangement (right - image credit to
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Figure 7.1.3: Lens with six layers of Kapton (left) and S-parameters measured on the optical bench
(right).

(VNA). The optical setup includes one lens at 60 K in front of the main cryostat
circular window. Three cold stop low-pass filters are located at 60 K, 4 K and
1 K. To improve the lens performance we have attached six layers of Kapton in both
sides. Considering the thickness of the Kapton scotch and the dielectric constant of
about 3.4 [97], six layers of Kapton reproduces the effect of an anti-reflection coating.
Measures on the optical bench in Fig. 7.1.3 show the effect of the made-up coating
on the lens transmission and reflection coefficients. The setup at APC allows for
measures of resonances up to 3GHz. The bottleneck is represented by the amplifier

operational frequency range.

7.1.2 Institut NEEL setup

The HELFA group! at Institut NEEL is active on KIDs development and character-
ization in several projects, including the New IRAM Kid Array (NIKA) [98]. I had
access to a 50 mK cryostat [99] and to instruments dedicated to KIDs characteriza-

tion:

e Fast readout electronic: it allows for following up to ten resonances at a rate
of 23.8 Hz. The software includes a full resonance characterization in terms of

noise and quality factor.
e Martin-Pupplet interferometer to measure the spectral sensitivity.

e Sky simulator to simulate the image of a moving planet on the sample.

'Hélium: du Fondamental aux Applications.
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Figure 7.1.4: Block diagram of the readout setup to monitor an array of KIDs. Source: O. Bourrion
et al., arXiv:1102.1314v3

2-6 GHz

Readout Electronic

The readout electronic generates a frequency comb to send along the feedline in
order to excite the resonators. Resonant frequencies of KIDs are too high for any
electronics, so they are generated at baseband and up-converted by hybrid mixers.
The KID array output signal containing all the frequencies of the comb is multiplied
by a sine and cosine wave of the tone of interest and filtered on a low-pass filter.
This method generates the I and () components which are continuously monitored
to recover the amplitude A = \/m and phase ¢ = arctan (Q/I) of the signal.
The schematic of a standard readout setup is shown in Fig. 7.1.4. The KID array is
preceded by an attenuator, to control the input power, and followed by a Low Noise

Amplifier at 4 K.

Murtin-Pupplet

The Martin-Pupplet interferometer (MPI) is a Fourier transform interferometer which
uses two modulated black body sources to produce an interferogram once demodu-
lated. The basic scheme is shown in Fig. 7.1.5. Two black bodies at 300 K and 77 K
respectively are modulated by a polarizer rotating at angular speed w. A polarizing
grid oriented at 45° with respect to the modulator splits the beam into two different
optical paths. Two mirrors flip the polarization by 90° so that the reflected signal has
the opposite polarization on the polarizing grid. One of the two mirrors is moving
continuously. The beam produced by the MPI has intensity I given by the power
difference between the two sources modulated at 2w [101]. Fig. 7.1.6 shows the MPI

in front of the cryostat.
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Figure 7.1.5: Scheme of a Martin-Pupplet interferometer (left - credit to Thomas Durand [101])
and example of interferogram generated after demodulation.

Figure 7.1.6: The Martin-Pupplet interferometer in front of the cryostat (left). Picture of the sky
simulator (right). The nylon wire is attached on a motorized XY stage which moves the ball over
a cold screen.

Sky Simulator

The sky simulator produces the image of a moving planet with a low emissivity ball
hold by a nylon wire. The ball is free to move in two axis over a cold screen of
temperature down to 50 K and reflects the surrounding 300 K, simulating a hot spot

over the cold sky. A picture of the instrument is shown in Fig. 7.1.6.

7.2 First run

The first run includes chip 2 and chip 5, all other chips presented fabrication defects
and have been discarded. First preliminary tests consist of measurements at APC
with temperature and black body sweeps. I also attempted to measure the spectral

sensitivity with the polarized millimeter source.
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Resonances Chip 5 (First run)
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Figure 7.2.1: Resonances of chip 5 measured at 320 mK. The total quality factor is about 10%.
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Figure 7.2.2: Temperature sweep of one pixel (left). The temperature does not affect the resonant
frequency for ' < 1 K. The sensitivity increases at higher temperatures (right).

7.2.1 Chip 5

This sample contains 14 detectors: two dual-band pixels, two spare resonators and
ten antenna coupled LEKIDs without signal filtering. Measures with the VNA at
320 mK (Fig. 7.2.1) show nine resonances around 3.4 GH z, which is much higher
than expected, in a bandwidth of 300 M H z. The calculated total quality factor is of
the order of 10*. Changing the black body source does not affect the resonances, so I
raised up the temperature to measure the resonance response. Fig. 7.2.2 shows that
the resonance shift is null for 7' < 1 K. Resonances start moving at temperature
greater than the aluminum critical temperature, thus the aluminum does not con-
tribute to the resonance which just might be due to the niobium feedline. Another

explanation is that the aluminum deposition has some fabrication defects and only
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Figure 7.2.3: Resonances of chip 2 disappear at temperature above T, of aluminum. The quality
factor increases with temperature in one pixel.

part of the LEKID resonates.

7.2.2 Chip 2

Contrary to chip 5, this sample has the type “open” feedline coupling. Measures
at 320 mK show only few resonances at around 1.2 GHz, which is the expected
band, and with a poor quality factor of about 103. Chip 2 is responsive to the
temperature sweep accordingly to aluminum. Fig. 7.2.3 shows the resonance shift
increasing the temperature. One pixel presents a quality factor which increases with
temperature. In any case resonances disappear when the temperature rise above the

critical temperature of aluminum, confirming that we are looking at the LEKIDs.
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7.2.3 Conclusion

During the first run of tests I have encountered several issues regarding the pixel

performances. These are summarized as follows:

The total quality factor seems to depend on the feedline coupling geometry. It
approaches 10? for the type “close” and reduces to 10 for the type “open”.

e One of the two chips tested is not responsive to the temperature accordingly
with the aluminum strip. In the other case one pixel shows the unexplained

behavior of increasing its quality factor with temperature.

e None of the chips tested has a number of resonances equal to the number of
detectors. In case of chip 2 the resonance number is less than half the number

of detectors.
e Only chip 2 has resonances in a frequency band consistent with simulations.

Detectors of chip 2 are slightly sensitive when illuminated with a black body or
with the monochromatic light. In this latter case resonances shift only for certain
frequencies of the source with a periodicity of roughly few GH z. I tried to change the
optical setup of the cryostat in attempt to reduce the impact of potential Fabry-Perot
effect which can produce a frequency selection along the optical path. I didn’t find
any significant improvement by removing some elements like the lens or a low-pass
filter. Some further tests are required to investigate the optical performance of the

cryostat, in particular the stray light control.

7.3 Second run

The second measurement attempt includes a brand new fabricated chip set with
the same masks. During the fabrication process more effort has been made to re-
move contaminants during metal depositions, in particular on the aluminum strip,
as described in Chapter 6. The second run involves measurements both at APC and

Institut NEEL.
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Figure 7.3.1: Temperature sweep of Chip 5. Compared to the analogous chip of previous fabrication
process this chip is sensitive to temperature in the temperature range of superconducting aluminum.
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7.3.1 Chip 5

Although the geometry of this chip is exactly the same to that of the chip 5 tested
during the first run, the new fabricated chip presents a number of different features.
As shown in Fig. 7.3.1 the resonant frequencies are decreased of about 500 M H z and
are sensitive to temperature. Above 1.15 K resonances disappear accordingly to the
aluminum transition to normal state. The quality factor of 10* is preserved. Despite
the shift in frequency, resonances are still in a frequency range not consistent with
simulations. In addition, the separation between two resonances is much greater than
what expected since all the 14 LEKIDs are supposed to fit within a bandwidth of
about 120 M Hz. Fig. 7.3.2 shows a low frequency resonance which is sensitive
to temperature greater than 500 mK but does not disappear above the critical
temperature of aluminum, suggesting some other excitation modes of the LEKID

which are mainly driven by the niobium ground plane and/or the microstrip network.

7.3.2 Chip 4

This sample includes 14 detectors: two dual-band pixels, eleven antenna coupled
LEKIDs with the bandpass filter centered at 140 GHz and one spare resonators.
Every pixel has the type “open” feedline coupling. Measure in Fig. 7.3.3 has been
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Figure 7.3.2: Zoom on some pixels of Chip_ 5. The plot on the left shows a correct aluminum driven
temperature sweep for one high frequency resonance. The plot on the right shows an unexplained
resonance at low frequency which is sensitive to the temperature only above 500 mK and does not
disappear when temperature is greater than the aluminum critical temperature.
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Figure 7.3.3: VNA scan at 60 mK with an equivalent black body temperature of 0 K.
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Figure 7.3.4: Temperature sweep for some pixels in Chip_ 4. All the resonances are sensitive to

aluminum.

taken at Institut NEEL. Resonances show a poor quality factor of 103, which is
comparable to those on Chip 2 first run. The frequency range and distance between
resonances is consistent with values found in simulations. Compared to the first
run, measures in NIKAO shows almost twice the number of resonances of Chip 2,
suggesting that the new fabrication process improved the chips performance. The
temperature sweep (Fig. 7.3.4) presents a frequency shift in agreement with the
superconducting aluminum. Fig. 7.3.5 shows that the quality factor is strongly
affected by the input power on the feedline and above a certain value some resonances
disappear. Fach pixel has been characterized in terms of spectral response both with
black body sweep and the Martin-Pupplet interferometer. Results of black body
sweep are shown in Fig. 7.3.6. Resonance labeled as '8 presents the higher signal
to noise ratio and is among the most sensitive. As in Chip 2 first run, one pixel
Measures with the Martin-Pupplet

show an unexplained inverse frequency shift.

interferometer shows two different types of spectrum:

1. Resonances 4, 7, 8, 9 and 10 are responsive in a band centered nearby 100 GH z,
which is close to the aluminum frequency threshold. Detectors also show some

response below 90 GH z, leading to confusion about the detection mechanism.
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Figure 7.3.5: Resonances of chip 4 are sensitive to the input power on the feedline. The quality
factor decrease while increasing the power, above a certain value most of the pixels shift in frequency,
decrease in amplitude or disappear.

2. Resonances 1, 3, 5 and 6 show a more broad spectrum with particular sensi-
tivity around 180 GHz. This frequency band should be rejected by the filters;
furthermore, the spectra don’t present the antenna cutoff above 180 GHz. A

second slightly less intense peak is present at frequencies around 300 GH z.

Spectra of the two types are shown in Fig. 7.3.7. Pixels are also sensitive to linear
polarization (Fig. 7.3.8). Pol and Cross-pol are measured with respect to the antenna
polarization. Sensitivity of type 1 pixels almost disappear in cross-pol, while type
2 pixels is half sensitive than in pol case. The sky simulator shows a local response
of pixels on the mask, even though due to the high noise level and the poor spatial
resolution I was not able to properly extract the information about the pixel location.
Furthermore, the planet scan speed is not constant and introduces a systematic error
in the planet chart as shown in Fig. 7.3.9. In order to measure Pol and Cross-pol, we
mounted the chip at 45° inside the cryostat. This is observable from the 45° feature

on charts which is generated by the planet holding nylon wire.

7.3.3 Chip 6

This sample has the type “close” feedline coupling and includes 11 pixels: two

dual color pixels, four antenna coupled LEKIDs with the bandpass filter centered
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Figure 7.3.6: Resonances of Chip_ 4 for three different black body sources. Noise level and sensitivity
varies on each pixel. Resonance labeled as '2’ has the unexplained behavior of shifting frequency
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on Chip_ 2 first run.
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Figure 7.3.9: Planet chart for each resonance of Chip 4. Pixel 8 present a decent contrasts due to
better signal to noise ratio. It is clear that the planet position on the chart differs for every pixel.
In addition to the planet, a linear shadow 45° tilted, which is generated by the holding nylon wire,
is also visible.
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Figure 7.3.10: VNA scan of Chip_6 at 50 mK. Quality factors are consistent with the closed type
coupling as in Chip_5. Resonance at 1.32 GHz does not disappear with temperature even though
the amplitude decreases significantly. Such a behavior may be due to some local defects in the
aluminum. As seen in Chip_5 first run, pure niobium resonances are quite insensitive below 1 K.
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Figure 7.3.11: Comparison of Q. of Chip 4 (left) with Q. of Chip 6 (right). The latter is ten time
greater, which explains the higher total quality factor of Chip 6. Both histograms are generated
by the NIKA software.

at 140 GHz, four antenna coupled LEKIDs with the bandpass filter centered at
160 GHz and one spare resonator. This latter LEKID is 6 pm more distant from
the feedline respect to the others. Measures in Fig. 7.3.10 show ten pixels with
quality factor of 104, which is coherent with the other “close” feedline coupling-like
chips, but contrary to them, resonances are in the expected frequency range. Chip 6
is the first tested among the set that have both high quality factor and resonances
consistent with simulations in terms of frequency range and separation. Comparing
pixels of Chip 4 with pixels of Chip 6 (Fig. 7.3.11) we notice that the quality
factor is determined by the coupling quality factor. The black body sweep is less
noisy than any other chip among the set (Fig. 7.3.12) and none of the pixels show

the inverse resonance shift feature. Due to the lower noise, the planet charts have
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Figure 7.3.12: Chip_6 black body sweep. The last pixel, which does not disappear with temper-
ature, is also totally insensitive to radiation. The rest of the resonances move to the left while
increasing the black body temperature.
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more contrast but are affected by some systematic effects which make difficult to
recover the position of each resonance on the mask. As shown in Fig. 7.3.13, the
resonance that show a skewed feature (resonance 7) appears to be sensitive regard-
less of the planet position. Contrary to Chip 4, all resonances present the same
spectrum features except for pixels 4, 7 and 10 (Fig. 7.3.14). One pixel (4) presents
a narrow peak at around 80 GH z, below the aluminum frequency threshold, which
does not depend on polarization. Noise level has been characterized by the NIKA
software with a sample rate of 23.8 Hz, which gives a Nyquist frequency of 11.9 Hz.
Fig. 7.3.15 shows the frequency deviation in time of one resonance. The calculated

signal-to-noise ratio varies between 10° — 107 depending on the resonance.

7.3.4 Conclusion

Measures at Institut NEEL added some valuable information about chip performance
and allowed to characterize more in detail the detector response. Main results ob-

tained are summarized as follows:

e Measures of different feedline coupled chips confirm that the coupling affects
the total quality factor of resonators. Analysis done by the NIKA software
shows that such effect is due to the different coupling quality factor between

the two geometries.

e The new fabrication technique improved the resonance responsiveness to black
body radiation, suggesting that the aluminum deposition procedure is crucial to
fabricate high quality resonances. Others fabrication techniques (like etching)

should be also investigated.

e As in the first run, only resonant frequencies on chips with filters are in agree-

ment with simulations.

e Pixels with the type “open” feedline coupling are strongly influenced by the
input power. The limitation in the input power during the measures affected

the noise performance in Chip 4.

e Spectra and Pol/Cross-pol measures suggest that the signal is coupled directly
to detectors instead of to the antenna. The detection mechanism is still unclear

and set a priority for further tests.
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Resonance 1 Resonance 2 Resonance 3

Resonance 4

Resonance 7 Resonance 8

Resonance 10

Figure 7.3.13: Chip_6 planet chart for each resonance. Resonance 9 shows a sharp image of the
planet and the nylon wire at 45°.
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Figure 7.3.15: Frequency deviation of a pixel resonating at around 1.26 Ghz, which gives a signal-
to-noise ratio of the order of 107. Samples have been taken at 23.8 Hz.

o Measures with the sky simulator suggest that the pixel response is local. There-
fore, despite the detection mechanism is unclear, the resonance shift depends

mainly on some kind of on-pixel power absorption.

7.4 Lens on Chip 6

A further step towards the understanding of the detection mechanism can be achieved
by coupling the antenna with a lens. Focusing the radiation on the antenna will
significantly reduce both the radiation incoming on the resonator and the antenna
spillover. We have used a silicon lens adapted for a dipole. The lens shape takes also
into account the 300 pm silicon substrate which sets the focal length. Because of its
large diameter (> 1 e¢m) with respect to the chip size, the lens has been coupled to
the antenna which is closer to the chip center (pixel #8). Nevertheless, part of the
lens extends out of the chip, therefore the chip holder is re-adapted to accommodate
the lens has shown in Fig. 7.4.1. Despite the focus is on one single slot antenna,
the lens diameter cover several pixels. We expect a significant loss of signal in these

corresponding resonators.

I firstly have tested the lens mounted chip at APC to verify the mechanical stability
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Figure 7.4.1: Chip_6 illuminated side with the lens mounted. Because of its size, it has been
necessary to enlarge the chip holder window.

at low temperature. After validating the result, resonances have been characterized
with the NIKA cryostat. Fig. 7.4.2 shows the differences between resonance spectra
calculated on Chip 6 and the same resonances on Chip 6 with lens. Resonances
become polarization insensitive except for resonance number 7 which we then suppose
to be the pixel coupled to the lens. Furthermore, the resonance number is coherent
with the expected resonance number for that pixel (number 8). This resonance shows
the same feature as in the chip without the lens, thus suggesting that the antenna is

not, the dominant source of resonance shift.

7.5 Conclusion

After testing seven different chip configurations I managed to determine what is
necessary to test for further developments. The main result I have obtained is the
contribution of the coupling quality factor to the total quality factor. Next prototypes
will be fabricated only with the “close” type coupling geometry. Further investigation
of performance in terms of quality factor should involve the tuning of the inductor

impedance to study the effect of impedance mismatches along the feedline.

Resonances are sensitive to different black body sources and the response is given
by some sort of on-pixel absorption. Nevertheless, the detection mechanism is still
unclear and we need to test a chip with a dedicated geometry to decouple the effect
of direct absorption on Aluminum from the antenna detection. Moreover, detectors
seems to resonate differently for different arrangements of the microstrip network.

Therefore, it is necessary to fabricate a dedicated prototype to investigate if there is
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We have used a different numeration for the two measures and resonance names differ of a factor

1.
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Figure 7.5.1: Performance comparison between different chips.

an effective contribution of the bandpass filter to the detector resonance.

We have revised several time the microfabrication process. The latest chips seem to

be improved with the microfabrication, suggesting that we should investigate more

fabrication techniques, especially for the Aluminum. In any case, the knowledge

acquired by both APC and Paris Observatory in terms of KIDs fabrication is among

the positive results of these preliminary tests. Table in Fig. 7.5.1 shows some fun-

damental properties comparison between the measured chips.



Chapter 8

New Chip Design

Results discussed in previous do not reflect all the simulated performance. Therefore,
I have decided to run new simulations and develop a new design by using different

parameters.

8.1 Parameter Adjustments

8.1.1 Dielectric constant

In chapter 5 I have chosen the dielectric constant of SiO in analogy with the value
of the SiOjy. Literature suggests a value of ¢, = 5.7 [102, 103, 104] for the SiO,
which is almost twice the value I have considered. The dielectric constant affect

pixel components as follow:

e Antenna: The wavelength along the microstrip is a function of ¢, and its value

determines the stub length used to tune the dual-resonant slot.

¢ Bandpass Filter: The filter central frequency decreases as the dielectric con-
stant value increases. This effect may lead to a mismatch between the filter

pass band and the antenna resonance.

e Coupling: The impedance matching is carried out by four stubs. As for the

antenna, stub length depends on the dielectric constant.

165



166 CHAPTER 8. NEW CHIP DESIGN
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Figure 8.2.1: Simulated S-parameters of the coupling geometry (left axis) and power absorbed on
Aluminum (right axis) for the two sub-bands. The geometry is the same described in Chapter 5
while the simulations take into account the value of €, = 5.7 for the SiO and the kinetic inductance
of Niobium.

Because of these effects, it is reasonable that the coupling efficiency between the
antenna and the detector is highly degraded due to a wrong assumption on the
dielectric constant. The detector performance is not affected since we have avoided

dielectric deposition above the resonator.

8.1.2 Kinetic inductance of Niobium

I have taken into account the effect of superconducting niobium in the new design.
Instead of using a perfect electric conductor as in previous design I have solved the
Mattis-Bardeen integrals to infer the small kinetic inductance of Nb (table of values
in Appendix). This is of the order of 10~!pH /O for a thin layer of 120 nm and about
4 x 1072pH /O for a 300 nm thin layer. T have used the kinetic inductance values of
a 120 nm thick Nb layer for the ground plane and the values for a 300 nm thick Nb

layer for the microstrip network.

8.2 Simulations

I have simulated each component of the pixel with the assumptions described above.
Fig. 8.2.1 shows the effect of changing the dielectric constant and Niobium properties
on the coupling design: the power dissipated on Aluminum decreases dramatically
as a consequence of the high reflection due to impedance mismatching. Therefore, 1

have designed a new coupling geometry to recover the same performance obtained
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Figure 8.2.2: Autocad layout of coupling design 1 (left). Performance simulated with CST and
Sonnet (right). Aluminum characterization in Sonnet is less accurate because of the kinetic induc-
tance dependence on frequency. Note that simulation accuracy in CST is limited to -35 dB. Design
1 is optimized to be consistent with both software in the operational frequency range. Design 2 is
optimized with CST only. Right axis shows the power absorbed on aluminum normalized to the
total power entering the simulation.

in Chapter 5. To validate the coupling simulations run in CST I also simulated the
same design with Sonnet. The reason I preferred CST in the first place is that it al-
lows to create custom materials with given frequency-dependent surface impedance.
Sonnet allows custom material to only have fixed kinetic inductance. This feature
contrasts with the superconducting aluminum property for which the kinetic induc-
tance doubles its value in the operational frequency range. Since different software
give slightly different results for the same geometry, I decided to adopt two different
designs in developing new photomasks. In order to facilitate the data understanding
we plan to fabricate new chips with only single-band pixels centered at 150 GH z.
The filter bandwidth is wider compared to the previous design to minimize potential
frequency mismatch with the antenna resonance due to wrong assumption of the
dielectric constant. Fig. 8.2.2 and Fig. 8.2.3 show the simulated performance of the

new coupling and bandpass filter design.

8.3 Realization

I have developed five new chips as follows:

e The first chip has the same design of chip 6 used in second run. In this version
I have removed all the antennas on ground plane and the microstrip network

on half of the pixels. This arrangement is dedicated to study the microstrip
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Figure 8.2.3: Filter layout (left) and simulated bandwidth with Sonnet (right). Stubs distances,
lengths and widths are shown in pum.

network effect on the resonance. Moreover, I can compare the spectral response
of bare resonators with the old chip 6 in order to evaluate antenna detection

over direct absorption.

e Chip 2 & 3 include nine pixels: three antenna-coupled detectors with one

filter, three simple antenna-coupled detectors and three not coupled detectors.
This design is dedicated to study the detection mechanism and if the resonant

frequency depends on the microstrip network.

e Chip 4 & 5 include five pixels. The design focuses on keeping the antenna at

least 7 mm away from the detectors, allowing for a better understanding of the
detection mechanism when illuminated with the sky simulator. One antenna

is located at the chip center to optimize the coupling with a silicon lens.

Chips 2, 3, 4 and 5 have antennas tilted by 45° in order to measure pol and cross-pol

more easily with the Martin-Pupplet interferometer. Pixels layout and schematic are

shown in the following pictures.
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W = Slot width =32 um

L =Slot length =382 um

A = Antenna microstrip stub length = 62 um

D = Antenna microstrip distance from the edge = 44 um

S =Slotline length = 91.5 um (design 1) 99.5 um (design 2)

M = Microstrip length = 84 um (design 1) 102 pm (design 2)

C = Aluminium strip distance from CPW - slotlines transition = 136 pm
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Chapter 9

Conclusions

During these three years I have developed and tested an original detection chain
dedicated to CMB polarimetry. At first, I have simulated each component with
full wave simulation software. The performance of a dual-resonant slot antenna
exploiting a fictitious short-circuit effect simulated in CST Microwave Studio appears
to be an attractive solution for future focal planes. The simulated bandwidth of
about 35% is adequate to obtain two sub-bands of about 10% bandwidth. However,
performance in terms of radiation pattern has not been simulated properly. Due
to the thin dielectric and particular microstrip geometry, I couldn’t realize a low
frequency demonstrator in short time scale using the substrates available at APC.

This step is required to validate both the antenna bandwidth and radiation pattern.

The diplexer has been chosen to keep the design as simple as possible. The two
bandpass filters are fabricated along with the microstrip network in one deposition

step.

I have developed the detector geometry focusing on the coupling technique. Since
the filtering network requires a ground plane on the detector layer, I have decided
to develop a CPW resonator. This choice allows the microstrip not to have ground
discontinuities. The simulated performance of the coupling in terms of reflection and
absorption on aluminum are adequate in the entire sub-band bandwidth. Again, a
technology demonstrator should be the preferred way to validate the simulations.
This is quite hard to accomplish because the superconducting metals do not have

the same properties at low frequencies. Therefore, such a demonstrator would be
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tested with high frequency signals.

We fabricated three times five chips over a three inches large wafer, each time we
have improved the chip performance. The knowledge acquired will be precious for

future development of KIDs both at APC and Paris Observatory.

Measurements at APC and institut NEEL shown several features which require fur-
ther investigation. Mainly, the spectral response of the pixels seems to be the same
regardless of the filter presence and filter pass band. Nevertheless, we have got
promising results in terms of quality factor of the order of 10*. Measurements with
a lens coupled pixel did not improve the performance, thus it is necessary to further

investigate the detection mechanism.

One possible explanation for the measured spectral response could be a poor esti-
mation of the dielectric constant used for evaluating the impedance matching along
the microstrip network. Therefore, I have developed a new pixel design for which I
took into account the kinetic inductance of niobium, which was neglected in previous
design, and a different value of €, according to values found in literature. Tests of
this design are ongoing both at APC and Institut NEEL. These measurements will
provide more data for analyzing the detection mechanism and resonant frequencies

of the pixels.

Further investigation of pixel performance should involve the fabrication of low fre-
quency demonstrators. A dual-resonant slot antenna operating in the frequency
range around 3 GHz can be tested at APC both in terms of antenna resonance
and radiation pattern. An equivalent low frequency demonstrator of the coupling
impedance matching cannot be fabricated due to the Aluminum cutoff at 100 GH z.
Nevertheless, it would be of great interest to design and test a similar microstrip to
CPW transition to validate the simulation setup. Another demonstrator of the pixel
design could be realized by exaggerating the component size to reduce the impact of

microfabrication defects.

Future improvement of pixel design may come from external collaborators. In par-
ticular, the dual-resonant slot antenna can be replaced with a sinuous antenna or a
seashell antenna currently under development within the ESA Technology Research

Programme (TRP) dedicated to the development of future CMB focal planes.
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