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Abstract

The search for extraterrestrial life is currently one of the main topics of astronomical research. One of
the methods for this is to look for the spectral lines of molecules needed for life, called biosignatures,
in the atmosphere. The Large Interferometer for Exoplanets (LIFE) mission will explore the mid-IR
in the search for biosignatures. This mission is a spectrometer that uses nulling interferometry to
cancel the signal from the nearby star. A spectrometer then splits the remaining planet signal to find
biosignatures. The wavelength band of LIFE is 4-18.5 ym. LIFE places a strict requirement on the dark
current: Ip < 1072 counts/sec. Kinetic Inductance Detectors (KIDs) are a type of superconducting
detectors that are single-photon counting, with inherent energy-resolving power, for wavelengths down
to 25 ym. KIDs do not have a dark current and, therefore, meet the detector requirements for LIFE.
This absence of dark current makes KIDs ideal for other low-light level applications in the mid-IR.

In this work, we present the design of lens-absorber coupled single-photon counting KIDs for two wave-
lengths within the band of LIFE: 10 ym and 18.5 ym. The absorber consists of two meandering 23 nm
thick Al lines (p = 2.4 x 108 Qm) with widths of 250 nm and 200 nm for 18.5 ym and 10 ym, respec-
tively. The absorber is simulated using the Floquet theorem in CST. The absorber is divided into unit
cells simulated with periodic boundary conditions. These unit cells must be smaller than 0.8\, to avoid
crosstalk between absorbers. The simulation is performed for all angles from broadside incidence up
to the subtended angle of the lens. These simulations show absorption efficiencies for the TE and TM
fundamental Floquet modes of up to 81% and 65% for the 18.5 ym design and the 10 ym design, respec-
tively. The absorber acts dominantly as an inductor and is coupled to a coplanar waveguide (CPW) to
tune the resonance frequency of the KiDs.

We measured one of the designed chips: a chip with 18.5 ym lens-absorber coupled KIDs on a substrate.
We performed power-integrating measurements to estimate the optical coupling of these devices. For
these KIDs, we expect a total optical coupling of 1.77. This coupling is calculated with respect to a single
mode and 1 polarization. Our absorber can couple to 2 polarizations and multiple modes, resulting in
a coupling of larger than 1. The measurements show a reasonable match between the expected and
measured optical coupling.

We also performed single-photon counting experiments. The KIDs showed a low resolving power,
making distinguishing the source’s photons from noise and cosmic rays impossible. Phonon losses
due to the substrate were assumed to cause this. Therefore, another chip was measured with 25 ym
lens-absorber coupled KIDs on a membrane. The two chips share identical design and fabrication
processes, differing only in foundation: one is built on a membrane, the other on a substrate. The KIDs
on the membrane showed a relatively high resolving power of approximately 4. This confirmed the
hypothesis that phonon losses were the cause of the low resolving power for the KIDs on a substrate.

Future work should focus on redesigning the absorbers and KIDs for use on a membrane and adding
a quarter-wavelength backing reflector and matching layer to increase the optical efficiencies of the
devices.
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Introduction

Search for extraterrestrial life has been one of the main scientific goals of space research. For a planet
to be inhabited it must meet several conditions. One of the conditions of life is the presence of CO,,
H>0 and N,O in the atmosphere. By analyzing the spectra of planets, one can determine the presence
of the molecules. Each molecule has unique absorption and emission due to the distinct energy levels
of a molecule. These spectral lines of molecules can be seen in the spectrum of a planet. These are
called biosignatures. An absence of biosignatures means that life is not possible on the planet, and the
presence of biosignatures indicates opportunities for life. Figure 1.1 shows examples of biosignatures
in the mid-infrared (mid-IR).

The most important mission in search of biosignatures at the time of writing is the Habitable Worlds
Observatory (HWO) mission[1]. It is a space concept mission built upon previous concept missions
such as Habitable Exoplanets Observatory (HabEx) [2] and Large Ultraviolet Optical Infrared Surveyor
(LUVOIR) [3]. HWO will measure the spectra from ultraviolet (UV) to near-infrared (near-IR) in search
of biosignatures. Its goal is to identify and directly image 25 habitable worlds outside our solar planets.
However, these spectra are not the only wavelengths containing biosignatures. In figure 1.1, the mid-
IR spectra are shown of Earth, Venus, and Mars. As can be seen, all the important spectral lines are
present in the mid-infrared range (5 ym-20um). This is one major reason for measuring the mid-IR with
another space mission complementary to the HWO mission.

Another reason for a mid-IR mission can be found by looking at the flux of the stars and planets. The
flux of the star, as well as the flux of the planets, can be described by the Planck formula, which
describes the radiation from a perfect black body as a function of both wavelength and temperature.
The temperature dependence is quite intuitively: a hotter object emits, in general, more radiation and
relatively more radiation with higher energy (or equivalently shorter wavelengths). This means that the
peak of the radiation of a star is at a shorter wavelength than the peak of a planet, which is relatively cold
compared to a star. As a result, the flux of the planets is relatively large in the mid-infrared wavelength
range compared to the optical wavelength range, as shown in figure 1.1b. This is one major advantage
of measuring the spectra of planets in the mid-infrared.
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Figure 1.1: Figure (a) shows the spectra of the Earth, Mars, and Venus with the recognizable patterns from the live-indicating

molecules: CO2, H2O and N2O. Figure (b) shows the total flux of different planets compared to the star. It can be seen that

the flux of planets is relatively large in the mid-infrared part of the spectrum. Figure was adapted from [4] who combined the
figures from [5] and [6].

So, it is interesting to research the spectra of planets in the mid-infrared range for the search for life.
A space mission that is proposed for analyzing the mid-IR spectra for exoplanets [7] in search of life
is the Large Interferometer for Exoplanets (LIFE). In this thesis, the detector will be designed so that it
(or its successors) can be used for the LIFE mission. This mission will be explained in further detail in
the next section.

1.1. Large Interferometer for Exoplanets (LIFE)

The LIFE mission aims to measure wavelengths between 4-18.5 ym [8]. An artist’'s impression of
LIFE and the working principle are shown in figure 1.2. As explained earlier, the flux of the planets
is relatively large at these wavelengths. However, the flux of the star is still larger. To measure the
planet's spectrum effectively, the star’s signal must be nulled. LIFE does this by introducing a = phase
shift in an interferometer. This can be best explained using 1.2b. In this figure, it can be seen that the
signal of the star has no optical path length difference at points 1 and 2, meaning that they are in phase.
Therefore, introducing a © phase shift means that the signal of the star will interfere destructively and
thus be nulled. In contrast, the planet’s signal has an optical path length difference at points 1 and 2
in the figure. Therefore, it already has a phase difference, and introducing a = shift does not null the
signal. Hence, an interferometer with a = phase shift allows the planet signal to be measured while
nulling the star’s signal.
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Figure 1.2: Figure (a) shows an impression of the LIFE mission concept. Credit: LIFE initiative [8] Figure (b) shows the
working principle of the interferometer. The star signal interferes destructively at the detector, resulting in a sinusoidal fringe
pattern from which the planet signal can be measured. Figure adapted from Ras [4].

The LIFE mission will measure the spectra of planets and will thus be a spectrometer. A spectrometer
consists of a 1D array of detectors. Each detector covers a part of the frequency band of interest and
is optimized for that part. In this thesis, we will only focus on two detectors of this array with only a
fraction of the bandwidth of the total bandwidth for the LIFE mission around 10 ym and 18.5 pym.

1.1.1. LIFE detector requirements

Now that we have explained the general concept of the LIFE mission, we can discuss the requirements
of the detectors used in the spectrometer. To successfully measure the spectra of the planets, the
noise of other sources should be limited. This is one of the assumptions made by the LIFE signal
simulation [9]. Moreover, the efficiency of the signal coupling to the detector should be sufficient. The
requirements for the detector will be set using figure 1.3. Figure 1.3 shows the signal of an Earth-
twin located at 10 pc together with the noise sources originating from background radiation and the
instrument, assuming an optical efficiency of 70% [9]. Using this figure, we get the most important
requirement for designing a detector for the LIFE mission: The dark current is set at a value: Ip <
10*2% [9]. One other design requirement is the readout noise. However, the LIFE paper [9] does not
mention an explicit limit on the readout noise. Therefore, the requirement for the readout noise is that it
should not dominate the contributions from the fundamental noise sources. This is shown in figure 1.3a
)- This means that the readout noise should be in the same order as the dark current, so the readout
noise should be less than 10*2%.

To conclude the requirements, the LIFE mission concept puts the following requirements on the detec-
tors [9]:

» Wavelength range: 4-18.5 pm

* Optical (or quantum) efficiency > 70%

» Dark current: Ip < 10-22%

There is still one remark that has to be made. LIFE is still a concept mission. The requirements, includ-
ing figure 1.3 are still active research topics and can change. However, the dark current requirement,
the most important one, is assumed to be increased, so detectors that meet these requirements will
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Figure 1.3: The signal and noise expected in the LIFE mission for an Earth-Twin located at 10 pc from the Earth in the
mid-infrared frequencies for the LIFE baseline scenario. a) Shows the noise contribution of the fundamental noise sources
originating from background radiation. b) Shows the noise contributions from the instruments. In b), the systematic noise
sources are displayed in green. For the design of the detectors, the most important requirement is determined here, which is
the dark current set at 10~2 %. ¢) Shows the full signal-to-noise ratio and the signal-to-noise ratio from the fundamental noise
sources only. The signal and the noise contributions are plotted as a function of wavelength. Figure is adapted from [9].
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also meet future requirements.

1.2. Detectors

The requirements for the detectors are quite strict. In general, we can divide detectors into two types:
semiconductor and superconductor devices. Both types of detectors have a band gap.

In semiconductors, this is the bandgap between the valence and conduction band. When a photon
comes in, an electron gets excited to the conduction band from the valence band. These excited
electrons can then be measured. However, the band gap is relatively large for semiconductors, so
photons will only excite 1 electron if the energy is high enough. As a result, the energy resolution is
zero, as all photons within our range of interest will cause the same electron excitation. Moreover,
because of the high energy gap, many photons will not be measured, as their energy is lower than the
bandgap. Lastly, all materials with a gap can have excitations due to noise. These excitations will result
in a so-called dark current. Due to the low number of excitations during operation, the dark current of
a semiconductor device will be relatively high.

Superconductor devices have a bandgap between a state with a Cooper pair and a state with two
excited quasiparticles. This bandgap is much smaller (order 1000) than the bandgap between the
valence band and the conduction band in semiconductor devices. Therefore, one photon will result in
hundreds of excitations in the detector. This results in 3 major advantages:

* We can now measure the colors of the photons as photons with different colors have different
energies and thus result in a different number of excitations in the detector. Due to the large num-
ber of excitations, this energy resolution can be very high in superconductor devices compared
to semiconductor devices.

» Due to the low energy bandgap, we can now measure photons with low energy.

» The number of excitations due to noise in the system is very low compared to the number of
excitations caused by the incoming photon. As a result, the dark current of a superconductor
device is very small compared to a semiconductor device.

One of the possible superconductor detectors that can fulfill the requirements for the LIFE mission
is a microwave kinetic inductance detector. In this thesis, MKID design for the LIFE mission will be
researched. In the next section, the working principle of MKIDs will be explained.

1.2.1. Microwave Kinetic Inductance Detectors (MKID)

One of the proposed technologies for LIFE is the Microwave Kinetic Inductance Detector. This type of
detector will be researched in this project and is the specialization of the Terahertz group of the TU Delft.
The Kinetic Inductance detector is a superconducting detector [10] capable of single-photon counting
with energy resolution in the infrared wavelengths [4]. An MKID can be explained as a microwave
resonator that consists of an inductance and a capacitance. The inductance component can be split
up into two components: the more known geometric inductance and the kinetic inductance due to the
inertia of Cooper pairs. Together, the inductance terms and the capacitance determine the resonance
frequency. When a photon comes in, it gets absorbed in the detector, breaking a Cooper pair into
two excited quasiparticles. As a result, the resonator’s resistance and kinetic inductance change, re-
sulting in a different resonance frequency and transmission. This phenomenon is shown in figure 1.4.
These changes can be measured using a frequency sweep measurement, and from this, the signal can
be reconstructed. This unique resonance frequency is a major advantage over other superconductor
detectors as it allows frequency division multiplexing.
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Figure 1.4: The measurement principle of an MKID. An incoming photon breaks Cooper pairs, causing a shift in the resonance
frequency and the peak depth. From this, the signal can be reconstructed. The data used is only for illustration purposes.

Previous works have shown that MKIDs are capable of single-photon counting at some of the desired
wavelengths ( 3.8 ym and 8.5 ym) of LIFE as demonstrated in the MSc thesis of Wilbert Ras [4] and at
25 um as shown in work by Peter Day et al. [11]. So, the current status of MKIDs for mid-infrared wave-
lengths is that the concept of single-photon counting in the mid-infrared with MKIDS has been proven.
However, the detectors must be optimized for high optical coupling in the entire wavelength range while
maintaining sensitivity. Therefore, this thesis research will focus on optimizing and designing MKIDs
covering a part of the band in the mid-IR.

1.3. Types of KIDs

The first type of KIDs are antenna-based KIDs. They capture the wave via an antenna. After this, the
wave is guided towards the resonator, which will break Cooper pairs and cause a response. Antenna-
based KIDs have been shown to be very sensitvite [12]. However, antennas in the mid-infrared have
several problems, such as very small feature sizes that are hard to fabricate and need a very accurate
lens alignment, as they are phase-sensitive. Therefore, this type of KID can not be used in this work.

The second type, LEKIDs, can be described as a lumped element, i.e., they have a separate inductor
and capacitor in a KID. In these designs, the inductor is the light-sensitive part that can capture the
radiation. They are often used for applications in the visible and near-infrared [13]. However, the
sensitivity of these KIDs decreases with increasing wavelength. Therefore, LEKIDs are not sensitive
enough for single-photon counting at the higher wavelengths of LIFE.

The last type of KIDs are absorber-based KIDs. These KIDs use an absorbing structure to absorb
incoming radiation. The absorber itself is part of the resonator. Absorbers allow for larger feature sizes
compared to antenna’s and they are incoherent detectors, meaning that they are less prone to lens
misalignment. That’s why, in this thesis, we will design absorber-based KIDs for the mid-infrared.

1.4. Thesis goals and outline

Main goal

This project is part of a larger goal within the Terahertz sensing group and SRON to demonstrate a
sensitive and efficient single-photon counting MKID for the mid-infrared. To be more specific, the goal
of this project is:

Simulate, design, and experimentally evaluate microwave kinetic inductance detectors for the
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mid-infrared (4-18.5 um) wavelengths to optimize the optical coupling while maintaining a high
sensitivity to allow single-photon counting.

The MKID needs to be designed in such a way that it fulfills the requirements of the LIFE mission. The
most important requirements are the efficiency and the sensitivity: it needs to be sensitive enough to
count single photons.

Currently, a test bed is being developed in Zurich, Switzerland, to test detectors for the LIFE con-
cept [14], called NICE. This setup will work at 15K and the goal is to demonstrate the sensitivity re-
quired for the LIFE mission. The wavelength band used in the NICE setup is focused around 10 ym.
Therefore, two designs will be made. One is a 10 ym which could be used in the NICE setup. The
otheris a 18.5 ym KID. This is the highest wavelength of the LIFE mission and theoretically the hardest
wavelength for single-photon counting due to its lower photon energy and, thus, lower response.

Sub-goals and outline of the thesis

Absorber for mid-infrared wavelengths

This part of the research involves optimizing the optical efficiency of the detector using the CST software.
This part of the work will be based on the work done by Daan Roos (chapter 2 of [15]). His work
contains feasibility studies for absorbers for two different wavelengths: 18 ym and 8.5 ym. In this thesis,
the design of these absorbers will be optimized and analyzed for our use.

The theoretical background of the absorbers is presented in Chapter 2, while their design is described
in Chapter 3.

Design of detector

After designing the absorber, the rest of the MKID will be designed. The design of the absorber will give
us quite some design constraints. The reason for this is that the absorber has a relatively large kinetic
inductance. Therefore, only the resonance frequency needs to be tuned after finishing the absorber
design. To effectively readout the MKID, it needs to have a resonance frequency between 2-8 GHz. A
frequency smaller than 2 GHz is too slow for single-photon counting, and there exist no amplifiers for
frequencies above 8 GHz. Using the absorber design, the rest of the MKID will be designed using the
electromagnetic simulation software SONNET.

The theory behind KIDs is presented in Chapter 2, while their design is detailed in Chapter 4. The
fabrication process and results are discussed in section 5.

Evaluation of design

The design will be manufactured. After this, the design needs to be evaluated. This is done at the
facility of SRON Netherlands Institute for Space Research in Leiden. The goal of the measurements is
to get the efficiency and the sensitivity of the device. The measured values will then be compared with
the expected theoretical values.

Chapter 6 described the experimental setup used in the measurements. The data analysis and results
of the experiment are discussed in chapter 7.



Theory

In this chapter, the theory of lens-absorber coupled kinetic inductance detectors (KIDs) will be dis-
cussed. We start this chapter with introducing superconductivity and the two-fluid model. After that,
we discuss the theory behind KIDS. Then we will discuss the theory behind absorbers and introduce a
meandering line absorber. Lastly, we discuss the simulation of the absorber.

2.1. Superconductivity and two-fluid model

In a superconductor cooled beneath its critical temperature, the electron-phonon interactions become
stronger than the effective Coulomb force between electrons. As a result, it is energetically favorable
for two electrons to form a bound state called Cooper pairs. These Cooper pairs can travel without
resistance in the superconductor. Cooper pairs have, as described by Newton’s first law, inertia; it
takes time for the Cooper pairs to accelerate or decelerate when an electric field is applied. This
means that in the case of an AC field, the Cooper pairs will lag behind the voltage of the AC field. The
moving Cooper pairs here are the current in the superconductor and act thus as an inductance. This
behavior is called kinetic inductance, as the inertia of the Cooper pair causes the inductance.

Cooper pairs are bosons and can thus occupy the same state. Therefore, a single energy is needed to
split a Cooper pair into two quasiparticles: 2A = 1.76k5T.. In this expression, A is the energy gap of the
superconductor, k;, is the Boltzmann constant, and T is the critical temperature of the superconductor.
The factor 2 in the expression originates from the fact that 2 electrons are forming a Cooper pair. The
energy needed to break Cooper pairs (in Al ~ 0.37 meV [16]) is very small compared to semiconductors
(=~ 1.15 eV in Silicon [17]). This energy is so small that phonons, vibrations in the lattice due to the finite
temperature, can break the Cooper pairs. As a result, the superconductor has a non-zero thermal
quasiparticle distribution for T' << kT, [18]:

Ngp = 2No/ 2mkpT A exp (—&) . (2.1)

Here, N, is the single-spin density of states at the Fermi surface. The total number of quasiparticles in
the system, N,,, can be found by multiplying n,, by the volume V: N, = ng,V.

The two-fluid model describes the total conductivity of the superconductor. This theory assumes two
parallel channels[19]. The conductivity can then be written as: ¢ = o1 — ios. The first channel, o4,
describes the response of the quasiparticles. These dissipate energy by exchanging energy with ions,
like normal electrons. This is called Joule heating. The other channel, o5, describes the inductive
response of the Cooper pair. The Mattis-Bardeen theory [20] gives us the expressions for o; and o5
The expressions for oy and o5 for a thermal quasiparticle distribution are:

o1 4A AN Fiw hw
Tl _ 2 exp [ =2 ) sinh | 2 ) K | 2 2.2
oN hweXp( kBT)Sm <2kBT> 0<2kBT)’ (2.2)
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Here, oy is the normal state conductivity, A is the energy gap of the superconductor: A = 1.76k,T,
with k;, being the Boltzmann constant and T, the critical temperature of the superconductor. I, and K
are the modified Bessel functions of the first and second kind, respectively. # is the reduced Planck
constant, and w is the angular frequency of the electromagnetic wave.

2.2. KIDs: their working principle and observables

Figure 2.1 shows a microscope image of KID. It consists of a superconducting resonator, which is
capacitively coupled to a readout line, with an absorber to absorb incoming radiation. The absorber is
discussed in more detail in 2.4. The response of a KID can be derived from the scattering parameters
(S-parameters). The S-parameters of a two-port network describe the amplitude and phase relations
of the voltage waves at the ports. In our case, the KID can be modeled as a two-port network with the
two ports on the readout line before and after the coupler of the KID. This is shown in figure 2.2.

Figure 2.1: Microscope image of a fabricated KID consisting of a transmission line resonator with an absorbing structure as a
load. The resonator is capacitively coupled to a readout line.

The forward S parameter from port 1 to port 2 can be expressed as [4]:

2 & +2iQ%0
So1 = — =0 (2.4)
2420 142iQe

Here, dwy en wy are the change in resonance frequency and the resonance frequency, respectively.
Q is the quality factor and Q; the internal quality factor. These are discussed later. Ss; is a complex
quantity that varies with frequency. In the complex plane, its trajectory describes a circle that is shifted
from the origin by a horizontal (real) distance .. As the frequency increases, the point Ss;(f) moves
clockwise along this circular path. The value of the horizontal shift z. = m Here, S21 min is the

Readout line

12} i,

Resonator

Figure 2.2: The location of the two ports for the S-parameters



2.2. KIDs: their working principle and observables 10

minimum transmission from port 1 to port 2, and its value is: So1 min = %. The resonance frequency

of the KID is when & (S2; = 0), thus at the x-axis crossing of the circle.

The quality factor Q of a resonator is defined as the energy stored per cycle divided by the energy lost
per cycle [16]: Q = %. Here, Fgoreq IS the energy stored per cycle, and Py is the energy loss per
cycle.

The quality factor of a resonator consists of two components: the quality factor of the coupler to readout
line Q. and the internal quality factor ;. The two quality factors can be added in the following way to
find the total quality factor: 1 = é + Qi The internal quality factor of a superconducting resonator is

5=
given as [21]:

wlL 1l wLs 2 o
R ay Ry  opfoy

(2.5)

2d

Here, 3 is a geometric factor. It's expressionis: § =1+ %d) with the thickness of the film d and
Sy

sink

the magnetic penetration depth \. 5 is 2 for the limit of thin films that are used in this thesis [12]. « is
the kinetic inductance fraction: % So, now that we have introduced the quality factor, we can discuss
its response to a change in conductivity. A change in the internal quality factor, §@Q;, can be calculated

via [4]:

0 im
Qi o1

with do; the change in the real part of the conductivity o;. We can also calculate the change in the
resonance frequency ,6Q2 = dw — dwy [4]:

(2.6)

dwo _ O‘Lﬁ&ﬂ. 2.7)
wo 4 ()

Here o is the change in the imaginary part of the conductivity o-.

So now, we want to know how o; and o2 change as function of the number of quasiparticles: %

and jn%. From this, we can derive how the KID will respond to an incoming photon. [22] derived

expressions for 5%, and % for a thermal quasiparticle distribution:
d0'1 1 QAO . hw hw
~ h K 2.8
dngy "N Nohwo \ whpT <2k:BT> 0 <2kBT) ’ (2:8)
doa -7 2A¢ huw hw
g 1+2 — I . 2.9
dngy "V aNohw | TN TheT OF ( 2k3T> 0 <2kBT> (2.9)

Here, N, is the single spin density of states at the Fermi level, and A, is the energy gap at zero
temperature.
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Figure 2.3: The result of a frequency sweep of S2;. One can see that an incoming photon increases the phase 6 and a
decrease of the amplitude A. This figure is adapted from [4].
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Figure 2.4: This figure demonstrates the working principle of an MKID. Panel a) shows an incoming photon breaking a Cooper
pair into two quasiparticles. b) shows a simplified circuit of a capacitively coupled MKID. An incoming photon will change the
value of the variable inductance and resistance due to Cooper pair breaking. c) shows the change in the resonance frequency
(inductance change) and the height of the dip (resistance change) as a result of an incoming photon for an aluminum
microwave resonator. The legend shows the incoming radiation power for photons with a frequency of 1.54 THz. This figure is
adapted from [16].

So now, an incoming photon breaking up Cooper pairs and causing a change in n,, can be expressed
as a change in S;. and thus wg. This principle is shown in figure 2.4. The number of quasiparticles
that photons create, IV,;,,, depends on the photon energy E,: qu"””TE””. Here, 7, is the pair-breaking
efficiency, which describes how much energy of the energy is used to create quasiparticles. n,;, is
discussed in more detail in section 4.3. From this we can also see that photons with different energies
will create a different amount of quasiparticles. If the photon energy is high enough compared to the
band gap energy, we can count single photons with an inherent energy-resolving ability.

We will not use the original Sy circle as it is unfavorable due to its shift from the origin. Therefore, we
will shift the circle along the x-axis so that the resonance aligns with the origin. The resulting So; is
shown in figure 2.3. Thus, we have found observables that we can use. The observables A and 6 are
expressed as [4]:

. _ |m(521)
6 =tan"! <xc_Re(521)> , (2.10)
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L\ V(Re(Sa1) — ) + Im(S21)* (2.11)

1—=z,

We can also rewrite the observables as functions of the change in the quasiparticle density. This means
that we have found a measurement of the KID’s responsivity to incoming photons. The responsivity
can be expressed as follows [16]:

dA _akﬁQ doy

= 212

dN,, 0oV dng’ (2.12)
o axBQ do

= - 213

dNy, ooV dng,’ (2.13)

These expressions are valid for ' <« T.. In this equation, V is the volume of the inductor (the inductor
in this thesis is the aluminum absorber).

For the measurements in Chapter 7, we will use the phase response 6 as our observable. This is
because A is non-monotonic. # is monotonic function, which simplifies the data analysis.

So, now we have derived expressions for the final observable. The measurement of the observables
is discussed in chapter 6. We will discuss the absorption of infrared photons in the following sections.

2.3. Absorbing infrared photons

To absorb photons, we will add an absorbing structure to the detector. For now, we consider a thin
sheet of metal with surface impedance [23]:

Zo = 2T o (LEDDY (2.14)
oo )

Here, ¢ is the classic skin depth (§ = wfﬂo ), w is the angular frequency and . is the permeability

in vacuum. o here is the DC conductivity of the metal caused by Joule heating. The frequency of the
incoming radiation is much higher than the gap energy of the aluminum. Therefore, one should not
consider the Mattis-Bardeen theory for conductivity but for normal conductivity. Equation 2.14 is not
valid for all situations. For this, we need to look at the conductivity as given by the Drude model [24,
25, 26]:

g0

o(w) (2.15)

:1—|—ij

This formula has the frequency-dependent conductivity o(w) as a function of the DC conductivity oy,
angular frequency w, and mean free time between collisions 7. If the mean free time between collisions
of electrons becomes comparable to the period of the incoming radiation: 7w 2 1, then o # oy. In this
case, a significant part of the conductor’s electrons will not collide with the ions in the material. Here,
kinetic inductance starts to show, similar to Cooper pairs, which have effectively a r of co. Moreover,
the fundamental part of the conductivity goes to zero for high frequencies, as electrons effectively stay
in the same position and no longer carry current. For now, we assume that we are not in this limit. The
effect of 7 on absorbers is discussed in more detail in 3.4.

Consider an absorbing layer with a surface impedance given by 2.14 between layers of air and a
dielectric as shown in figure 2.5. The layer of air have a characteristic impedance of Z,;, = 377 Q and
the dielectric Z;; = %7 Here, ¢4, is the relative permittivity of the dielectric. Now, assume a wave
from the silicon layer toward the absorbing layer and the air. The reason why we explain this situation
becomes clear later on. In that case, you can calculate the reflection on the interfaces based on the

impedance via the reflection coefficient I'aps:
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Figure 2.5: Incoming plane wave through a dielectric with characteristic impedance Z,;. Part of the wave is absorbed in the
absorbing layer with input impedance Z,;,;» and part of the wave is transmitted to the layer of air with characteristic
impedance Z,;, behind the absorbing layer.

2L — Zg

—_— 2.16
2L+ Zg; ( )

Fabs =

Here, Z is the input impedance of the load. For the physicists among us, this is equivalent to the
Fresnel equations with the refractive indices of the materials. Equation 2.16 shows that in the opti-
mal situation, we perfectly match the load impedance Z; to Z,;, and we find that all the radiation will
be transmitted to the load. In our case, the load impedance is the parallel combination of the input
impedance of the air and the absorbing layer. Thus we have Z;, = Z;. From this, we can find that
the impedance of the absorbing layer,Z,;, i, must be equal to lff/% In that case, we can find the
amount of absorbed power by realizing that the layer of air and the absorbing layer are effectively a
voltage divider. This results in a maximum of 77% absorbed power. So, in this situation, 23% of the

power is still transmitted.

To solve this, we will include a backing reflector. We will use a good conducting metal with ¢ — oo or
equivalently Z — 0. Equation 2.16 shows that all the radiation will be reflected with a = phase shift for
this metal. If we place this backing reflector at a A\ /4 distance from the absorbing layer, we will introduce
another phase of = due to the traveled distance. This means that the radiation will constructively
interfere at the absorber. Theoretically, all radiation will then be absorbed, independent of the medium
between the absorbing layer and the backing reflector. This allows us to match the absorbing layer
only to the dielectric. Therefore, we will include a \/4-backing reflector in our design.

All chip layers, including the backing-reflector, must be made on a substrate. We will use silicon for
the substrate as it is used in KIDs with the highest shown sensitivity [12]. Silicon has a lower charac-
teristic impedance (Z,; ~111.5¢2) compared to air. Therefore, the chip will be illuminated through the
substrate as it allows for easier matching with air compared to the front side. Figure 2.6 shows the
layer configuration for the situation where back-illumination is used. We will also add a silicon lens on
top of the substrate to focus the radiation on the absorber.

The detector’s sensitivity depends on the material used for the absorbing layer. Therefore, we will use
Aluminum for the absorbing layer as it is the material for the KIDs with the highest shown sensitivity [12,
27].

Equation 2.14 reduces to Z, = (1 + j)(’g—‘;)2 for t >> ¢. The real and imaginary parts are equal in this
situation, resulting in reflections for the case of a thick slab. Therefore, we need to use a thin aluminum
sheet, smaller than the skin depth, to increase the real part of the impedance. The resulting surface
impedance of 2.14 for a 23 nm aluminum sheet (the thinnest that can reliably be produced) with a
resistivity of 2.43 - 1078 Q m is shown in figure 2.7.

It can be seen from figure 2.7 that the real and imaginary parts of the impedance are comparable. For
the absorber to work optimally, the real part of the aluminum absorbing structure should be matched to
the silicon, and the imaginary part should be as small as possible. We will need to use a design that
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Figure 2.6: The layer configuration for backside illumination. We have a silicon lens that focuses the radiation on the absorber.
Both the absorber and reflector are made on a silicon substrate.
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Gap,

Figure 2.8: An overview of the meandering line absorber design.

uses a filling factor that is high enough to match the real part while canceling the imaginary part. These
designs will be discussed in the next section.

2.4. Absorber

The first option is a strip absorber, which consists of straight aluminum lines with air in between [28].
However, there are two major downsides to this design. The first is that we only have lines in one
direction. This means that we can only absorb one of the two polarizations of the radiation. The
second problem is the required width of the aluminum lines. This design has an analytical impedance
equation [28]. Daan Roos [15] used this equation to show that the width of the lines must be 45 nm for
30 THz, This is much narrower than the current fabrication limits of a minimum 250 nm line width.

Instead, we can use a meandering line absorber, like the one in figure 2.8. This structure has two
meandering lines in the unit cell. We now have lines in two directions to absorb two polarizations.

Secondly, more parameters can be tuned. As a result, the impedance of this absorber structure can be
matched more easily. This especially allows for tuning of the imaginary part of the impedance compared
to other designs such as the strip absorber. However, this also makes the structure more complex.
Parameters cannot be treated as independent variables. Changing one variable to, for example, add
or remove capacitance between the lines often also changes the capacitance at other places.

As a result of the inductive and capacitive couplings in the two meandering lines, the absorber acts simi-
larly to a resonator with the maximum absorption efficiency at the point where the imaginary impedance
is zero. Figure 2.9 shows this resonant behavior for 1 polarization. The location of the peak can be
tuned, and the height is optimized by matching the impedance to the dielectric on top. Both polariza-
tions do have their own response and we thus need to tune two peaks. This optimization process is not
trivial, as this absorber has no analytical expressions yet. Therefore, we must simulate and optimize
the structure with CST [29]. The simulation and optimization of the absorber will be discussed in section
3.1. After the absorber is optimized, the KID can be designed. This is discussed in chapter 4, but first,
the important theory of KIDs will be discussed in the next sections.

2.5. Absorber simulation

Simulating the full absorber structure with a dielectric lens on top is time-consuming. Therefore, we
will split the simulations into two parts. We simulate the incident radiation at the lens to the absorber
with the GOFO as described in [15]. The result is a spectrum of plane waves at the absorber [30]. The
GOFO simulation for our measurements is discussed in 6.4.

In bounded media, only specific solutions to the Maxwell equations exist due to the boundary condi-
tions. These solutions are called spatial modes. In the lens and substrate, two types of modes, called
polarizations, exist: transverse electric (TE) modes and transverse magnetic (TM) modes. The TE and
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Figure 2.9: A schematic view of the absorption peak of an absorber. It shows the tunable resonance frequency and an
optimizable peak height for 1 polarization. Both polarizations have a different response and we thus need to optimize the peaks
of both polarizations. The data used is only for illustration purposes.
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Figure 2.10: The Floguet modes transmitted from a point source. The absorber will receive and reflect radiation at higher
angles if higher-order Floquet modes exist in the structure. Figure from [32].

TM modes have no electric or magnetic fields in the propagation direction, respectively.

Simulating the response with spatial modes can be very time-consuming, as we must simulate the
complete absorber. Therefore, we will exploit that our absorber is periodic and can be divided into unit
cells. If we use this periodicity and assume an infinite array of unit cells, we can use another type of
modes called Floquet modes [31]. These modes are periodic, meaning that the field is the same in all
unit cells at the same position within the unit cell. As a result, we can now only simulate one unit cell
instead of the full absorber, reducing the simulation time heavily.

Figure 2.10 shows that higher order Floquet modes will cause the absorber to receive and reflect power
at larger angles. The reflection can be especially problematic as other absorbers can absorb this power.
In that case, there will be crosstalk between the absorbers. Therefore, we want the first two Floquet
modes to only interact with the absorber to limit this. To do this, we need to make the distance between
unit cells within the absorber so small that the radiation falling on the unit cells can only be in phase
for radiation under relatively small angles. This can be achieved when the unit cell is small compared
to the wavelength. We can derive this using the frequency at which a higher-order Floquet modes
appears [33]:

c

f= d(sinfcosp+1)° (2.17)

Here, d is the periodicity, 8 is the polar angle, ¢ is the azimuth, ¢ is the speed of light, and f is the
frequency. Using this formula and the fact that we will scan ¢ from 0 to 90 and 6 from 0 to 6, it can

derived that '
d<dg| —— . 2.18
= <sin 0o + 1) (2.18)

Here, )4 is the wavelength of the material before the absorber, so in our case, the dielectric lens. Our
lens has a f-number of 2 (fx = f/D) We can now use that our lens has a maximum scanning angle of

By = sin~! (i) = 14.5 to find the constraint of the periodicity for our design:
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Figure 2.11: The Floquet wave model for the lens absorber geometry. In this model, you have two incoming plane waves
modeled as incoming voltage waves connected to the absorber via two transmission lines, which model the dielectric lens 7.
The backshort is modeled as a short (PEC). The response is a function of the angles of the plane wave with respect to the
absorber: 97" and ¢I'W [31].
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€

d< 0.8\ =0.8 (2.19)

In this formula, )\ is the wavelength in free space, and ¢,. is the relative permittivity of the dielectric lens.
So if we meet this requirement, we know that all the power in the system is carried by the TM and TE
fundamental Floquet modes.

The equivalent transmission line model for the first two Floquet modes for an absorber structure with
lens and backshort is shown in figure 2.11 [31]. Firstly, we have the dielectric characteristic impedance
Z4 to feed incoming plane waves to the absorber. The absorber’s response to the two Floquet modes
and their crosstalk are represented as Z-parameters in Z,. After the absorber, there is a layer of air
with characteristic impedance Z,. The backing reflector is modeled as a perfect conductor and thus a
short in the model.

We simulate this in the software CST Studio Suite [29]. The simulation will be done using the frequency
domain solver with periodic boundaries along the surface of the absorber. The boundary condition for
the axis perpendicular to the absorber is set to closed for the side of the lens and open (PEC with
electric field is zero) for the backing reflector side. An overview of the unit cell in CST is shown in figure
2.12.
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Figure 2.12: A unit cell simulation in CST. On the top layer we have a grey coloured dielectric lens with height h, followed by

the absorber structure in green. Behind the absorber there is a layer of air h,;, which is coloured blue in the figure, with a black
coloured backing reflector at the end. In this work kg = A/4 as the backing reflector performs optimally in that case.



Mid-infrared absorber

In this chapter, the optimization and results of absorbers are discussed. The theory behind absorbers
was previously introduced in chapter 2. Firstly, we discuss the optimization process of the absorber.
Afterwards, the optimized unit cells are presented. Then we discuss the full absorber design and
introduce the relevant efficiencies. We end this chapter with a study on the effect of uncertainties in
material parameters on the absorber performance.

3.1. Optimizing an absorber

To analyze the performance, we need to define the absorption efficiencies of the absorbers in terms of
the output of the CST simulations. We can define the absorption efficiencies for both Floquet modes
and the average as function of the S-parameters:

Navs, 75 = (1 — |Sre7E|” — [STM7E[?) COSO, (3.1)
Navs,rvr = (1= [Srarrm | — [Sre,ra|?) cosb, (3.2)
abs,avg = Nabs,TE ‘gnabs,TM. (3.3)

Here, S; » means the scattering parameters from excitation at the Floquet mode port 2 and observing
reflected voltage at the Floquet mode port 1. In other words, for each Floquet mode, the efficiency is
defined as the total power minus the power being reflected in the same Floquet mode and the reflected
power that has been transmitted to the other Floquet mode.

In this equation, the cos 6 term originates from a normalization that CST uses for the power. On broad-
side incidence, theoretically, all the power could be absorbed by a perfect absorber as the area that
the wave sees is at its maximum. At § = /2, the incoming wave does not 'see’ the absorber at all as
it is coming from the side, and this means that 0 % of the power will be absorber. This is known as
Lambert’s cosine law. However, CST does not account for this, and therefore, an extra cos 6 is added.

At the moment of writing, there does not exist an analytical model or an optimization technique for
this absorber structure. The best optimization technique at the moment of writing is a table made
by Daan Roos [15] that describes the qualitative changes in TE and TM’s efficiencies and resonance
frequencies. This table was made for frequencies around 1.5 THz. During this work, it was noticed that
these relations do not always hold. A reason for this could be that the dimensions are totally different.
Both, absolute and also relative to each other within the unit cell. Another problem is that it is not
always possible to change only one parameter due to fabrication limits and the periodicity constraint of
equation 2.19, i.e., an increase of one parameter results in a decrease or increase of another parameter.
However, this table is still valuable for future work at higher frequencies than the original frequency as
it works in general. So, it can be used to start the optimization process to change the frequency of a

19
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previously made absorber design. Moreover, it is also valuable for inexperienced people as they will
understand how the parameters will affect the results.

Table 3.1: An indication of how the results change after changing dimensions. frg and fry represent the resonance
frequencies of the structure for TE and TM polarization, respectively. max(naps Te) and max(naps Tm) represent the absorption
efficiencies of TE and TM polarizations at the resonance frequency of the structure. The findings of Daan Roos [15] reported
here indicate the effect after increasing the mentioned dimension and indicate how much a parameter increases (indicated by

the number of +), decreases (indicated by the number of -), or stays relatively the same ( ).

Parameter Changein frr Changein fr); Change in max (nas1e) Change in max (7aps,m)

Hip --- - -- +++
H. -- - + —
V. -- -- -- ++
Ve ~ - + _
gap. - ++ - ~
gaptp ~ --- + -
gapur +++ ~ ~ -

For optimization of the absorbers two ratios were defined. The goal of these ratios is to compare differ-
ent designs. The first ratio uses a comparison with a ’perfect’ absorber following the cosine Lambert
law. This ratio is more interesting from the engineering perspective as one can easily compare designs
with respect to the most ideal case. This ratio is defined as:

Neng = J [ Navs (feenter, 0, @) sin 0dOd¢
e I | pertect.abs (foenter, 0, @) sin 0dOd¢

(3.4)

Here, neng,Mabs Mperfect,abs are respectively the ’engineering ratio’ of the two efficiencies, the efficiency
of the absorber designs and the efficiency of the ideal absorber, which obeys the Lambert cosine law.
All are evaluated at the center frequency, fcenter-

In the second ratio, the absorber is compared to an absorber that perfectly absorbs all the incoming
power. This situation is physically not possible, but it is interesting from a physics perspective to know
how much of the incoming power is lost. Its definition is:

Tohy = ffnabS(fcenter797¢) sin 0dOd¢
i f f Nail( feenter, 0, @) sin dOd¢

(3.5)

Here, npny,nabs, Motal @re, respectively, the 'physics ratio’ of the two efficiencies, the efficiency of the
absorber designs and the efficiency of an absorber that absorbs all the incoming power.

3.2. Optimized absorber unit cells

For optimization of the absorber, the absorption efficiencies have been evaluated from broadside in-
cidence up to the maximum subtended angle of the lens, which is 15°. First, the efficiencies were
evaluated at broadside incidence. This was done for a frequency band around the center frequency of
the absorber. The result is shown in figure 3.1.

The right panel of figure 3.1 shows that the 18.5 ym design has a higher fraction of absorber power as
it can be matched better to the silicon lens. This is because the wavelength is higher, and thus, larger
structures can be used. For the 10 ym, one needs to use smaller structures due to the constraint on
the periodicity of the unit cells described in equation 2.19. As a result, the unit cell for the 10 um design
is smaller. This structure is so small that at the moment of writing, the lines and the gaps between
the lines need to be smaller than the minimum gap size of 500 nm and minimum line width of 250 nm.
Therefore, the decision was made to make the gaps the same size and, in this way, spread the risk of
failure during fabrication. This was especially a problem for the TM polarization as there is an extra gap
vertically compared to horizontally (see figure 2.8). This effect can be seen by the lower absorption for
the TM Floquet mode in the left panel of figure 3.1.
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Figure 3.1: The fraction of the incoming power absorbed in both absorber designs. The incoming power is modeled using the
Floguet wave model in CST for incoming TM and TE plane waves. Left: Fraction of incoming power absorbed in the 10 ym
absorber. Right: Fraction of incoming power absorbed in the 18.5 ym absorber.
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Figure 3.2: The absorption efficiency of both Floquet modes (TE and TM) and the average absorption efficiency as a function
of u,v coordinates for the 10 um absorber made of 23 nm thick aluminum.
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Figure 3.3: The absorption efficiency of both Floquet modes (TE and TM) and the average absorption efficiency as a function
of u,v coordinates for the 18.5 ym absorber made of 23 nm thick aluminum.

Moreover, the efficiency was evaluated for different incoming angles of the plane wave. The result is
shown in figures 3.2 and 3.3. In order to reduce the simulation time, two measures were taken for
this simulation. Firstly, symmetry in the four quadrants was used. The simulation in CST was done
with angles ¢ from 0 to 90 ° and 6 from 0 to 15. In post-processing, the quadrants were mirrored to
show the complete response of the absorber as a function of angles ¢ and 6. Secondly, only the center
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wavelength was simulated to reduce the computation time.

This optimization of the absorber resulted in two designs for the unit cell. One design for 10 pm and
another design for 18.5 ym. The resulting parameters are shown in table 3.2.

Table 3.2: Parameters of the optimized 10 ym and 18.5 uym absorber unit cells.

Parameter 10 ym | 18.5 ym
Gap left and right (gap; ) 0.36 0.55
Gap top and bottom (gap; 1) 0.19 0.25
Gap center (gap.) 0.50 0.50
Horizontal top and bottom (H;;) | 0.93 1.86
Horizontal center (H..) 0.63 1.25
Vertical right (V..) 1.58 3.24
Vertical center (V) 0.40 1.61
Width (w) 0.20 0.25

The values of both efficiency ratios, used for optimization, of the final designs of the 18.5 ym and 10 ym
absorbers are shown in table 3.3.

Table 3.3: Comparison of the two efficiency ratios of equations 3.4 and 3.5 for the 10 ym and 18.5 ym absorber unit cells final

designs.

— . Design Type
Efficiency Ratio 10um | 18.5um
Teng 0.63 0.74
Tohys 0.62 0.72

3.3. Full absorber design

Previously a design was presented for the unit cell. Now the total width of the absorber will be deter-
mined. For this purpose 2 types of efficiencies need to be discussed first: the aperture efficiency and
the focus efficiency.

The aperture efficiency describes how much of the desired incoming power from the source is ab-
sorbed in the absorber. The aperture efficiency is the ratio of the maximum absorbed power across all
frequencies and incidence angles to the total incoming power:

nap(f) _ max {Pabsé{;;ffwv ¢§)w)} ) (36)

Here, P;,. is the incident power on the lens’s aperture, and P,y is the power absorbed in the absorber
as a function of frequency and lens angles 6/and ¢/*. P, is set, but P,;; can be varied as seen in
it's expression [31]:

pw  pw 1 w2 o (= ppw w (7% (= gPW L pw s 1=
P (1,07 67 ):23@{ [ [Baomor < i aor o) -zdp}. (37)

—w/2

Here, the Poynting vector of the total electric and magnetic field (respectively, F; and H;) is integrated
over the dimensions of the total absorber. In this formula, w is the total width of the full absorber. As
can be seen, increasing the width of the absorber increases the integration domain. This means that
we increase the absorbed power P,;,, which increases the aperture efficiency 7ap.

The second efficiency that plays a role in the choice of absorber width is the focusing efficiency ;. This
efficiency describes describes how close the pattern is compared to the pattern to the situation with an
ideal focus. The focusing efficiency is defined as the overlap of the solid angles of the reception pattern
(€©20) and the solid angle of a perfect focus, an Airy pattern (Qairy) [31]:
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Figure 3.4: The normalized patterns for lens-absorbers of 3 different sizes. Increasing the size, widens the patterns and
reduced the focus efficiency. Figure from [15].

Q .
=g (3.8)
The solid angle of an Airy pattern is known [34]:
)\2
Qnairy = A (3.9)

Here, X\ is the wavelength of the plane wave incident on the lens, and Aens is the area of the lens
aperture. The solid angle of the reception pattern is given as [31]:

27 5
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where the reception power pattern is defined as:

Pabs(fa elpwa ¢;?w)

max{ Pavs (07", 57V} 3-1)

F(f07%,81) =

Suppose we increase the width of the absorber in equation 3.7, then we increase the domain over
which we integrate the Poyting vector, resulting in a larger P, and a wider pattern as shown in figure
3.4. This originates from the fact that absorbers are multi-moded detectors that couple incoherently.
Compared to single-moded devices, we can now receive power from new angles, effectively resulting
in a larger Q0 and thus a lower focusing efficiency. So, an increase in the width of the absorber results
in an increase in aperture efficiency 7y, and a decrease in focusing efficiency n¢. This means we have
an optimization problem for the width of the absorber w.

The primary goal of this thesis is to achieve efficient single-photon counting at the specified wave-
lengths in the mid-infrared range. Consequently, we make the design two make two designs. One
designs prioritizes 7, over 7y to increase the optical coupling of the detector. Previous studies have
shown that the optimal absorber width for this purpose is approximately w ~ 2\ fx, as ngp does not
increase significantly beyond this point. At the same time, n; continues to decrease substantially [15,
31]. Therefore, the absorber width and the corresponding number of unit cells are selected as close to
2\ f4 to maintain this balance. The second designs has a lower number of unit cells compared to the
first design to decrease the Al volume and thus increase its responsivity. Both designs always have an
odd number of unit cells so that always a unit cell is located in the focus point of the lens. The exact
number of unit cells will be discussed in chapter 5. The calculation the aperture and focus efficiency is
discussed in section 6.4.
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3.4. Effect of uncertainties in material parameters on the absorber

performance
In the design process of the absorber previously described in this chapter, all the material parameters
were assumed to be known with high certainty. These values were either from a database from SRON
with data from previously made KIDs or estimated from the literature.

However, the parameters can never be known with such a high certainty. Especially, the thickness
and resistivity p often differ slightly from the aimed values. For other parameters, such as the mean
free time between collisions 7, uncertainty can cause problems. 7, for example, can not be measured
easily; only a theoretically calculated value can be found.

Therefore, in the next section, a tolerance study is conducted to show the effects of differing material
parameters on absorption efficiency. Firstly, the effect of uncertainties in the thickness and conductivity
of the material are discussed. This is followed by an analysis of the impact of = and the Drude model
on the absorption efficiency.

3.4.1. Effect of different resistivity and material thickness on the absorption
Firstly, the effect of different thicknesses and DC resistivity is researched. The impact of these param-
eters is combined as the DC resistivity and the thickness are related. The DC resistivity of a metal is
inversely proportional to its thickness. These are thus not two independent parameters and, therefore,
researched together.

The effect of a difference in resistivity in thickness is modeled in CST for the 10 ym design. The setup
is the same as before ( as described in section 2.5), and the geometrical parameters are the final
parameters of the 10 ym design (as described in section 3.2). The only variation is the change in
material. For the change in the material, three different sets of parameters are used from a database
of SRON with measured parameters for aluminum

» Thickness d = 21 nm, resistivity p = 3.59 Q2 cm
» Thickness d = 23 nm, resistivity p = 2.43 yQ2 cm
» Thickness d = 28 nm, resistivity p = 1.74 yQ2 cm

The surface impedance was calculated like before via equation 2.14 for these parameters. The result
of the CST simulation for the average absorption efficiency in the case of broadside incidence is shown
in figure 3.5.

Figure 3.5 shows that the change of material parameters mostly influences the height of the absorption
peaks and not its frequency location. From this, it can be concluded that the imaginary impedance
of the absorber is dominated by its geometrical components. This is a positive conclusion regarding
tolerance, as a lower resistivity than designed will not cause a significant decrease in the absorber’s
performance.

3.4.2. Effect on the absorption due to the scattering time

Secondly, the effect of electron collisions as described by the Drude model, which is discussed in
section 2.3, is researched. For this effect, different values for + are used. The value for 7 for our film
of aluminum is found using the free electron model [26]:

3

= 3.12
T T 1287 h2NT ELe?p (3.12)

Here, Ny is the Fermi density of states (single spin), and E; is the Fermi energy. Using values from [35]
for Ny and Er, we find that 7 ~ 15 fs. This is in agreement with the value of = 13 fs found for aluminum
with a similar thickness [11].

To model the effect of different 7 values, we vary this parameter over two orders of magnitude, from
T =150fsto 7 = 1.5 fs to see the effect on the absorber’s performance and plot the resulting absorption
efficiencies in figure 3.6. In this figure 7 = 0, the situation without scattering is also added as a reference.
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Figure 3.5: The effect of different material parameters on the average absorption efficiency for broadside incidence of the
10 ym (30 THz) absorber design. The sets of p and d are from data of previously measured KIDS. It shows that different
material parameters do influence the peak’s height but do not significantly influence the frequency of the maximum height of
the peak. This means that the inductance and capacitance in the absorber are dominated by its geometric components and not
the intrinsic inductance of the line.

The impact of the electron collisions is added via a frequency-dependent conductivity as in equation
2.15. This increases the surface impedance of the material, as explained in section 3.1.

Figure 3.6 shows that the absorber performance is influenced significantly for - >> 15 fs. However, for
smaller variations in 7, other parameters, such as conductivity and the width of the lines, are expected
to have a larger influence on the variation between simulated and measured efficiencies.
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Figure 3.6: The effect of the mean free time between electron collisions,r, on the average absorption efficiency for broadside
incidence of the 10 ym (30 THz) absorber design. This effect is simulated in CST with the conductivity described by the Drude
model in equation 2.15. The expected value for  is 15 fs and is obtained using the free electron model The other 7 values
show the sensitivity of the absorption efficiency to variations in .



Kinetic Inductance Detector Design
and Performance

Previously, we discussed the theory behind KIDs and absorbers in chapter 2 and designed an absorber
in 3 . In this chapter, we will design the rest of the KID.

A KID behaves as a classical LC-resonator. In this resonator, the absorber will act as an inductive load
to the resonator. Each KID needs to have its own resonance frequency within the readout band. The
absorber parameters are set as varying the absorber will most likely decrease the performance of the
absorber. Therefore, we will use a transmission line to tune the resonance frequency. In this chapter,
this tuning will be discussed, along with the effect of a backshort and current inhomogeneities on the
resolving power of KIDS.

4.1. Resonance frequency tuning

The KID consists of two parts: The absorber structure with the inductive load and a CPW. The CPW is
coupled to the readout line. However, the coupling to the readout line is assumed to have no effect on
the impedance of the resonator. A schematic overview of a CPW-absorber KID is shown in figure 4.2.
The CPW has an input impedance Zcpw in, and the absorber has an input impedance of Z,ps jn-

As previously said, a CPW is used for the tuning. This is because CPWs don’t need a lossy dielectric to
work, so high quality factors of a few million can be achieved [36]. Figure 4.1 shows a CPW structure
consisting of a center line of width S and a gap between the center line of the ground plane with width
w.

The CPW will be made from a superconducting material that is different from the absorber’s. This type
of KIDs is called Hybrid KIDs. For the absorber, a superconducting material with a very low energy gap
and, thus, high sensitivity aluminum is used. The connected CPW is most sensitive to TLS losses and
noise [16]. Therefore, a superconductor with low noise is used for the CPW. In this thesis, the CPW

Figure 4.1: A co-planar waveguide. It consists of one central line and two ground planes on the side, each with a thickness of
d. The width of the central line is defined by the parameter S. W is the gap width between the central line and the ground
plane. The total width of the CPW (the distance between the two ground planes is Wi,.The relative permittivity ¢, and the loss
tangent tan ¢ are defined by the material of the substrate underneath the CPW. In Appendix chapter A a full derivation can be
found for the characteristic impedance Zgpw and the phase velocity v, of a CPW. Figure from [37]

27
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will be made from the low-noise superconductor NbTiN. The combination of NbTiN and Aluminum as
superconducting materials has another advantage. There is a large difference in the gap energy of
both materials (90 GHz vs 1.1 THz). This results in the quasiparticles being confined in the sensitive
Aluminum [16].

Zcpw,in Z

abs,in

Figure 4.2: A schematic overview (not to scale) of a KID with an absorber as an inductive load to the CPW. The input
impedance of the absorber is set due to the optimization of the absorber for optical coupling. The CPW will be used to tune the
resonance frequency. The CPW has an input impedance Zcpy in, and the absorber has an input impedance of Z,ps jn. The
coupling between the CPW and readout line is assumed to have no effect on Zcpw,in and is thus not taken into account. This
figure is adapted from [15].

Since the imaginary part of the impedance must be zero at the resonance frequency, it follows that we
to tune the CPW such that: Im (Zaps,in (fkin)) = —Im (Zcpw,in (fkid))

In this formula, Zcpw,in and Zaps in are the input impedance, respectively, of the CPW and the absorber.
One must bear in mind that the readout of the absorber is in the order of a few GHz. This frequency
is below the gap frequency of the aluminum. Therefore, the conductivity is described by the Mattis-
Bardeen theory. Zaps in thus has a completely different value at GHz than at THz (as mentioned for the
incoming radiation in the context of absorbing radiation) and must not be confused.

Using transmission line theory, the CPW input impedance can be expressed as [15]:
Z1, + jZcpw tan (22—731)

Zcpw + jZ 1, tan (2“’”)

Up

Zcpw,in = Zcpw (4.1)

In this formula, Z-pw is the characteristic impedance of the CPW, Z;, is the load at the end of the
CPW, v, is the phase velocity, and [ is the length of the CPW. In this thesis, the CPW is open at the
end, resulting in Z; = co. This can be applied to the previous equation to get [15]:

. 27 fl
Zcpw,in = Zcpw S\ = —JZcpw cot ( f ) 4.2)
jtan( ;rj ) Yp
Now, the resonance condition can be applied (Im (Zapsin (fkip)) = —Im (Zcpw.in (fxip))) to rewrite the

formula for an expression for the length [ [15]:

U -t Im(Zabsm)»
1_27TfKID cot (( Zcpw *-3)
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Figure 4.3: The simulation setup in SONNET. On the left, simulation stratification is shown with reflector and absorber on two
separate chips separated by a /4 air distance. The material of the substrate for both chips is silicon. The figure shows the
setup of the main chip. The aluminum absorber, which is connected to feed lines, is shown in green. The NbTiN of the ground
plane and the feed lines are shown in red. The simulation used one port (port 1) at the end of the CPW. The edge of the
aluminum backshort in the top silicon layer is shown as a red dashed line. We use a CPW with S = 10 ym and W =6 pm in the
KID.

The length of the CPW [ is now expressed as a function of a single set parameter Zas in, two parameters
specific to the CPW (Zcpw and v,), and the chosen resonance frequency fkp. In Appendix A, a full
derivation can be found for the characteristic impedance Z¢py and the phase velocity v, of a CPW. We
will use a CPW with S = 10 ym and W =6 pym in the KID. The readout line is a CPW with S = 20 ym
and W =8 um.

The input impedance of the absorber Zaps in can be found using a simulation in SONNET. The resulting
simulation setup can be found in figure 4.3. We simulate the aluminum absorbers for microwave readout
frequencies (GHz order). The absorber structure is connected with NbTiN feedlines to the ground plane
and a port resembling the CPW’s end. All are on a silicon substrate with a layer of air on top. Above
the layer of air is another layer of silicon, which represents the substrate of the backshort chip. On this
backshort chip, a 100 nm aluminum square was added as a \/4 backing reflector.

Figure 4.4 shows the resulting input impedance of the absorber (as Al and PEC) and CPW for the
center frequency KID of the fabricated chips. The intersection of the input impedance of the absorber
and CPW gives the resulting resonance frequency of the KID. More detail on the chip design can be
found in 5. The absorber is simulated as PEC and Al for kinetic inductance fraction estimate described
in section 4.2.

4.2. KID sensitivity

Based on the designs, the expected pulse height of the KID 6 can be estimated to evaluate its sensitivity
to single-photon detection. We can do this by rewriting equation 2.13 to a simpler form. We do this
by substituting equations 2.3 and 2.9 in equation 2.13 and taking the limit of T to zero. This results
in the following expression of the change in angle 46 as a function of the change in the number of
quasiparticles 6 N,

arBQ

00 = 2V NoA

ONgp (4.4)

The energy of the incoming photon is known as we know the wavelength: E,;, = % This means that
we can calculate the number of generated quasiparticles via the following equation:

Npb Eph
ONgp = % (4.5)
Here, 7, is the pair-breaking efficiency. It describes the fraction of the absorbed energy converted

into excited quasiparticles during downconversion. The maximum pair breaking efficiency that one can
achieve is: n,, = 0.59 [38, 39].
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Figure 4.4: The simulated input impedance of the absorber (both as Al and as PEC) and the CPW input impedance as a
function of frequency for different designs made in this thesis. Both impedances plotted are the imaginary part. The impedance
of the CPW is mainly capacitive; thus, —Im(Zc pw ) is plotted. In the title of each subfigure, the length of the NbTiN CPW and
the kinetic inductance fraction a;, is shown, which can be calculated with equations 4.3 and 4.6 respectively. The data used is
the data of the center frequency KID of each chip. The chip designs are discussed in 5. Top left: 10 pm KID with a 3x3 unit cell
absorber. Top right: 10 ym KID with a 5x5 unit cell absorber. Bottom left: 18.5 um KID with a 5x5 unit cell absorber. Bottom

right: 18.5 ym KID with a 7x7 unit cell absorber.

All the variables of equation 4.4 can be found or calculated easily except a;. However, the kinetic
inductance fraction can be calculated for transmission line resonators like the ones presented in this
thesis. For this, we need to replace the aluminum of the absorber with a PEC in the SONNET simulation.
Then, the difference in resonance frequency can be used to find ay:

=1 6F (4.6)
where §F = Ja (4.7)
fPEC

Appendix B contains a full derivation for these equations.

Now, the peak heights can be calculated. We use Ny = 1.08 - 104"m=3 J~1 [12]. We estimate 1, for
a thin Al film on a Si substrate by calculating the phonon escape time 75 = 0.053 ns from the film
thickness using [40]. Extrapolating the n,, data from [41] with the value for 7¢sc We find 7,, ~ 0.15.
Using these values, we calculated the peak heights as shown in table 4.1.

Table 4.1: The expected peak heights for the different KID designs. The following parameters are used as input for equations
44and4.5: No =1.08-10"m=3J=1 [12], n,, = 0.15 [40] [41], @ = 40 - 103 and T.= 1.3 K.

KID Design Epn(eV) | ar | V(pm3) | 0 (rad)
Design 1: 18.5 um large absorber 0.0670 | 0.81 4.00 0.12
Design 2 : 18.5 um small absorber | 0.0670 | 0.71 2.04 0.21
Design 3 : 10 um large absorber 0.1240 | 0.58 0.86 0.75
Design 4 : 10 um small absorber 0.1240 | 0.31 0.31 1.11

4.3. (Noise) Limitations on the KID resolving power

KIDs have an inherent energy-resolving ability. Anincoming photon creates a large number of quasipar-
ticles. From the peak height shown in equation 2.10, the photon’s energy can be calculated. However,
multiple noise processes and inhomogeneities cause a spread in the number of generated quasiparti-
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cles. The measure of this spread versus the actual photon energy is defined as the resolving power of
the KID, R:

E

R:E

(4.8)

Here, E is the photon’s energy, and ¢ E is the spread of energies due to varying responses. R can be
determined from a histogram of the data. The data is assumed to follow a Gaussian distribution with E
being the average of the distribution and ¢ F being the full-width half maximum (FWHM). The resolving
power can be split into different parts. Since we are adding variances, contributions to the resolving
power need to be added as follows: . .

== Z 7= (4.9)

n

The rest of this section discusses the different causes for a spread in § E. Firstly, we will address factors
contributing to the signal-to-noise resolving power, Rgsy, that describes how well the energy can be
determined due to noise fluctuations. These contributions are from the two-level system noise, the
amplifier noise, and the generation-recombination noise. Afterward, we will address downconversion
losses. Current inhomogeneities, including their effect on the resolving power of absorber-based KIDs,
are discussed in section 4.5. We don’t discuss generation recombination noise [42] as it is not observed
in the measurements in this thesis.

4.3.1. Two level system noise

The KID is made on a dielectric layer, which, in our case, is silicon. There is often an oxide layer on the
KID or the interface of the KID and dielectric. In these and other amorphous layers, two-level systems
(TLS) exist. A TLS is an atom in a system of two minima in a double-well potential. Due to the low
temperature (T' < T,.) and the KID’s electric field, the atom’s tunneling is driven between these two
minima. This results in a time-varying dielectric constant, which occurs as noise mainly in the phase
response of the KID [4]. For the typical temperatures in the cooler, the TLS noise scales with the
inverse of temperature squared, thus oc 1/7°2, and the inverse square root of the internal power: Pi;,}/z
[22]. One can use non-oxidizing materials to minimize TLS noise in the system.

4.3.2. Generation recombination noise

Previously, it was assumed that the photons from the source are the only cause of excess quasiparticles.
However, this is not true; other sources cause the breaking of Cooper pair and creation of quasiparticles,
such as thermal phonons from the superconductor and its surroundings [4, 42]. The arrival of thermal
phonons is not constant, and there will be a fluctuation in the number of quasiparticles in the system.
This fluctuation is called the generation recombination (GR) noise.

4.3.3. Amplifier noise
Another noise source is found in amplifiers and attenuators in the readout system. This noise is white
and given by [18]:

kT
Ssystem — sYs 4.10
A0 Tgpread ( )

Here, k; is the Boltzmann constant, T, the equivalent noise temperature of the system and r, = %
For the overcoupled KIDS in this thesis, . = 0.5. Moreover, P,..q is the readout power of the system.

4.3.4. Downconversion losses

Not all the energy of the photons is used to break Cooper pairs. A part of the energy is lost during
the electron and phonon interactions in the downconversion process. This is because electrons and
phonons will receive energy from the excess energy of the photon in comparison with the Cooper
pair. Not all electrons and phonons will have energies larger than the bandgap. The energy of these
electrons and phonons is lost.
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The downconversion processes are all statistical, resulting in a variation of the energy lost during
downconversions. The average fraction of the absorbed energy that is converted in creating quasi-
particles is the pair-breaking efficiency, 1,,. The maximum value for the pair breaking efficiency in Al
is npp = 0.59 [38, 39]. The limit on the resolving power due to the statistical variation in npb is the Fano

limit [43], Rrano:
1 [ Npb Eph,
R = Lt 4.11
Fano 9 Tln(?) AF ( )

Here F is the Fano factor, which is = 0.2. The Fano limit, however, assumes an ideal case with no
phonons escaping the superconductor. In reality, phonons can escape the KID and this energy is
lost. These losses increase the variation in converted energy and reduce the statistical Fano limit. To
account for this, we must add a material and geometry-dependent factor J in equation 4.11. The result
is the following R due to downconversion statistics and phonon losses [44]:

1 nprph
2¢/2In(2) \| A(F +J)

Rphonon = (412)

4.4. Backshort etch

The backshort is made on another chip and is connected to the main chip via a Perminex layer with a
thickness of A/4, as discussed in chapter 5. The backshort chip is made on a silicon substrate. Since
our wavelengths are small, the distance between the two chips is also very small (\/4 is 2.5 ym and
4.63 ym in our case). This means that an additional silicon layer is present close to the CPW. The
surface of silicon can contain an amorphous layer of oxides. This layer of oxides can introduce TLS
noise [45] and a shift in resonance frequency.

Backshort Si substrate

——eeeeeee
Etch silicon groove

Reflector

N4
perminex

CPW
I ] [ 1

Si chip substrate

Absorber

Figure 4.5: The main and backshort chip with the groove above the CPW highlighted.

The power spectral density (PSD) of the TLS noise, S, can be described by the following equation [46]:

tf Lds
S _ KW f.T) " \AFEP/E: 4.13)
72 4B, W2 '

This equation uses the assumption that the electric field inside the field strength is thickness-independent.
In this equation, « is a material-dependent parameter found empirically. It is a function of the operating
frequency v, the readout frequency f, and temperature T. E; in equation 4.13 is the saturation field
value. [ is the length of the CPW resonator and ¢ is the thickness of the TLS layer. s, the parameter
over which is integrated, is the width parameter in the dielectric above the CPW. Lastly, W’ is the total

electric energy stored in the system: W’ = % From this equation, we can see that we can
reduce the TLS noise by reducing the electric field strength E in the silicon surface. Therefore, it was
decided to make a groove in the silicon of the backshort chip above the CPW to remove these effects.
This is shown in figure 4.5.

Equation 4.13 can be simplified for our use. If we take the limit of a large E-field and assume that the
total energy stored in the system W does not change, the following relation can be found for the PSD
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Figure 4.6: The location of the Sense metal at the surface of the silicon backshort substrate right above the CPW. We vary the
air thickness in the simulations.

and the field TLS volume: % x |E[>. So now, the TLS noise can be related to the strength of the
electric field at the silicon surface. This can be simulated in SONNET using a sense metal. A sense
metal is a special metal in SONNET that allows us to simulate the tangential component of the electric
field. This is done in the following way: The sense metal is a special layer that allows us to measure
current. We can choose the reactance of the sense metal. The reactance of the sense metal is setto a
very high value such that it does not affect the electric field in the KID or create resonances. Then, the
electric field can be calculated via Ohm’s law: E = xJ. Here, E is the electric field, x is the reactance
(€2) and J is the current density in the sense metal (A m~1!). In this simulation, the thickness of the air
layer between the CPW and silicon surface, d,, is varied, giving different field distributions. Figure 4.7
shows two examples of the current distribution for various air distances between the silicon and the
CPW.

Figure 4.7: Current distribution at the surface of the silicon of the backshort chip for a CPW with a center line width of 10 pm

and a gap between the center line and ground plane of 6 ym. This configuration is used for the KIDs made in this thesis. Left:

The current density on the Si surface for a layer of air of 2.05 ym between the CPW and silicon of the backshort. Right: The
current density on the Si surface for a layer of air of 16 pm between the CPW and silicon of the backshort.

The results of the normalized field strength are shown in the left panel of figure 4.8. The simulations
are done with a reactance of x = 3 - 1016Q2/sq. The resulting currents in the sense metal are summed
and then normalized by the data point for the smallest air thickness between the slabs (d,;). This data
point is at d = 1 ym. It is the smallest thickness that still gives the expected current distribution of the
CPW. Therefore, this point is considered the field value immediately above the CPW and is used to
normalize the other data points.

The simulated electric field values can be coupled to the extra noise due to the backshort chip via the
known proportionality between noise and field and a measurement of the extra TLS noise due to extra
silicon above the CPW. This measurement gave an extra TLS noise contribution of 10dB for a 6-10-6
CPW with an air thickness between the CPW and the silicon of 1 ym [47]. The resulting excess noise
due to the electric field in the Si backshort chip is shown in the right panel of figure 4.8

The simulations are performed for CPW with four different parameters. The first parameter set is used
for the CPWs in this thesis. These CPWs have a gap width of 6 ym between the central plane and the
ground plane and a central plane width of 10 um. These will be called 6-10-6 CPW. The other types
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of CPWs are the 8-20-8, a very commonly used CPW, and the 2-3-2 and the 40-24-40. The last two
are the, respectively, smallest and largest CPWs that are in a database of SRON for the KID (mask)
generation software.

1.4 T
—»— 2-3-2 CPW i —— 2-3-2 CPW
m ). /—\/ﬂ 6-10.6.CPW 0 ! 6-10-6 CPW
cl2 St —— 8-20-8 CPW
A w —*— 8-20-8 CPW o™ —101 40-24-40 CPW
5 1.0 40-24-40 CPW i Other noise sources dominant
E lg —201 -==- Minimum (reference) airgap
=]
$0.8 2
= v -301
506 o
= > —401
=}
£0.4 ©
S & —50
0.2
_60,
0.0 -
10 20 30 40 50 0 10 20 30 40 50
Air thickness (um) Air thickness (um)

Figure 4.8: Comparison of the field strength at the surface of the silicon of the backshort chip and the excess noise due to the
backshort chip for different CPW geometries. A 2-3-2 CPW means a center line width of 3 um and a gap between the center
line and the ground plane of 2 ym. Left: The field strength at the surface of the silicon of the backshort chip as a function of the
thickness of the air between the backshort chip and main chip. The data is normalized by a data point for which an excess
noise measurement exists [47]. The field distribution insert is adapted from Hanhle[48]. Right: The relative extra TLS noise
caused by the silicon backshort chip. The reference is a measurement on an antenna KID with a CPW by Jochem Baselmans
of 10 dB excess TLS noise at 1 ym. This means that we choose a depth such that the TLS is reduced by 10 dB or more so that
it is no longer the dominant noise source.

Figure 4.8 shows that smaller CPWs have a lower field strength in the silicon. As a result, TLS noise is
lower for smaller CPWs. The simulation resulted in the decision to set dgroove=10 um. This is the depth
of the etch in the silicon backshort chip. The total distance between the silicon of the backshort chip
and the CPW is \/4 + dgroove-

All except 5 KIDs will have a groove in the backshort chip above the CPW in the chips fabricated for
this thesis. This aims to test and verify the effect of the backshort (groove) on the noise and resonance
frequency of the KID. The 5 KIDs without grooves are the KIDs with the 5 lowest resonance frequencies,
as the backshort is expected to lower the resonance frequency.

4.5. Effect of current inhomogeneity on the resolving power of ab-
sorber KIDS
4.5.1. Theory

Current inhomogeneity in aluminum can also limit resolving power. To derive this, we need to look
at the resonator differently than before, as the response dependence on the local current is not so
trivial from the derivation shown in section 2.2. To derive the dependence on the current, we need
to use the perturbation theory. Perturbation theory is widespread and has its best-known applications
within quantum mechanics. It yields an approximate solution to a problem by splitting the problem into a
simple, analytically solvable part and a small change to the system (the perturbation). In this derivation,
the resonator at resonance frequency is the base solution, and the change in kinetic inductance due to
an absorbed photon is the perturbation.

The complete derivation using the perturbation theory is presented in chapter C. The outcome of this
derivation allows us to express the shift in resonance frequency as a function of the energy stored in
the electric and magnetic fields, denoted by W, and W,,,, respectively [49]:

w—wy AW, — AW,
wo o W + W

(4.14)

Here, AW,, and AW, represent the changes in magnetic and electric field energy due to the perturba-
tion, respectively. The response dependence on the current can be found in equation 4.14. For this,
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we need to realize that “==¢ s proportional to the response 6 and that only the (kinetic) inductance
changes, meaning that AW = 0. So, the response only depends on W,,,. Kouwenhoven [18] found an
expression for the change in stored energy, W,,,, as a function of the change in the kinetic inductance
at the resonance frequency in a 1D situation:

la
AW, = / 6Ly, (1) | Imax (1)) dl (4.15)

Ju

In this equation, /; and [, are the integration bounds for the length, § L (I) is the location-dependent
change in kinetic inductance, and Imax (1) is the location dependent current during resonance. We use
a 1D situation as an approximation, as the length of the aluminum lines is large compared to the width.

By combining equation 4.15, which shows that the stored energy scales with 12.,, and equation 4.15,
it follows that the KID response scales with Imax(1)?.

After the photon hits the absorber, quasiparticles will be generated. During the time that the resonator
needs to respond to a change in impedance, called the ring time, ting = —Q the quasiparticles will
diffuse. The distance that quasiparticles travel during diffusion, known as the diffusion length, deter-
mines the integration bounds of equation 4.15. As a result, if the distance over which the current varies
significantly is smaller than the diffusion length, the response will be almost uniform, whereas a larger
variation distance causes the response to depend on the location of the photon incidence.

The diffusion constant, D, must first be known to calculate the diffusion length. It can be calculated
using the Einstein equation[50]:

1
= — 4.16
2€2pN() ( )
In this equation, e is the electric charge of an electron, p is the normal DC resistivity, and N is the
single spin density of states at the Fermi level. N, can be found in literature for aluminum: Ny ~
1.08 - 10*"m—3J1[12].

We can define the diffusion distance now that we have defined the ring time ¢,y and the diffusion
constant D. The diffusion distance is the distance the created quasiparticles travel during the ring time:

diffusion = AV tringD (417)

4.5.2. Simulation

The current inhomogeneity in the absorber part of the KID is simulated in SONNET. The setup of the
simulation is shown in figure 4.9. In this simulation, a 18.5 ym KID design is simulated with a 23 nm
thick aluminum absorber with 7x7 unit cells in the absorber. The KID simulated here is the KID with the
center frequency of chip design 1. The resonance frequency of this KID is 4.5 GHz. The chip designs
are discussed in chapter 5.

@0 si

Figure 4.9: The simulation setup in SONNET. The green structure is the aluminum absorber part of the KID. The red part is the
NbTiN in the KID. The CPW, transmission line (TL), and coupler are all NbTiN. On the left, the stratification is shown.

The simulation is very similar to the simulation setup in figure 4.3. There are two large differences
compared with the previous simulation. The first change is that the full KID is simulated here as we
want to find the current distribution at the resonance frequency of the KID. To find these currents, we
need to simulate the full KID as there are also currents in the CPW that influence the currents in the
absorber. The other large difference is the stratification of the backshort. The stratification of the
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backshort is set to air in the current simulation. This is done as a groove will be made in the silicon of
the backshort to reduce TLS noise and a shift in resonance frequency. This is discussed in detail in
section 4.4.

However, the large size of the whole structure and the small mesh size needed to keep the shape of the
absorber correct made it impossible to run the SONNET simulation due to the large memory required.
Therefore, we choose the dimensions of the absorber such that the width of the absorber lines and the
spacings in between match the grid size. We choose 250 nm as the grid size, the smallest size possible
without memory issues. This means that the simulated design slightly varies from the presented 18.5 ym
design.

Figure 4.10 shows the resulting current density. There are no large variations within the absorber except
for the higher current density in the sharp corners of the absorber due to current crowding effects [51,
52]. However, the current crowding is so local, compared to the total area that quasiparticles can reach
due to diffusion, that it will not affect the resolving power.
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Figure 4.10: The distribution of the current density in the aluminum absorber part of the KID sampled with steps of 0.05 ym in
both the x and y direction. There are no large variations within the absorber unit cells except for current crowding in the corners.
In the figure, the area quasiparticles can reach due to diffusion for a photon absorbed in the middle of the absorber is
highlighted in gray.

However, diffusion can still influence the resolving power of KIDs. As shown in figure 4.3, parts of the
feed lines are made of aluminum. The aluminum of the feedline is extensive compared to the absorber
lines, resulting in a low current density. This means that the response is lower in that case as the
response scales with the local current squared as shown in equation 4.15, causing an extra variation
in peak heights.

We model this effect with the same setup as before in 6.1. In this case, we are only interested in the
current density as a function of the length of the line (1), as diffusion mainly occurs in that dimension.
Therefore, we change the distance between points in the current data from 0.05 pm to 0.25 um, which
is precisely the width of the lines and the spacing between the lines. As a result, we only have one
data point over the width of the line. This means we have simplified the two-dimensional current data
I(x,y) to a 1D current that is a function of length: I(1).

In the model, we start with the absorption of photons. The absorption pattern is modeled via an Airy
pattern originating from the center of the lens aperture focused at the center of the absorber directly
beneath it. The intensity I is then given as[53]:

. 2
I= 2J1(k:a' sinf)\* (4.18)
kasin @

Here, J; is the first-order Bessel function of the first kind, & is the wavenumber, and a is the radius of
the lens aperture. 0 is the observation angle, which means the angle between the axis going through
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Figure 4.11: The data used to estimate the resolving power due to quasiparticle diffusion to the feed. Left: The current density
within the absorber with a sample distance of 0.250 nm resulting in 1 sample point over the width of the line. This 1D current
data is used for estimations of the resolving power. The bars at the edge of the figures illustrate the zone where a lot of
quasiparticles will diffuse to the feed after photon absorption. Right: Probability density function for photon absorption,
obtained by normalizing the Airy pattern intensity from the lens over the absorber structure. The total integrated probability
across all absorber lines equals one.

the lens’s aperture’s center and the line connecting the position of interest on the absorber and the
center of the aperture.

Figure 4.11 shows the absorption probability for photons together with the resulting current density.

We will use the same mesh as the current density for the absorption of the photons so that the photon
is now at a location I. From this location, we calculate the minimum and maximum positions to which
quasiparticles can diffuse, which are Inin = I — dgifiusion @Nd Imax = | + dgifiusion- After this, we integrate
I(1)? to find the response as described in equation 4.15 with [y, and Imax as integration boundaries.
This implies that we assume that quasiparticles form a uniform distribution and the kinetic inductance
is constant: Ly (l) = L.

We also need to consider boundary conditions, as photons may be absorbed close to the start or end
of the absorber. In that case, I,,in can be smaller than zero, and /,,,x may be larger than the total length
of the absorber. The areas where this is true are highlighted in the left panel of figure 4.11. In this
simulation, we will consider two boundary conditions:

1. Quasiparticles stay in the absorber. They see a hard wall at the end and can not enter the feed.
Again, we use that a constant L,. This means that we need to compensate for the location of
incidence: When a photon is absorbed closer to the boundary of the absorber, the corresponding
integration interval is shorter. In contrast, photons absorbed in the middle have a longer segment
over which the response is integrated. To account for this variation in the interval length, we divide
the integral by the integration interval length. This effectively means that we average I(1)2.

2. Quasiparticles can leave the absorber and enter the aluminum part of the feed. Here, we assume
the feed lines do not contribute to the integration. This is valid as the current density in the feed is
a factor 100 lower than in the absorber, and the response scales with the current density squared.
In this situation, we will thus change inn to zero if Imin < 0 or Imax to the length of the absorber if
Imax is larger than the length of the absorber.

The integration will yield a distribution of integrated current. We change this distribution to one of ¢
by assigning the calculated peak height from section 4.2 to the median of the distribution. The other
values of the distribution are scaled proportionally based on this median.

In the simulation, we estimate the resolving power by simulating the absorption of 1 million photons. The
resulting histogram with resolving power for the first boundary condition, where quasiparticles stay in
the absorber, is shown in figure 4.12. The resulting distribution is very narrow. However, the distribution
is not Gaussian. As a result, we can not use a kernel density estimate. Therefore, we will use the worst
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Figure 4.12: The resulting histogram due to current inhomogeneities within the absorber. The boundary condition is closed, i.e.
quasiparticles stay in the absorber. We find a relatively narrow, non-Gaussian distribution. We use the lowest and highest
values of 6 for R due to the non-Gaussian shape. We find R = 272.10.
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Figure 4.13: The resulting histogram due to current inhomogeneities within the absorber. The boundary condition is open, i.e.,
quasiparticles can leave the absorber. Quasiparticles in the wide part of the feed are assumed not to contribute to the
response, due to the 100x lower current density in the feed. We find a narrow distribution of higher counts and a long tail of
lower peak values. We use the lowest and highest 6 to find R. We find a low resolving power of R = 1.93.

case scenario where 0F is the difference between the minimum and maximum found difference in the
simulation. From this, we find R = 272.10, which is large compared to other contributions, such as
Fano statistics (Rano ==~ 6.8), resulting in a non-significant contribution to the total resolving power.

Figure 4.13 shows the result for boundary condition 2, where quasiparticles can diffuse to the feed. The
result is, again, a very narrow peak around the average expected peak height. However, due to the
diffusion of quasiparticles to the feed, there is a uniform distribution of relatively low counts for lower
peak heights. This reduces the resolving power drastically to R = 1.93.

However, many of these pulses have such low values that they get lost in the noise floor. Therefore, it
is not good to look at these pulses as a resolving power but as a detection efficiency. This efficiency
can be seen as a detection efficiency, ngetection- FOr this purpose, we look again at the simulation results
in figure 4.14. To get an idea of how many pulses in the tail get lost, we will analyze the data again,
but now we will consider a signal-to-noise resolving power to filter the data. We take a typical value
of R, = 5. All peaks that fall outside R,,, = 5 are rejected in the analysis. The resulting histogram is
shown in figure 4.14. We find a detection efficiency of 84%.

From this research, we conclude that current inhomogeneities within the absorber do not degrade the
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Figure 4.14: The resulting histogram due to current inhomogeneities within the absorber. The boundary condition is open, i.e.,
quasiparticles can leave the absorber. Quasiparticles in the wide part of the feed are assumed not to contribute to the
response, due to the 100x lower current density in the feed. We find a relatively narrow distribution of higher counts and a
uniform distribution of low counts for lower peak values. Here we analyze how many pulses in the tail are lost in the noise floor.
For this, we consider a typical value for R, of 5. All counts outside this range are considered lost. Then we find an additional
detector efficiency, ngetection Of 84%.

resolving power. We also conclude that the wide feed will lower the efficiency and resolving power of
the detector. Future detectors should make the connecting Al feed as small as possible to avoid loss
of quasiparticles or add an extra long, narrow line between the absorber and feed to ensure that all the
quasiparticles will contribute to the response maximally.



Chip design and fabrication results

This chapter starts with an overview of the 4 different chip designs with their parameters. After this, we
discuss the fabrication process. This chapter ends with the results of the fabrication.

5.1. Chip design overview

In this thesis, a total of 9 chips will be made from 4 different chip designs, 2 for each wavelength. Here,
an overview of the different designs with the important parameters is added:

» Design 1: 18.5 ym with larger absorber

— Absorber unit cells: 7 x 7

— Absorber dimensions: w, = 2.4 Afx = 25.97uym, wy = 2.7\ fx=29.68um

— Backshort spacing: A/4= 4.63 pym

— Backshort dimensions: w, = 40.97ym, w, = 44.68um

— Center frequency: 4.5 GHz (frequency range: 3.34 to 5.82 GHz)

— Scaled frequency spacing: % =2x 1072

— Total number of KIDs: 25 (5x5 KID array hexagonally spaced with 0.75 mm pitch)

— Designed quality factors (Q..):

* 40 x 103 (13 resonators, assigned to the lowest readout frequencies)
* 100 x 103 (12 resonators, assigned to the highest readout frequencies)

— CPW: 10 ym center line and 6 ym gap between center line and ground plane.

— Readout line: 20 ym center line and 8 ym gap between center line and ground plane.
» Design 2: 18.5 ym with smaller absorber

— Absorber unit cells: 5 x 5

— Absorber dimensions: w, = 1.7Afx=18.55 ym, wy = 1.9 fx=21.20ym

— Backshort spacing: A/4=4.63 pm

— Backshort size:w, = 33.55 ym, w, ==36.20pm

— Center frequency: 5 GHz (frequency range: 4.34 to 5.69 GHz)

— Scaled frequency spacing: % =1x1072

— Total number of KIDs: 25 (5x5 KID array hexagonally spaced with 0.75 mm pitch)

— Designed quality factors (Q..):

* 40 x 103 (13 resonators, assigned to the lowest readout frequencies)

40
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* 100 x 103 (12 resonators, assigned to the highest readout frequencies)
— CPW: 10 ym center line and 6 ym gap between center line and ground plane.
— Readout line: 20 ym center line and 8 ym gap between center line and ground plane.
» Design 3: 10 ym with larger absorber

— Absorber unit cells: 5 x 5
Absorber dimensions: w, = 1.987 Afy = 11.75um, w, = 1.996 A fx = 11.80pm.
Backshort spacing: \/4= 2.5 ym

Backshort dimensions: w, = 26.75uym, w, = 26.80ym.

Center frequency: 5 GHz (frequency range: 4.34 to 5.69 GHz)

Scaled frequency spacing: % =1x10"2
— Total number of KIDs: 25 (5x5 KID array hexagonally spaced with 0.75 mm pitch)
— Designed quality factors (Q..):

* 40 x 103 (13 resonators, assigned to the lowest readout frequencies)
* 100 x 103 (12 resonators, assigned to the highest readout frequencies)
— CPW: 10 ym center line and 6 ym gap between center line and ground plane.
— Readout line: 20 ym center line and 8 ym gap between center line and ground plane.
* Design 4: 10 ym with smaller absorber

— Absorber unit cells: 3 x 3

— Absorber dimensions: w, = 1.192 A\ fx = 7.05um, w, = 1.197 Afy = 7.08um.

— Backshort spacing: A/4= 2.5 ym

— Backshort dimensions: w, = 22.05ym, w, = 22.08um.

— Center frequency: 5 GHz (frequency range: 4.34 to 5.69 GHz)

— Scaled frequency spacing: % =1x1072

— Total number of KIDs: 25 (5x5 KID array hexagonally spaced with 0.75 mm pitch)
— Designed quality factors (Q.):

* 40 x 10® (13 resonators, assigned to (lowest frequencies))
* 100 x 103 (12 resonators, assigned to even KIDs (highest frequencies))
— CPW: 10 ym center line and 6 ym gap between center line and ground plane.
— Readout line: 20 ym center line and 8 ym gap between center line and ground plane.
The main variation between the chips is the number of unit cells of the absorber. The first reason for this
is the fabrication limits. The risk of failed fabrication is especially high for the 10 um design. Therefore,
safer versions are made with fewer unit cells and thus less risk. This variation also gives us versions
with a lower volume. These have a lower quantum efficiency but a higher responsivity. The higher

responsivity increases the chance of being able to measure single photons. This is the second reason
for this variation in the chip designs.

5.2. Fabrication process

All the designs consist of two chips: the main chip and the backshort chip. Figure 5.1 shows a general
overview of the chip layers. The fabrication process consists of 13 steps, of which 4 are optional steps
for the backshort. The fabrication steps are the following:

Full fabrication:
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Backshort chip: M2027b

Aluminium reflector (100nm)

N4
200 nm NbTiN CPW perminex

[ I ]
M2027:Chip (350 pm Si)

Absorber aluminium (23nm)

Perminex layer (420 nm)

Lens array

Figure 5.1: A not-to-scale overview of the different layers of the KID chips presented in this thesis. The bottom of the figure is a
Lens array. The lens array is connected to a silicon substrate. The KID layers will be deposited on this substrate. Therefore,
this will be called the main chip (M2027). The main chip is connected to the backshort chip via a A\/4 Periminex layer. On the

backshort chip, a A\/4 aluminum backing reflector is placed.

1. -Ta backside: We sputter deposit 36 nm -Ta. We use photolithography and reactive-ion etch-
ing (RIE) to make the pattern. The impedance of 3-Ta layer is matched such that the scattered
THz radiation is absorbed and the GHz microwave readout is not affected[12]. The resulting pat-
tern consists of §-Ta squares similar to the design shown in Baselmans et al.[54]. Obviously,
there is no 5-Ta mesh added under the lens. Moreover, the 5-Ta mesh is removed under the
Perminex pillars to create a flat floor for the Perminex.

2. Cleaning and SiO, deposition: We deposit 200 nm SiO, using plasma-enhanced chemical
vapor deposition (PECVD) on the backside. This layer is used to protect the backside during the
next steps.

3. NbTiN: We sputter deposit 200 nm NbTiN. We use photolithography, RIE, and wet etching to form
the pattern. The NbTiN will form the ground planes and transmission lines.

4. Polyimide: We spin coat 0.5 um Polyimide on the chip. We use photolithography for patterning.
The Polymide will form bridges over the transmission line. The Polyimide is cured at 250°C for 3
hours.

5. Aluminium evaporation and lift-off: First, MMA and PMMA are applied to the chip to form the
bilayer for the lift-off with PMMA on top. After this, the absorber pattern is made in the resist using
electron beam lithography. After this, we deposit a 23 nm thick aluminum layer using evaporation.
Then, we use lift-off to remove the PMMA and MAA resist.

6. SiO, back removal: We wet etch the SiO, from the backside of the wafer using a buffered oxide
etch (BOE). During this, we protect the front of the wafer with PMMA.

7. Perminex lens: We spin £420 nm Perminex on the backside of the chip. Photolithography is
used for patterning.. We protect the front with PMMA and bake at 250°C for 10 minutes. After
fabrication, the PMMA is still on the chip as a protection layer

Backshort fabrication (optional):

8. Backshort marker: We etch markers with a depth of £0.1 ym in Si using a potassium-hydroxide
(KOH) etch. We use photolithography for the patterning.

9. Backshort aluminum: We sputter deposit 100 nm aluminum for the backing reflector. Then we
make the pattern using photolithography and wet etching.

10. Backshort groove: We etch +10 um Si with a KOH etch. We use photolithography for the pat-
terning. This hole is etched under each KID except for 5 KIDs per chip. This groove is discussed
in more detail in section 4.4
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11. Backshort Perminex: This layer connects the backshort chip with the main chip. For this, we
spin a \/4 thick Perminex layer. \/4 equals 2.5 and 4.63 pm for the 10 ym and 18.5 ym designs,
respectively. We use photolithography for the patterning.

Full fabrication:

12. Dice: We dice the chips. During this step, we protect the backside of the main chip with a
photoresist.

13. Prepare for mounting: We inspect and clean chips. After this, the backside resist on the main
chip is stripped.

The mask for the main chip of the large 18.5 ym absorber design is presented in figure 5.4. Detailed
views of the KID and the absorber within this mask are shown in figures 5.2 and 5.3, respectively. The
corresponding mask for the backshort chip of the same design is shown in figure 5.5.

After fabrication, a microlens array is mounted to the chip. Before mounting the microlens array, the
PMMA protective layer is removed. The microlens array in this work is laser-machined by Veldlaser
and designed by Shahab Dabironezare.
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Figure 5.2: A zoomed view of one KID in the chip mask of figure 5.4. The most important parts of the KIDs are highlighted.
The etched NbTiN is red. The readout line at the top and bottom can be seen with the polyimide (light blue) and aluminum (dark
blue) bridges. From the figure, it looks like the perminex (purple) that connects the lens and chip is on transmission lines, but it
is on the back of the chip. The feed and absorber are marked in the middle, and a close-up of both is shown in figure 5.3. The

B-Ta layer is hidden for the visibility of the other layers.

5.3. Fabrication results

The main chips have been fabricated successfully. Figure 5.6 shows one of the two fabricated chips
with a 5x5 unit cell absorber design for the 18.5 ym detector design.

The backshort chip has also been fabricated. However, this has been harder than expected. The first
iteration with a KOH etch did not succeed. The KOH etch resulted in a rough surface with sharp edges.
As a result, the perminex could not be properly cured[55]. This happened although the grooves were
deeper (50 ym) then the designed 10 ym. Therefore, Tonny Coppens developed an alternative route.
This resulted in the following altered fabrication steps for the backshort:
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Figure 5.3: A zoomed view of an absorber in figures 5.4 and 5.4 The most important parts are highlighted. The etched NbTiN
is red. We see the absorber (purple) with a unit cell highlighted in the middle. The absorber is connected to an aluminum feed
(light blue), which is connected to a NbTiN feed.
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Figure 5.4: The mask design for one of the chips presented in this thesis. The other chips have similar designs. The important
parts of the chip design are highlighted. In the upper left of the figure, we see the DC chip used for measuring the resistivity.
Next to that we see the lens markers used to align the lens array and the Perminex that connects the lens array to the chip. We
see a bond pad on the left and right of the mask to connect wires to the chip. Lastly, we have the KID array in the middle of the
mask. The 3-Ta layer is hidden for the visibility of the other layers. Zoomed view of a KID and absorber are shown in figures
5.2 and 5.3.

8. Marker backshort: We will either etch the markers in the silicon or pattern them in the aluminum.
9. Backshort aluminum: Same as before. Only step number is changed.
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Figure 5.5: Backshort chip mask of the large 18.5 um absorber variant. For the backshort design, the same alignment markers
are used as the lens. The important parts are highlighted: Perminex (grape) connecting the lens and the backshort chip, the
etched Silicon (gray), and the aluminum backing reflector (indigo). Left: The full chip mask. Right: A zoomed-in view of the

backshort array.

Figure 5.6: Microscope pictures of chip 2 of LT379, which is one of the 5x5 unit cell absorber chips. The taupe background in
the picture is the NbTiN ground plane. The blue-grey is the silicon substrate, where all the NbTiN is etched away. The white
structures are Al. Top Left: Overview of the full KID array with the surrounding ground plane. Top right: KID array. Bottom

left: KID. Bottom right: Absorber.

10. Backshort Perminex: Same as before. Only step number is changed.

11. Backshort groove: We use a thick resist pattern of 10 um to protect the chip. We use a RIE etch
for the silicon.

This route worked for the fabrication of the backshort chips. One of the resulting backshort chips
is shown in figure 5.7. However, this chip is still under development. Therefore, the chips will be
measured without a backshort in Chapter 7.
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Figure 5.7: The fabricated backshort chips. The blue-grey color is the Silicon backshort substrate. The black rectangles are
the RIE etches in the Silicon. The circles are the perminex pillars, and the white squares are the aluminum backing reflectors.
Left: The full backshort chip. All KIDs in the array contain a RIE etch in the Si under the CPW, except for 5 KIDs. Right: A
zoomed-in view on the etch. Irregularities in the depth of circa 1 ym can be seen at the edge of the etch in the silicon.



Experimental method

For this thesis, different chip designs have been made. The design methods are described in chapters
3 and 4 for the absorber and the rest of the KID, respectively. The final chip designs are discussed
in chapter 5. In this chapter, the experimental evaluation of these designs is discussed. The chapter
starts with an introduction to the setup used. Then, the readout will be discussed, followed by a model
to calculate the expected incident power on the detector.

6.1. Experimental setup

As explained before, MKIDs use superconductors to measure the incoming photons. The detectors
need to be cooled to a temperature below the critical temperature of the superconductor. In this thesis,
a pulse tube pre-cooled dilution refrigerator cryostat is used. The cryostat setup is shown in figure 6.1.

The cryostat consists of 4 stages: the room temperature stage, '40 K’ stage, '3 K’ stage, and sample
stage. The temperature in the name is not the exact temperature of the stages; it is only a rough value.
The actual temperatures can be varied during experiments. Another name for the room temperature
stage is the 300 K'. In this thesis, the temperature of the sample stage is 100 mK and is thus also
sometimes called the '100 mK’ stage. The detector is placed in the sample stage in an additional
light-tight box.

Each of the stages of the cryostat is vacuum-pumped and separated by radiation shields. It is possible
to mount transparent windows in the shields so the source can also be placed outside the cryostat. A
pulse tube refrigerator cools the ’300 K’, 40 K’, and ’3 K’ stages. A Hes — He, dilution refrigerator cools
down the sample stage. A Cryophy® shield and a superconducting Niobium shield are placed around
the sample stage to protect the sensitive detector from magnetic fields.

In our setup for measurements at 18.5 ym, the source used is a blackbody. The blackbody is mounted
in the '3 K’ stage. The temperature of the blackbody in our setup can be adjusted externally so that
measurements for different blackbody temperatures can be done in the same cooldown. The radiation
emitted by the blackbody is described in more detail in section 6.3.

For our measurements, we would like to have a narrow band around our desired wavelength of 18.5 um.
The blackbody, however, emits more unwanted than desired radiation. The blackbody is not the only
source of parasitic radiation. All components have a temperature above zero and will thus emit radia-
tion. Therefore, we need to filter the radiation. A set of optical filters will be used for this. The exact
description of the filters with their transmission is discussed in 6.3. All the filters are placed in holders at
different stages. One special case is the neutral density filters, which are reflective. These are placed
in a holder with a 45° tilt to prevent standing waves by aiming reflected radiation at an absorbing layer.
This holder is highlighted as ’ND 100 mK’ in figure 6.1
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Figure 6.1: The setup used in the measurements. We have a vacuum shield, thermal shields for 30K, 40K, and 100 mK from
the outside to the inside, and magnetic Niobium and Cryophy shields. The source is a thermal radiator mounted at the 3K
stage shield. We mount filters at the sample stage, 100 mK stage, and at the 3K stage at the holder of the thermal radiator. The
Neutral Density (ND) holder is a specific holder that is designed to prevent standing waves within the setup. The reflected
radiation is aimed at an absorbing layer. Figure courtesy of Wilbert Ras.

6.2. Microwave readout

Figure 6.2 shows the used homodyne microwave readout. The microwave signal is generated outside
of the cryostat. There, the signal is split into two parts: one reference signal that goes directly to the 1Q
mixer, and one signal that goes to the detector. The signal that goes to the detector will go through all
the temperature stages for the detector. The signal will be attenuated in every temperature stage. After
modulation by the detector, the signal will leave the cryostat again. On its way, the signal is amplified
by a Low Noise Factory cryogenic LNA (type number: LNF-LNC2_6A) at the 3 K stage and by Miteq
(type number: A-30-02000600-09-10P) in the 300 K stage. After leaving the cryostat, the modulated
signal is mixed with the reference signal in an 1Q-mixer. The resulting mixed signal consists of two
components: the in-phase | component and the quadrature component Q.

The resulting I and Q components have an offset compared to our KID circle, which is centered at the
origin. Therefore, we subtract this offset, resulting in a corrected I' and Q’. These corrected | and Q’
can be related to the detector amplitude response A and phase response ¢ in the following way [4]:

A= % (6.1)

Here, X is the magnitude of the mixed signal: X = /I'?2 + Q2. < X > is the magnitude without a
response, so A is normalized to 1. The expression for 6 as a function of | and Q is:

6 =m—tan"! (?—;) . (6.2)

The data analysis of this signal is discussed in section 7.1.
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Figure 6.2: The microwave readout. At the room temperature stage, copper coaxial cables with a diameter of 3.8 mm are used.
We use steel cables with a diameter of 2.19 mm at the 30 K stage. From the 20 dB attenuator at the input side down to the 1
dB attenuator at the mixing chamber (MXC), CuNi cables with a diameter of 0.86 mm are used. Between the two 1 dB
attenuators, aluminum cables (2.30 mm diameter) are placed, while NbTi cables (0.86 mm diameter) are used just before the
first amplifier. The readout power is controlled using adjustable attenuators (Weinschel 8310). The amplifiers at the 3 K stage
and 300K stage are a Low Noise Factory LNF-LNC2_6A and an MITEQ LNA-30-02000600-09-10P, respectively. For S21
measurements, the components above the black dots in the setup can be replaced with a VNA (Keysight N5230A PNA-L). This
figure is adapted from [18].
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Figure 6.3: The irradiance as a function of wavelength for different blackbody temperatures. We see that most power is
concentrated in the lower wavelengths.

The IQ mixer and signal generator can also be replaced by a vector network analyzer (VNA) to perform
So1 measurements. In that case, the components above the black dots in figure 6.2 will be replaced by
a VNA.

6.3. Modeling of the expected power

In this section, we will derive the expected power arriving at the detector. The radiation is generated
by a blackbody. Planck’s law describes the radiation emitted by the blackbody for 1 polarization:

hc? 1
BA(\T) = 55 - —— (6.3)
e pT — 1

Here, k; is the Boltzmann constant, 4 is Planck’s constant, and c is the speed of light in vacuum. Figure
6.3 shows the blackbody irradiance for different blackbody temperatures. The blackbody emits a lot of
unwanted radiation, especially at lower wavelengths. Therefore, the radiation will pass through a set
of filters. The filters are shown in figure 6.4.

To calculate the expected power arriving at the detector, we need to multiply the radiation from the
blackbody with the filter transmission and integrate this to find the total power arriving at the detector:

he/2A
Praa @) = [ OB ) 0 (6.4)

Here ©()\) is the transmission spectrum of all the filters, and 7, is the setup-specific optical coupling.
Nopt 1S described in more detail in section 6.4. We integrate the power up to the wavelength that corre-
sponds to the bandgap. This corresponds to a wavelength of ~ 3.4mm.

The filter transmission of all the filters is shown in figure 6.4. For the measurements, the following filters
are used in the measurements:

* Panels a and b: ND1 and ND3 Filter. Both are Neutral Density Filters produced by Thorlabs, inc.
(part number: NDIR(10/30)B). The name gives the optical density of the filters: OD = logy, (7)
with T the average transmission. We will use filters in our measurements with a 10~ transmission
for the ND1 and 102 for the ND3. Panels a and b show that the transmission of both filters is
lower for higher wavelengths. They are primarily used to reduce the amount of radiation with
longer wavelengths. The filter consists of a ZnSe substrate with a thin Nickel film on top. The
filter is characterized between 0.2-18 ym. The transmissions at the edge of the characterization
band are used for wavelengths outside of this band.

* Panel c: BP185. A 18.5 ym bandpass filter made by Northumbria Optical Coatings Itd (part num-
ber: NC-2444-1). Panel c shows that the filter has a very high transmission for a very narrow
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Figure 6.4: A slice of the total filter transmission of all the filters used for the measurements in this work. The full filter
transmission is characterized between 1 mm and 1 ym. Panel a: The optical density of a 1 neutral density filter. Panel b: The
optical density 3 neutral density filter. Panel ¢: The 18.5 ym bandpass filter. Panel d: The FP3568 short wave pass filter.

Panel e: The Zinc Selenide window. Panel f: The silicon lens and substrate.

band given byAcenter/FWHM = 50. The filter is characterized between 0.8 and 40 ym. For A\ <
0.8 ym, we use the transmission at 0.8 ym. For A > 40 ym, we assume the transmission to be
0.3 [56].

Panel d: FP3568. It is a metal mesh filter made by QMC Instruments Ltd. Panel d shows that the
transmission decreases for longer wavelengths, and this filter is thus a short-wave pass filter. The
cut-off wavelength is approximately 23 um. It has been characterized between 17- 80 ym. The
transmissions at the edge of the characterization band are used for other wavelengths outside of
this band.

Panel e: ZnSe. A Zinc Selenide window produced by Thorlabs, inc.(part number: WG70530).
Panel e shows that it has a lower transmission for longer wavelengths, and the filter is thus a
short-wave pass filter. The cut-off wavelength is 22 ym. The thickness of the window is 3.0 mm.
It is characterized for 1-25um. We assume a transmission of 0.01 outside this band [57].

Panel f: Si. The Silicon lens and substrate. The lens and substrate absorb and reflect radiation.
The absorption of silicon is described in more detail in Appendix F.

The filter transmission is characterized at room temperature except for the 18.5 ym bandpass filter and
silicon. The bandpass filter has an in-band characterization at 77K and an out-of-band characterization
at room temperature. Silicon is characterized at 10 K. The filters’ diameter is the same: 25.4 mm.
During the measurements, the filters are used in this configuration:
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Filters in the holder at the sample stage:

1. 18.5 ym bandpass filter,
2. 18.5 ym bandpass filter,
3. 18.5 ym bandpass filter.

Filters in the holder at the 100 mK stage:

4. 18.5ym bandpass filter,
5. Zinc Selenide window,
6. FP3568 filter.

ND holder at the 100 mK stage:
7. ND3 or ND1 filter, depending on the measurement.
Filter holder at the blackbody in the 3K stage:

8. 18.5 ym bandpass filter,
9. Zinc Selenide window.

6.4. Optical coupling

The optical coupling for a multi-moded detector can be defined as:
Topt = 7]50@~ (6.5)
ng

Here 74, and )y are the aperture and focus efficiency, respectively, as described in section 3.3. 7, is
the spill over efficiency:

Sl F (07, 67) a9
T L F (077677 aQ

e (f) (6.6)

Here, (), is the solid angle of the radiation as seen by the detector. In our case, the limiting aperture is a
filter in the 3K filter holder in figure 6.1. This filter has a diameter of 25.4 mm and is placed at a distance
of 300 mm from the detector. The corresponding opening angle from this filter is approximately 1.5°.

We need to find the absorbed power Py to find the reception power pattern F' to calculate the efficien-
cies required for the optical coupling. Figure 6.5 shows the GOFO (Geometrical Optics, Fourier Optics)
that is used to calculate the absorbed power. The technique primarily uses FO as this method allows
us to calculate the plane wave spectrum (PWS), which is needed as input for the Floquet model, rela-
tively easily [15]. The incident field is propagated using FO to the surface of the lens. From the lens’s
surface, GO propagates the radiation to an auxiliary surface called the FO-sphere. GO is used for this
part of the propagation as it approximates the radiation as rays, which allows us to use Snell’s law to
simplify the situation [58]. Then, FO is used from the FO-sphere to the focal point, i.e., the absorber.
The FO gives us the PWS, i.e., the values of V!'¥ and V['", as shown in figure 2.11. We find the Z,
by simulating the absorber in CST. Then, using the Floquet model, the absorbed power can be found.
The simulation for this absorber was done with a code of Daan Roos [59].

Then, using Paps We can calculate the efficiency terms. We find 75, by dividing the max value of the
Paps(f, 0, @) by the incoming power, as described in equation 3.6. We also calculate the reception power
pattern F' by normalizing P, by its maximum value, as described in equation 3.11. Then using F'n; and
7)so are calculated via equations,3.8 and 6.6, respectively. All the steps are done for both polarizations
separately. The total optical coupling 7,,: is calculated for both polarizations via 6.5. Figure 6.6 shows
the total calculated optical coupling, which is higher than 1, as the optical coupling is normalized to
the maximum power a single moded device can absorb. Absorbers are multi-moded devices and can
thus have an optical coupling larger than 1. We find that the number of effective modes the absorber
can couple to, ’n“fp, is 0.99 for the TE polarization and 1.07 for the TM polarization. We find a spillover
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Figure 6.5: A not-to-scale schematic view of the GOFO technique [15] The incoming field is propagated via FO to the lens
surface. From there, GO is used to the FO-sphere, as it allows using Snell’s law [58]. From the FO sphere, the field is
propagated to the focal point. The final result is a PWS that can be used with the Floquet model.

efficiency of 1 for both polarizations. This means that the lens focuses all the radiation on the absorber.
Combining this, we find that 7,,; = 0.99 for the TE polarization and 1, = 1.07 for the TM polarization.
These efficiencies are calculated without considering absorption in the silicon lens and substrate. If we
consider 15% absorption of the power in the lens and substrate as described in Appendix F, we find
that 7., ~ 0.92 for the TE polarization and 7,,; = 0.85 for the TM polarization.
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Figure 6.6: The optical coupling efficiencies of the 5x5 unit cell 18.5 um absorber for both polarizations. nap, 17, 750 and nopt
are calculated via equations 3.6, 3.8, 6.6, and 6.5, respectively. The absorbed power P,;,, which is needed as input in these
equations, is found using the GOFO model described in this section. This simulation is done with the measured value of p=
3.1 Q2 ecm. We find a spillover efficiency of 1 for both polarizations. This means that the lens focuses all the radiation on the
absorber. The simulation does not consider absorption in the silicon lens or substrate. Left: The optical efficiencies of the TE
polarization. The absorber effectively couples to 0.99 modes, resulting in n.,: = 0.99 for a spillover efficiency of 1. Right: The
optical efficiencies of the TM polarization. The absorber effectively couples to 1.07 modes, resulting in 7,,: = 1.07 for a
spillover efficiency of 1.



Experimental results

This chapter will discuss the experimental results. The experimental setup used for these measure-
ments is described in chapter 6. Three chips will be measured: chip 2, a 18.5 ym KID design with a
smaller absorber as described in chapter 5, chip 5, an identical copy of chip 2, and a 12 THz membrane
lens-absorber coupled KID designed by Jochem Baselmans and Shahab Dabironezare. This chapter
starts with the data analysis and ends with the results of the measurements.

7.1. Data analysis

7.1.1. Single-photon counting

The first part of the experiment is a single-photon counting experiment. These measurements were
done for relatively low blackbody temperatures (= 3 — 100K). The number of photons coming is still
low enough for pulses to not overlap for these temperatures, so we can still distinguish peaks. We use
a sampling rate of 1 MHz for these measurements to have enough sample points in pulses, which are
typically a few hundred microseconds long. First, the data analysis used for single-photon counting is
discussed, followed by the results of the measurements.

The data analysis consists of a few steps: smoothing the response, selecting peaks, measuring noise
spectra, and finally, filtering the pulses with an optimal filter to find the peak height. Here, the steps will
all be described in chronological order.

Finding pulses with response smoothing

The first step of the data analysis is smoothing. The goal of smoothing is to make it easier to find the
location of the peaks in the time domain. For this, the data stream is convoluted with the expected
pulse shape, which is an exponential decay with the recombination time 7,. as time constant: e~ . We
find the value of 7,. using a fit. This is shown in figure 7.1. From this smoothed response, the location
of peaks can be found. We select the pulses in the raw timestream based on these locations.

Selecting pulses

Now that we have found the locations of the pulses, we can select the peaks corresponding to photons.
The first requirement to select a peak is that it must be between a minimum and maximum threshold.
A minimum threshold is set to reject peaks originating from noise spikes. This is also referred to as the
minimum peak height (MPH). A maximum can also be chosen to eliminate cosmic rays. The thresholds
are manually chosen as each measurement and/or KID gives different noise and peak heights values.

The second requirement is that the peak must stand out compared to its surroundings. For this, we set
the minimum peak prominence (MPP). The minimum peak prominence is the vertical distance that the
peaks must descend on either side of the peak before reaching an endpoint or increasing to a value
higher than the original peak [4]. In this work, we use the same MPH and MPP for all measurements.

The thresholds are found by iterating. The thresholds are deemed good when the pulse shapes of the
selected pulses match the expected exponential decaying pulse shape in aluminum, while pulses with
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Figure 7.1: We smooth the response with an exponential decay to find the locations of peaks. Left: An example of an

t
exponential filter, e~ 7 that is convolved with the response to smoothen the data. The time constant is the quasiparticle
recombination time: 7, Right: The original and smoothed responses. The peaks are more prominent, and the location of the
peak can be found more easily with a smoothed response.

significantly larger pulse heights (cosmic rays) are rejected.

We also remove overlapping pulses. For this, we set a pulse window based on the recombination time.
It is set such that the pulses are decayed within the pulse window. If there is another peak found within
the pulse window, then these pulses are deemed as too close. These pulses are then removed as they
will incorrectly alter the peak height and the averaged pulse shape. However, we still consider them for
the coupling estimations, as it is still an incoming photon.

The pulse window is set manually based on the averaged pulse shape. The averaged pulse shape is
the shape that we get if we average all the pulse shapes. The averaged pulse shape should not be
confused with the average pulse shape, which is the pulse shape of a typical pulse from the middle of
the histogram.

Peak height estimation using optimal filter

To estimate the height of the peaks, we will use an optimal filter. For the filter to work properly, the
pulses will be aligned so that their rise is in the same location. The optimal filter is based on this model
for a signal: d (t) = Hm (t) + n (t). Here d (t) is the data , m (¢) is the normalized pulse response and
n (t) is the noise, all in the time domain. H is the peak height and is the variable that we want to know
to find the energy of the incoming photon. For this, we will be applying a Fourier transform to d(t) to
find the frequency spectra of the signal: D (f) = HM (f)+ N (f). For this signal, an expression exists
that minimizes the error of the solution for H [18]. This expression is the optimal filter [60]:

00 D(f)M*(f) df

— 00 N 2
H === 'M((J{))‘Q (7.1)

Here, the frequency components D(f), N(f), and M(f) are calculated using the single-sided, fast
Fourier transform. We use the pulse data and the averaged pulse to calculate D(f) M (f), respec-
tively. We calculate the PSD |N(f)|? using Welch’s method. In this method, the data is first divided
into overlapping segments. Followed by a periodogram calculated for each of the segments. Finally,
the periodogram of the individual segments is averaged to find an estimation of the PSD with a low
variance [61]

The noise spectrum needs to be calculated from a 'dark’ measurement. In our case, the 'dark’ mea-
surement is the data between pulses.
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7.1.2. Resolving power calculation

We will make a histogram using the height of the peaks, H, found using the optimal filter. We use a
Gaussian kernel density estimate (KDE) on the peak heights H to find the average and variance of the
histogram. The KDE uses a summation of Gaussians at each data point to estimate the continuous
distribution of peak height. This gives us a continuous estimate of the distribution, which often captures
the shape more accurately and converges faster than a histogram with discrete bins [62]. We can then
extract a FWHM § and average from the KDE. For small response 6 < 1.5 rad, like the ones in this
thesis, the relation between E and H is assumed to be linear [4]:

£
§E = L5H. (7.2)
|H|

Using this linear relation and equation 4.8, the resolving power can be calculated with the average
value for H and the FWHM §H.

We can now calculate the different components of R, such as R,,,. For this, we need to find deltaH,,.
0 H,, determines the upper limit of the resolving power that we can reach if we are only limited by noise
in the setup. It is defined as the FWHM of the histogram that would result if we use the noise N(f) as
an input in the optimal filter, i.e., we substitute D(f) = N(f) in equation 7.1. This yields: [4, 60, 63,
64]:

] —1/2

df} . (7.3)

OHn =2y2In(2) [/oo ||N((JJ:))I|2

The factor 2+/21n 2 comes from a change from o to FWHM.

7.1.3. Power-integrating

The second type of measurement is a power-integrating measurement. In this type of measurement,
the blackbody is set to such a high temperature that we are even beyond the situation where photon
peaks overlap. In that case, we measure an overall response offset compared to the situation without
incoming power. We measure this response as a function of incoming power.

The blackbody will be set to a set of center temperatures for these measurements. A small sweep is
performed around each center temperature, resulting in a small change in incident power. This allows
us to measure the responsivity % for each of the temperatures and derive important parameters such
as the optical coupling and the sensitivity of the detector expressed as a Noise Equivalent Power (NEP).
The NEP is the power that results in an SNR of 1 in an integration time of 0.5 s. The relevant steps

and equations to find these results are discussed in the next section.

In the power-integrating measurements, we use two different sample rates of 1 MHz and 50 KHz.

7.1.4. Data analysis
The first step of the data analysis is finding the responsivity %. Here, P; ; is the blackbody power per
frequency, which can couple to a single-mode detector:

Py = NgBs(f,T)O(f). (7.4)

Here, \? is the single mode throughput, B (f, T') is the spectral radiance per frequency for 1 polarization,
and O(f) is the filter transmission.

We can find % by fitting a linear curve to the data of the small sweep of loading power. The result for
a sweep around one of the temperatures, 100K, is shown in figure 7.2.

The second step involves finding the recombination time rz. We can find it from the roll off in photon
noise in either the amplitude, phase, or their cross PSD. This work will use the cross PSD to eliminate
the noise from uncorrelated sources such as TLS and the amplifier. The Cross PSD in the case of
photon noise is given by [16]:
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Figure 7.2: The response, in this case 6, of a KID for a sweep of power. The power here is the loading power arriving at the

detector. The blackbody temperature is swept around 100 K. We linearly fit the data points to find the responsivity of the
detector: %.
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Sao(F) = 14+ 27F75)2 1+ (27Fting)?’ (7.5)

Here, F is the modulation frequency, f is the frequency of the incoming photons, and t,ng is the res-
onator ring time. Oy is the occupation number per mode[65]: (e"f/(kT" — 1)71.
For a KID, we typically find for ¢,y of microseconds, while 7, is typically in the order of 0.1 ms. This

means that 7. >> t,ng and thus that the roll-off of the PSD is caused by the recombination time and
not the resonator ring time.

The cross PSD can be calculated via the time domain data, as the cross PSD, S4 ¢, is the Fourier
transform of the cross-correlation function R4 9 =< A(¢t)0(t — u) > [16]. In the data analysis, this
calculation is done using the MATLAB function cspd. The recombination time can be found by fitting
the cspd output with 7.5. This is shown in figure 7.3.

We can use the fitted values of the responsivity % and recombination time 7 to find the experimen-
tally determined NEP [12]: '

-1
NEPexp (P, F) = /Sy (F) <d;‘_iff> 1+ @rfrr)?, (7.6)

where Sy(F) is the PSD of the phase response 6.

We can also define the theoretical NEP in a background-limited case where photon noise dominates
[66, 67]:

NEPZ, = NEP? + NEP%,.. + NEPZ

Poisson
— [ 2 (DPDRTdf + [ ()P (DRIOIOS 1) df
+ / 4770pt(f)APef(f) df (77)
Tipb
Here, the first term on the right-hand side, N E P>, is Poisson noise from photon fluctuations. The

second term, NEPw.ve, is the NEP from photonbunching. The last term, NEPg, is the NEP originating
from generation recombination noise.

In the case that the NEP is limited by photon noise, we can relate the experimental NEP to the theoretical
NEP in the following way: NEPZ, = nfpt(fo)NEPixp. Here, we assume that n,,:(f) is approximately
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Figure 7.3: The cross PSD, Scross, for multiple blackbody temperatures. The data is calculated using time domain data and is

fitted by equation 7.5. The resulting fitted recombination time is shown in the legend.

constant over a narrow frequency band with center frequency f;. We can then rearrange this to an
expression for the optical coupling [66]:

_ J2Pghfdf + [AAP, 5 /ngy df
Tort = NEPZ, — [ 2P, ;hfO(f)Os df

(7.8)

This is the coupling compared to a single-mode detector sensitive to 1 polarization. This means that
this coupling can be larger than 1, as the absorbers in this work can couple to both polarizations and
multiple modes.

7.2. Results

7.2.1. 18.5 ym lens-absorber coupled KID on substrate

First, we performed S>; measurement on chip 5 from LT379. The measured and designed resonance
frequencies and quality factors are added in Appendix D. The resonance frequencies of the KIDs were
found to be approximately 300-400 MHz lower than designed. A possible reason for this could be that
the KIDs do not have a backshort, and the backshort is expected to increase the resonance frequency.

We also found that the internal quality factor Q; is lower than expected. It is in the order 103 instead of
10° — 108. For this purpose, we performed a S»,; measurement on chip 2, the duplicate of chip 5 without
a lens array. This chip had quality factors within the expected 10° — 10°. We inspected chip 5 using an
optical microscope and saw no visible damage in the readout line and the KIDs. We expect that the
lens array mounting or an invisible fabrication fault is the cause of the low Q;’s for chip 2. We continued
measurements with chip 2, as a piece of chip 5 was broken off, making it impossible to mount a lens
array on this chip.

Single-photon counting

The first measurement that we performed was a single-photon counting experiment. In these measure-
ments, we use the ND3 filter. The resulting time domain data for one of the measured KIDs, KID5, is
shown in the left panel of figure 7.4. This KID is measured at a readout power of -102 dBm for 1 s.
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Figure 7.4: The resulting time domain data of KID 5 of chip 5 of LT379. This KID is measured for 1 s with a readout power of
-102 dBm. We see photon pulses with a large spread in height in this data. Left: A slice of the time domain data. We smoothed
the response with an exponential with 7. = 80 ps. A minimum and maximum threshold for the peaks of 50 and 1500 are used,
respectively. We find photon pulses with a large spread of energy in the data. Right: This data set's averaged pulse and noise.
The averaged pulse is the average of all pulses and not a typical pulse with average peak height in the distribution. We find the
typical pulse shape of an aluminum KID. The decay is rather quick with a low 7.

A smoothing filter with 7. = 80 ps is used. The minimum and maximum threshold are set at 50 and
1000, respectively. In this time domain data, we can measure pulses, but the pulses have a very large
spread in height. That we actually measure pulses can also be seen in the right panel of figure 7.4,
which shows the average pulse and noise. In this figure, we can recognize the typical pulse shape
in Al with a relatively sharp rise and an exponential decay. The pulse decays quickly, meaning the
measured 7,. is relatively low for these KIDs.

The spread in the pulse heights can also be observed in the resulting histogram, as shown in figure 7.5.
The spread in the peaks is large, resulting in a very low R = 0.8.

We expect that phonon losses in the substrate cause this spread. This is confirmed by the calculation of
Ryhonon, @s given in equation 4.12, with a value of J = 3.1 for aluminum on a silicon substrate [40]. We
find Rphonon = 1.67, which indeed is low enough to limit the resolving power. To test that phonon losses
are indeed the cause of the low resolving power, we measure another chip with KIDs on a membrane
as described in 7.2.2. We use a chip with KIDs on a membrane as they have less phonon losses a
thus a lower J. Using J = 0.38 from [40] for Al on a 110 nm SiN membrane, we find Rpnonon = 3.98.
Therefore, we would expect the KIDs on membranes to have a higher resolving power.

Figure 7.5 shows that the histograms of the noise heights and the pulse heights almost overlap. As
a result, it is hard to distinguish noise and pulses. It is also hard to spot cosmic rays, as there are no
real outliers with high peak heights. The low value for R makes it thus hard to distinguish the pulses
originating from the source from noise and cosmic radiation. This also makes it impossible to extract
a valid optical coupling. Therefore, we also perform power-integrating measurements for this KID in
7.2.1.

We also found something strange during the measurements: after some time, the photons disappeared.
This effect is shown in figure 7.6. The measurement parameters are equal to the measurement before
in figure 7.4. However, all the photons are gone. We expect a superleak to be the cause of this. The
cryostat has a known problem with Helium-3 leakage. We think that the Helium-3 is absorbing the
radiation. However, we could not find literature on the exact absorption of Helium-3, so this is only a
hypothesis.
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Figure 7.5: The resulting histogram of KID 5 of chip 5 of LT379. This KID is measured for 1 s with a readout power of -102
dBm. We see photon pulses with a large spread in height in this data. As a result, we have a low measured R = 0.8. Due to
this, it is hard to distinguish the blackbody radiation from noise and cosmic hits.
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Figure 7.6: The resulting data of KID 5 of chip 5 of LT379 1 day after the previous measurement in figure 7.4. This KID is
measured again for 1 s with a readout power of -102 dBm. Here, all the pulses have disappeared. We expect that absorption
by Helium-3 from a superleak in the cryostat to be the cause. Left: A slice of the time domain data. We smoothed the
response with an exponential with 7. = 80 ps. We can not find any pulses in this time domain. Right: This data set’s averaged
pulse and noise. The averaged pulse is the average of all pulses and not a typical pulse with average peak height in the
distribution. We do not find a typical photon pulse shape. Instead, we see a pulse shape that looks like noise spikes with first a
sharp negative decay followed by a positive peak.
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Power-integrating

We also performed power-integrating measurements for higher blackbody temperatures to find the
optical coupling of this KID. This is done for all the KIDs to extract the optical coupling. We show the
resulting NEP and 7,,,; of one KID, KID 19, in figure 7.7. The corresponding Cross PSD, including fits,
is added in Appendix E. The left panel of figure 7.7 shows the phase PSD. We see 1/f TLS noise for
lower frequencies. We see a white power-dependent spectrum at 2500 Hz. We assume that this is
photon noise, although it is not the best sample, as there is no clear roll-off after. The middle panel of
figure 7.7 shows the NEP calculated in the setup as function of absorbed power. The NEP of this KID
is relatively high compared to other KIDs [12]. The right panel of figure 7.7 shows the optical coupling,
which is calculated using equation 7.8, for different blackbody powers. We calculate the average optical
coupling with a weighted mean, with the errors of the optical couplings as weights. The average optical
coupling of this KID is found to be 1.67.
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Figure 7.7: The results of the power-integrating measurement for KID 19, which is readout at -104 dBm. The legend of the
center panel applies to both the left and center panels. Left: The phase PSD. We assume that we are photon noise limited
around 2500 Hz, because the spectrum is white and power dependent at that frequency. However, it is not the best sample, as
there is no clear roll-off after. Center: The measured NEP as a function of frequency for the different absorbed powers. Right:
The extracted optical coupling at 2500 + 50 Hz as function of blackbody power. We calculate the average optical coupling with
a weighted mean, with the errors of the optical couplings as weights. We only use the higher powers for the fit, as these show
photon noise. This coupling is slightly lower than the expected 7.,: = 1.77, including silicon absorption.

The total overview of the optical coupling for all the measured KIDs is shown in figure 7.8. We have
also plotted the expected coupling. For this, we use the values 1,=1.01 and 7,=1.06, as calculated in
section 6.4. We need to sum these two to find the total expected optical coupling, as nept in equation
7.8 is calculated with respect to one polarization. Thus, we expect 7,,,=2.07. However, we did not
consider absorption in the silicon in the calculation of this coupling. We find n,,: ~ 1.77 with silicon
absorption. This value is plotted in figure 7.8 as the expected coupling.

The expected coupling only falls within 2 of the measured KIDs error bounds. 2 KIDs are below the
expected coupling, of which one is really close, and 2 KIDS have an coupling higher than the expected
coupling. We do not know the exact cause of the spread of the absorption coupling. It may be that we
are not using a photon-limited noise case, so equation 7.8 does not hold, and the coupling is thus not
correct. This can also be seen in the left panel of figure 7.7, as there is no clear roll-off, so we are likely
not completely background limited.

7.2.2. 25 um lens absorbed coupled KID on membrane

To test that phonon losses cause a large spread in peak heights of the previously measured chip,
we also measured chip 8 of LT321. This chip also has lens-absorber coupled KIDs. The absorbers
for these KIDs have been optimized for 12 THz (25 ym) with a similar procedure as described in 3.1.
The resonance frequency has been tuned with the same method as defined in section 4.1. The main
difference between this chip and the chips designed in this work is that the KIDs of LT321 are made on
a 150 nm SiC membrane instead of a 350 ym Si substrate. KIDs on a membrane have fewer phonon
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Figure 7.8: The measured couplings for all the KIDs at f = 2500 + 50 Hz of chip 5 of LT379. The expected coupling, including
the absorption in silicon, is plotted as well. We see that the expected coupling matches 2 KIDS. For the other KIDs, we have 2
KIDs with too-high coupling and 2 KIDs with too-low coupling. A possible reason could be that the PSD is not photon noise
limited, and equation 7.8, which is used to calculate 7opt, does not hold.

losses and thus a lower energy spread due to a lower value of J. J, the phonon loss factor as described
in equation 4.12, is typically <0.5 on a membrane [40]. Therefore, we expect this chip to perform better
in single-photon counting, i.e., it will have a higher R than the previously measured chip.

We can not accurately predict the optical coupling of this detector. The reason for this is that the unit
cells are too large for the wavelength of 18.5 ym. We do not meet the requirement in equation 2.19. We
are thus exciting higher-order Floquet modes. Therefore, the simulation technique used in this work is
not valid, and we cannot simulate the optical coupling of this detector. Here, we will only compare the
optical coupling for power-integrating and photon counting experiments.

Single-photon counting

For KID 4, we measured the response for different blackbody temperatures. The other parameters are
constant: P,...q = -104dBm, tmeasurement = 100 s, the minimum threshold is 0.1 rad, and the maximum
threshold is 0.3 rad. The time domain data and corresponding histograms are shown in figures 7.9 and
7.10, respectively. We see a clear rise in the counts per second until 65K. For higher temperatures, the
pulses start to overlap. As a result, the resolving power drops as we can not accurately determine the
peak height anymore. We also see a stagnancy in the counts per second for higher blackbody temper-
atures. This is because the peaks are not prominent enough anymore to fulfill the MPH requirement
and are thus not counted by the algorithm. The 70 K panel of figure 7.9 shows an example of this at
0.01 s. Here, it can be seen that there are multiple peaks shortly after each other, but they are not
prominent enough to be counted as photons.

The resolving power in figure 7.10 is higher than that of the substrate KIDs. The found resolving power
approximately matches the expected value for Rynonon Of 3.98 based on [40], meaning that phonons
are indeed the limiting effect on the resolving power.

For these measurements, we also evaluated the optical coupling. We found the absorber power in the
kid by multiplying the counts per second N, by the energy of the photons E,,, i.e. Puys = NpnEph.
We used a fit of equation 6.4 to find nept. As we have a relatively high resolving power and counts per
second, we know that we are measuring 18.5 ym photons. Therefore, we only integrate the power of
equation 6.4 over the inband of the 18.5 um band pass filter, which is between 18.01 ym and 19.68 ym.

The resulting fit of 7,,: = 4.0 is shown in figure 7.11. We did not use the T = 70 K data for this fit, as
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Figure 7.9: A slice of the time domain of KID 4 measured for blackbody temperatures of 50, 55, 60, 65, and 70 K. The readout

power is -104dBm. Data is filtered with 7. = 200 pm. The measured total time is 100 seconds. The sample rate is 1 MHz. We

use a minimum threshold of 0.3 rad and an exponential filter with 7. = 200 ym. The number of counts per second is added as

insets in the panel. For this number of counts, we still consider all pulses, including overlapping pulses, if they fulfill both

requirements in terms of minimum peak prominence and minimum peak height. We see a clear rise in the number of photons
until 65 K. At 70 K, the pulses start to overlap. This can be seen at 0.01 s where it looks like multiple photons are absorbed
shortly after each other. Due to this, they are not prominent enough to be considered as pulse and are not selected by the

algorithm. The corresponding histograms are shown in 7.10.
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Figure 7.10: The histograms of KID 4 measured for blackbody temperature of 50,55,60,65 and 70K. The readout power is
-104dBm. The measured total time is 100 seconds. The sample rate is 1 MHz. We use a minimum threshold of 0.3 rad and an
exponential filter with 7. = 200 pm. We see a clear rise in the counts and resolving power until 65K. For 65 and 70 K, pulses
overlap. As a result, we can not determine the peak heights less accurately, and thus the resolving power drops. The number
of counts in the histogram also drops for overlapping pulses, as we reject the second pulse of the two pulses in a situation for
the optimal filter. This is thus due to the analysis method. Figure 7.9 shows the corresponding time domain data.
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Figure 7.11: The calculated absorbed powers fitted with equation 6.4 for the in-band power of the filter stack. We do not use
the data point of 70K, as this data point is in the transition area of photon counting and power-integrating. We find 7o,: = 4.0.
This is lower than the coupling from the power-integrating measurements, which is shown in figure 7.13. We believe this is due
to the discreteness of photon counting, making photon counting more prone to noise or lost pulses compared to power
integrating measurements.

the transition between photon counting and power-integrating is already occurring at this temperature.

Power-integrating

We performed power-integrating measurements for the KIDs of LT321. The resulting NEP and optical
coupling for KID 2, readout at -99 dBm, is shown in figure 7.12. The corresponding Cross PSD, including
fits, is added in Appendix E.

The NEP of the membrane KIDs is lower compared to the substrate KIDs. We also extracted an optical
coupling for this KID. The optical coupling is extracted at 200 + 50 Hz, as photon noise dominates the
PSD in this range. This measurement shows an optical coupling of = 5.13 & 0.11. This number is
larger than 1 as the coupling is calculated with respect to the maximum absorbed power of a single-
mode device, which is sensitive to 1 polarization.

Nopt from the single-photon counting experiments in figure 7.11 is lower than the coupling measured
from the power-integrating measurements in figure 7.13. A factor that can play a role is that the highest
transmission of the filters is not at 18.5 ym, but at a slightly larger value of ~ 18.7 ym, such that the
energy of the photons is not correct. This shift can be even larger than expected, as most filters
are only characterized at room temperature. This effect is also amplified by the blackbody for lower
temperatures as the blackbody radiates longer wavelengths at lower temperatures, as seen in figure
6.3. However, this effect is too small to explain the lower coupling.

Most likely, we are measuring a lower coupling for single-photon counting experiments due to the
discreteness in the experiments. In photon counting, you either measure or do not measure a photon.
As a result, photon counting is more prone to noise or lost pulses than power-integrating measurements.
These lost pulses can be caused by the algorithm, such as a wrong minimum peak height or a wrong
minimum peak prominence. This results in a lower coupling for photon counting experiments.

7.3. Measurement conclusion

The chip with lens-absorber coupled KIDs on a membrane, LT321, has an identical design procedure
as the chip with lens-absorber coupled KIDs, LT379, on a substrate. The membrane chip shows a
high resolving power R ~ 4 compared to the substrate chip, which has an R < 1. We attribute this to
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Figure 7.12: The results of the power-integrating measurement for KID 2, which is readout at -99 dBm. The legend of the
center panel applies to both the left and center panels. Left: The phase PSD. We assume that we are photon noise limited
around 200 Hz, because the spectrum is white and power dependent at that frequency with a clear roll-off after. Center: The
measured NEP as a function of frequency for the different absorbed powers. This NEP is lower than the measured NEP of the
KIDs on a substrate. Right: The extracted optical coupling at 200 &+ 50 Hz as function of blackbody power. We calculate the
average optical coupling with a weighted mean, with the errors of the optical couplings as weights. All measured powers are
used for this fit, as all show photon noise.
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Figure 7.13: The couplings of the two KIDs measured in power-integrating measurements at f = 200 + 50 Hz of chip 8 of
LT321. The expected coupling is not known as the simulation technique in this work is not valid due to excited higher-order
Floquet modes.
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phonon losses as we expect that Rpnonon = 3.98 for the membrane KlDs and Rpnonon = 1.67 for KIDs
on a substrate based on similar measurements from [40].

We also calculated the optical coupling for both chips. The substrate chip showed a large spread in
the couplings for different KIDs. Only 2 KIDs are within the error bounds, and one KID has an optical
coupling that differs by a factor of two from the expected coupling. This is probably because we are
not entirely background limited, as can be seen from the phase response in the left panel of figure 7.7,
where there is no clear roll-off after the photon noise at 2500 Hz.

We can not compare the measured optical coupling of the membrane chip detectors to a simulated
one, as the simulation used is not valid due to excited higher-order Floquet modes. The photon count-
ing measurements show a lower coupling than that from power-integrating measurements. The most
plausible cause is that photon counting experiments are more prone to noise and lost pulses, due to
the discrete nature of photon detection.



Conclusion and recommendations

In this thesis, we designed two lens-absorber coupled KIDS for two wavelengths: 10 and 18.5 ym. The
goal during the design was to increase the optical coupling for KIDS for the mid-IR wavelengths while
maintaining sensitivity. These KIDs (or their successors) could be used for mid-IR missions such as
LIFE (4-18.5 um). The aluminum absorbers have been optimized using the Floquet model in CST. We
find absorption efficiencies for the TE and TM fundamental Floquet modes of up to 81% and 65% for the
18.5 ym design and the 10 ym design, respectively. After optimization of the absorber, the resonance
frequency was tuned with an NbTiN CPW. A total of 4 designs have been made. Two for 18.5 ym and
two for 10 ym. For each wavelength, two variations have been made with a difference in the width of
the absorber to reduce fabrication risks. Moreover, a varying width also means a different volume and
thus noise and peak height. All the designs have been fabricated successfully.

Measurements

One of the designs for 18.5 ym with an absorber of 5 by 5 unit cells, LT379 chip 5, with widths: w, =
1.7Afx and w, = 1.9\ f,4, has been measured. The KIDs on this chip showed a low resolving power:
R < 1. As a result, it was impossible to distinguish the blackbody photons from noise and cosmic
rays. We attribute this to phonon losses. This is consistent with other measurements with a similar
setup in [40]. Therefore, another chip, LT321 chip 8, was measured. This chip also has lens-absorber
coupled KIDs with similar fabrication and design processes, but was made on a membrane. KIDs on
this chip showed relatively high resolving powers of R ~ 4. This matches the expected resolving power
due to phonon losses of 3.98 based on [40]. We conclude that phonon losses were the main cause of
the low resolving power in the KIDs made on a substrate.

The optical coupling of the absorbers designed in this thesis was calculated from the measurement.
We find for the 6 KIDs efficiencies of: 1.60 + 0.07, 1.66 + 0.10, 1.67 4+ 0.10, 1.85 +0.10, 2.10 +0.13, and
2.99 £+ 0.19. This coupling is calculated with respect to the maximum power that can be absorbed in 1
spatial mode and 1 polarization. The absorber that we designed is a multi-moded device and can thus
have a coupling larger than 1. We attribute the spread and the outliers in the found values to the fact
that we are not totally photon noise dominated.

The found optical couplings are a reasonable match to the expected efficiency of approximately 1.77.
However, this number is not optimal yet. We still lose around 40% to reflection at the lens surface
and around 14% to absorption in silicon. This means that by choosing a transparent material and an
anti-reflection coating, we can improve this number by almost a factor of 2. We can also improve the
efficiency by including a backshort, which will improve the efficiency by approximately 30%.

We can not compare the measured optical coupling of the membrane chip detectors to a simulated one,
as the simulation used is not valid due to excited higher-order Floquet modes. The measured coupling
for the photon counting experiments was lower than for power integrating. We attribute this to the
discreteness in the experiments. You either count a photon or you don’t. As a result, photon counting
experiments are more prone to noise and lost pulses. These pulses can be lost by the algorithm or the
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wrong minimum peak height or minimum peak prominence.

Material tolerance of absorbers

In this work, the material tolerance of absorbers was researched. For this, the thickness and, thus, the
surface impedance of the aluminum absorber was varied in an existing absorber design. The changing
thickness hardly varied the absorption efficiency. This means that the absorption is mainly determined
by its geometric inductance and capacitance, not material properties.

Effect of absorption due to scattering time

Similar to the material tolerance, the effect of the scattering time on the absorption efficiency was re-
searched. This was done for a surface impedance considering scattering via the Drude model. To
model the impact, = was varied around its free electron model value of 0.15 fs for 23 nm thick alu-
minum. It was concluded that the scattering time does influence the absorption efficiency. However,
this influence does not dominate compared to other variations, such as material thickness or resistivity
uncertainties.

Effect of current inhomogeneities within absorbers on the resolving power
Local current inhomogeneities in the inductor can affect the response of KIDs if the length scale of the
current inhomogeneity is larger than the distance quasiparticles can travel due to diffusion. This means
that the difference in current inhomogeneity and, thus, the response can cause the resolving power to
decrease. This effect was modeled as part of this work.

From this model, we conclude that inhomogeneities in absorbers do not influence the resolving power.
However, an area connects the absorber to the feed, where quasiparticles can diffuse. This area has a
very low current density, so quasiparticles do not contribute to the response in that area. This results in
large spread of energy. Therefore, this area must be made as small as possible in future KID designs.
Another option is to create an extra long and narrow line that connects the absorber to the aluminum
part of the feed. The current density in this narrow line will be high. Therefore, quasiparticles can not
diffuse to areas where their response is lost. This increases the efficiency and resolving power of the
detector.

Backshort

The optical coupling of lens-absorbed coupled KIDs can be increased by roughly 1.3 by adding a \/4
backing reflector. This work discussed the fabrication process of a backshort, including mask designs.
These backshort designs include an etch in the silicon of the backshort chip to reduce TLS noise.
However, the proposed technique using a KOH etch does not work. Therefore, a new RIE etch method
was developed, resulting in fabricated backshorts for the 18.5 ym design. Future work should include
these backshorts in measurements to test the effect of the backshorts.

The change of method for the backshort also means that the mask designs are incorrect. Therefore,
the mask designs must be updated with new markers and dimensions for the silicon etch for the new
process.

Recommendations

Membrane

The primary recommendation of this work is to focus on the design of lens-absorber coupled KIDs made
on membranes for the mid-infrared due to their low phonon losses. Future work should re-optimize the
absorber designs presented in this thesis for the case of a membrane.

Redesigning the lens

The lens used in this work is one previously made for 12 THz. This lens should be redesigned in future
work to increase the optical coupling of the detector. The lens design should be made for use in a
membrane KID design.
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Backshort

The absorption efficiency can theoretically be increased by approximately 30% by adding a backshort.
Future work should use a backshort to increase the absorption efficiency and measure its effect in
reality.

Cryogenic Fourier transform spectrometer measurements

Other next steps can include better measurement of the optical coupling and the filter transmission. The
current method extracts the optical coupling from the total KID measurement. However, this extracted
efficiency is influenced by noise, phonon losses, etc. We also only know the filter transmission at room
temperature, not cryogenic temperatures. Therefore, another type of measurement would be beneficial
to compare the optical coupling and measure the filter transmission cryogenically.

For this purpose, a Fourier transform spectrometer (FTS) could be used with a method similar to [11].
In this work, they measured the filter transmission cryogenically using an FTS. They also measured
the absorption of the absorber made on a silicon substrate. The silicon cavity under the absorber
acts like a Fabry-Perot interferometer. As a result, there will be nulls and peaks in the transmission.
The absorption of the absorber can be calculated from the nulls and peaks. A main advantage of this
method is that it yields an absorption efficiency as a function of frequency.

New material for lens and substrate

The lens and substrate material of the KIDs presented in this thesis is silicon. This is the primary
material for KIDs at SRON, which has developed fabrication processes for silicon substrates and lenses.
However, silicon shows strong absorption peaks in the mid-infrared. The absorption can go up to more
than 40% at =~ 16 ym. Phonons cause these, and these can thus not be removed by using higher-purity
silicon. We thus need to use other materials.

Currently, there is no transparent material that covers the entire wavelength band of LIFE. In Appendix
F a literature study is added on both currently used and new materials for mid-infrared. The conclusion
of this research is to use the following materials within the LIFE wavelength band:

* 4-7 ym: Silicon.
e 7-13 ym: Germanium.
* 13-18.5 pym: Diamond.

Future work should look at designing and fabricating lenses and substrates with these materials.

Matching layer

No matching layer was added to the lenses in this work. As a result, approximately 40% of the power
is reflected. Future work should add a matching layer to increase the optical coupling of the detector. A
feasible option is a diamond quarter-wavelength anti-reflection coating. It is discussed in the material
literature study in Appendix F.
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Co-planar waveguide characteristic
1mpedance and phase velocity

The following expressions will be used in the derivation:

+ K(-) represents the complete elliptic integral of the first kind,
* uo is the permeability of free space,

* ¢q is the permittivity of free space,

* ¢, is the relative permittivity of the material,

* Sis the gap width

» W is the width of the strip.

The formulae for inductance and capacitance per unit length are given as:

I _@.K(\/l—/@)
ob= 7y K (k)
K(k)
C) = 4epéefr - ,
where:
S
k= ——-
S+2w’
and the effective permittivity is:
1+e,
€ = .
eff 9

derivation

(A.1)

(A.2)

(A.3)

(A.4)

The kinetic inductance of the material is given as sheet kinetic inductance. Via the following geometric
contributions, it can be converted to its respective kinetic inductance per unit length. This gives the

following expression for the central line:

Lk’,c,l = Lk,s *Ye
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(A.5)
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With the following expression for the geometric contribution factor for the central plane:

9e = 4501 = /12)K2(k) {” o (425> i Gf,’i)] ’

The resulting equation for the ground planes is:

Li,gp,t = Li,s - 9g

With the following expression for the geometric contribution factor for the ground planes:

"= 5 :2)K2(k) {ﬂ'—kln (‘“T(Sd”W)) i Gf:ﬂ .

The total kinetic inductance per unit length is then given as the sum of the two:

Ly = Lis- (99 + 9c)

(A.6)

(A.7)

(A.8)

(A.9)

Summing the geometric inductance per unit length and the kinetic inductance per unit length gives the

total inductance per unit length of the CPW:

Ly =Lg;+ Ly,

Then the characteristic impedance for the CPW can be calculated:

L

Zcpw = o

(A.10)

(A.11)

Finally, using the capacitance and inductance per unit length, the phase velocity can be calculated:

/1
Uphase = m

(A12)



Kinetic inductance fraction derivation

The kinetic inductance fraction is defined as[16]:

Li Li L—1L,
_ Lk _ _ B.1
B R Ay L (B.1)

In this equation Ly, is the kinetic inductance and L, is the geometric inductance (the inductance of the
structure as PEC). The resonators have one open and one closed end and are thus A\/4 resonators.
Now, the resonance frequencies of a PEC structure and Al structure can be written as functions of the
inductance L (or geometric inductance L) and capacitance C:

1

= B.2
fav= 775 (B.2)
1
= B.3
free = 475 (8.3)
These can be rewritten to expressions for L and L,:

Li= L (B.4)

" Ol '

1

L (B.5)

97 Cllfppc)?

These expressions can then be substituted into the expression for ;. This can be done and then
simplified to find that o, is only a function of the resonance frequencies of Al and PEC:

1 1
CHlfa]>? ~ Cllfrucl®

o = . (B.6)
CHlfall?
e
o = % (B.7)
i
2
akzl—[”Ml} (B.8)
freC
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Perturbation theory

The specific perturbation theory, in this case, is the cavity perturbation theory. It uses a perturbation
to a cavity resonator with volume 1, and surface Sy. The derivation starts with two situations. The
first is the unperturbed situation of a resonator at resonance frequency shown in the left part (a) and
the perturbed situation which is shown on the right (b) in figure C.1[49]. The perturbation is added
by adding Ae and Ap to € and . respectively, which changes the fields from E, and H, to £ and H.
This also changes the resonance frequency from wy in the unperturbed situation to w in the perturbed
situation.

For both situations, the curl of the fields of the Maxwell equation can be written down as[49]:

V x EO = —jLU(),uH(), (C1)
V x E[O = ijGEo, (C2)
(C.3)

for the unperturbed situation. Similarly, the curls for the perturbed situation are:
VxE=—jwp+ApH, (C4)
V x H = jw(e + Ae)E. (C.5)

Pozar[49] derived a change in resonance frequency w — wg from these Maxwell equations by using a
combination of vector identities and the divergence theorem:

w — wWo - 7[{/0 (A€|E0|2 + A:LL|HO|2) dv
wo o fVo (6|E0|2 + M|H()‘2) d'l)

(C.6)

n

o SU
50

(@) (b)

Figure C.1: The material changes due to a perturbation in the material. With this perturbation, the current dependent response
can be derived. Panel a: shows the original cavity with its parameters. Panel b shows the perturbed cavity with its new
permittivity, permeability, fields and resonance frequency. Figure adapted from Pozar[49].
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The expression for the energy stored, W, in the electric field is W, = fvu € ]EO\Q and the expression for

the energy stored in the magnetic field, W,,,, is W,,, = fvo I |H0 |2 Vo. If we substitute these expressions
in equation C.6, then the following expression is found:

w—wy AW, — AW,
Wwo o Wm+We

(C.7)



Measured Resonances and Quality
Factors

This chapter contains the results of the S5; VNA scan of LT379 chip 5. We have a yield of 22/25 KIDs.
Figure D.1 shows the measured and designed resonance frequencies. We see that all the KIDs are
shifted downwards. We attribute this shift to the absence of the backshort, which was included in the
simulations and is expected to increase the resonance frequencies. Figure D.2 shows the measured
and designed quality factors. All the quality factors are lower than expected. Especially, the internal
Q;’s are very low in the order of 10% instead of the expected 10° — 105. We do not know the possible
cause of this as there is no visible damage on the chip. We think that it has something to do with lens
mounting, as another identical measured chip showed Q;’s in the expected order of 10> — 10°.
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Figure D.1: The measured and designed resonance frequencies of all KIDs of chip 5 of LT379. We see that all are shifted
downwards. We attribute this to the absence of the backshort, which was considered in the simulations and is expected to
increase the resonance frequency.
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Figure D.2: The measured and designed quality factors of all KIDs of chip 5 of LT379. All the @, are lower than expected. We
expect that this is due to the lens mounting, as we measured another identical chip without a lens array, and this chip showed
the expected Q;’s of the order 10° — 106.
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Fitted Cross PSDs

This chapter contains the cross PSDs of one KID for each measured chip. The cross PSD of LT379
chip 5 KID 4 is shown in figure E.1 and the cross PSD of LT321 chip 8 KID 2 is shown in figure E.2.
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Figure E.1: The cross PSD of KID 19 of LT379 chip 5, made on a substrate. This KID is measured with a readout power of
-104 dBm. We can see for T > 100K photon noise. We can recognize this by the white spectrum and the roll-off due to the
recombination time. We do not see photon noise for the lower blackbody powers. We also see 1/f noise for lower frequencies.

This is TLS noise.
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Figure E.2: The cross PSD of KID 2 of chip 8 of LT321, the chip made on a membrane. This KID is measured with a readout
power of -99 dBm. Here, we see a white spectrum followed by a roll-off due to the recombination time, thus photon noise for all
blackbody powers.



Mid-infrared substrate and lens
materials

This Appendix contains a literature study of materials for the substrate and lenses of KIDs. This chapter
starts with an overview of materials used in the designs of lens-absorber coupled KIDs with a similar
frequency and the problems with these materials. After this, new possible materials are discussed with
their respective pro’s and cons. The chapter ends with a short conclusion on the materials that should
be researched further.

F.1. Material requirements

Almost all astronomical sources are very faint. Therefore, one wants to capture all the radiation of these
sources without many losses. In the current designs, we lose around 15% power due to absorption in
the lens and substrate. This results in one of the requirements for materials for lenses and substrates
having an absorption coefficient that is as low as possible.

The material needs to be mechanically strong as well, especially for the substrate of the KIDs. Another
requirement can be found in thermal expansion. If the materials have a thermal expansion coefficient
that differs a lot from either each other or the holder, then there will be a high risk of breaking during
cooling.

The main difference in requirements between both the substrate and the lens can be found in machining.
A lens needs to be made to a certain shape to focus the radiation. Therefore, the material of the
lens needs to be machinable or easy to shape during fabrication. This requirement does not apply to
substrates as this is a slab.

Lenses typically have an anti-reflection coating on their surface. Without an anti-reflection coating there
would be a large mismatch in refractive index (or equivalently impedance) between the lens and free
space. This would result in the reflection of a large portion of the incoming radiation. The anti-reflection
coating needs to have a refractive index as close to ,/nensno as possible to minimize reflections [68].
This is an additional requirement for anti-reflection coating. The other requirements are the same as
for a lens except for machining in some cases.

F.2. Materials currently used

This section contains a small overview of the material used for the substrate, lenses, and anti-reflection
coatings of absorber KID designs for nearby frequencies.

F.2.1. Silicon

At SRON, we typically use silicon (Si) for both the lens and the substrate due to its mechanical strength,
low thermal expansion, and high refractive index [69]. However, there is one big problem with Si for
the mid-IR wavelengths and that is the absorption in the material.
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For this thesis, the absorption of mid-IR radiation was calculated using measurement data for high-
purity Si from [70]. [70] contains the measurement of the imaginary part of the refractive index x, from
which the absorption can be calculated:

P out
P;

=1 — e 4nmd, (F.1)

Here k is the imaginary part of the refractive index, o is the wavenumber and d is the thickness of
the material. The absorption was calculated for the thicknesses of a recently developed SRON lens
(1.07mm) and MKID substrate (350 um). The result is shown in figure F.1. In the figure, it can be seen
that especially the absorption peak at 16 ym is problematic. There is no data available for A < 10 ym.
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Figure F.1: The imaginary part of the refractive index of Si at 10 K with a resistivity of 30 — 40 kQcm with the respective
absorption in a lens and substrate. This data does not cover the whole wavelength range of the LIFE mission. Left: The
imaginary part of the refractive index K [70].Right: The absorption for radiation for a lens with d = 1.07 mm and substrate with
d = 0.35 mm.

One important notion is that the quality of the Si in Wollack et al. is better than the quality of the lenses
used by SRON. The usual measurement for the quality of a dielectric is the resistivity p [ m]. A higher
resistivity means fewer impurities in the dielectric and, thus, higher quality.

Previous lenses of SRON were made with Si with p = 10 — 20 kQcm. The research of Wollack et
al. [70] used Si with a resistivity p of 30 — 40 kQcm. However, for the wavelengths of our interest we
do not expect that the absorption depends on the resistivity as phonons are the origin of all absorption
peaks. The causes of absorption in high-purity Si found by Wollack et al. are shown in figure F.2. The
figure shows that all the important absorption peaks within the infrared are caused by phonons except
for 2 peaks. This is backed by the data from the industrial high-purity Si manufacturer Topsil. Their
measurements of the transmission of high-purity Si and low(er) purity Si are shown in figure F.3. Only
a few absorption peaks can be removed by using higher purity Si, with the most prominent one being
at circa 9 — 9.5um. This shows that phonons are indeed the dominant absorption mechanism.

F.2.2. Parylene C

A material used as a quarter wavelength anti-reflection coating in the visible domain and for higher
wavelength (200 ym-1mm) is Parylene C. It has a refractive index of circa 1.6 [72] and is thus a good
match between free space (n = 1) and Si (n = 3.41). However, for our current application, it has two
downsides. The first one is the large absorption in our wavelength range. This is calculated using data
from Li et al. [73]. This data contains measurements of the permittivity e. Using the following relation:

K= % . \/\/?R(E)Q + ()2 — R(e) [74] and equation F.1, the absortion in Parylene C can be calculated.
The resulting absorption is shown in figure F.4.

The second disadvantage is the thermal expansion coefficient [72] of Parylene C, which differs from Si.
The mechanical stress that can be built up due to the different changes in dimensions can break the Si
lens.



F.2. Materials currently used 87

+TA(X)
X

on
L)
ygen
X)

= = - = = =

+ 7011
L0
+LO(L
M) +TA

nterstitial O
TO(K) +LT0(r)

LT0{r) + TO(X)

TA(L)
TARX)
LA()
LOA[¥)
LO(L)
T0(X)
TO(L)
Loir)
TOX)+TAL)
|mpurity Carl
TO(L) + TA(X
LO(L)+ TA(L
2TAX) +T0
TA(X
TO(X
L
LA(L
T0

o = ']

= :
et u/\iW[f e
g FIR A l\(fmﬁ MR I—ségi

o
o

0 500 1000 1500 2000 2500 3000
Frequency [cm™]

Figure F.2: The transmission of high-purity Si (p = 30 — 40k§2cm) slab of circa 10 mm measured in a Fourier spectrometer.
The measurements are performed for 2 temperatures: 10K and 300K. The absorption sources are shown in the top of the
figure. Almost absorption peaks are caused by phonons. Figure adapted from Wollack et al. [70].
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Figure F.3: Transmission from Topsil for (high purity) 2.2 mm polished HiTran™ Si and (lower purity) 2.0 mm polished prime
Czochralski Si. Both materials are uncoated. Oxygen concentrations for prime Czochralski Si and HiTran™ Si are
6 x 1017cm~2 and 5 x 10'® cm—3, respectively. Figure is adapted from Topsil [71].

F.2.3. Frusta layer

Another option for anti-reflection coating is the frusta layer [75]. Technically, it is not a material but a
technique. It can be seen as an impedance-matching layer between the lens and free space. Frusta
layers consist of pyramid-like structures on top of the lens made from the same substrate. To create
this, the lens is manufactured thicker than needed. This extra thickness corresponds to the height
of the Frusta layer. Then, using laser ablation, the pyramids are created. As a result, there is no
’hard’ interface between free space in the lens. We thus have a gradually changing impedance from
the characteristic free space impedance to the characteristic impedance of the lens, resulting in low
reflection and high transmission. An example is shown in figure F.5 [75].

Frusta layers have shown to be efficient for Siin the THz range [75]. An advantage is Frusta layers have
a relatively large bandwidth compared to A/4 anti-reflection coatings [75]. There are also no problems
with thermal expansion as it is made from the same substrate as the lens. The major disadvantage is the
relative complexity, both in terms of design and simulation, compared to \/4 anti-reflection coatings.
This technique is currently limited by the maximum size of the laser, which is a few micron, which
corresponds to Frusta layers for a few THz [75].
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Figure F.4: The imaginary part of the refractive index x of parylene C at 273 K p with the respective absorption in a lens and
substrate. This data does not cover the whole wavelength range of the LIFE mission. Left: The imaginary part of the refractive
index K [73].Right: The absorption for radiation for quarter wavelength anti-reflection coating for A = 10 ym.

Figure F.5: A Frusta layer made for a Si lens by the Terahertz Sensing group [75]. The Frusta layer is made in the same
substrate as the Si lens with a laser ablation technique.

F.3. New materials for mid-IR

In this section, new potential materials will be discussed. These materials are commercially available
as lenses or windows. Some materials have disadvantages that make them impractical. Examples are
salts, such as Sodium Chloride and Potassium Bromide. These salts are are hygroscopic. Therefore,
one must choose an AR coating that protects the salts from water [76] [77]. Another option that is often
used for windows is Zinc Selenide or the very similar Zinc Sulfide, which is used in the James Webb
Space Telescope (JWST) [78]). However, both materials are toxic and scratchable [79]. This is not a
problem for JWST as it is used as a window. However, we we will use it as a part of a detector that is
fabricated in a cleanroom and tested in a measurement setup. This leaves us with three viable options
that will be discussed: germanium and two forms of synthetic diamond.

Germanium

One of the industrially available options is Germanium (Ge). Itis used between 2-16 ym with very high
transmission (almost 100 % with AR coating) [80]. It is thus only feasible for part of the wavelengths
of LIFE. It is chemically non-reactive, non-hygroscopic, and mechanically strong [81]. Ge has a high
refractive index of 4 [82]. It is the material used in the mid-IR instrument of the JWST [78].

Ge has two disadvantages. Firstly, there is a shortage of Ge at the time of writing, resulting in high
delivery times and prices. Secondly, it has a high relative change of the refractive index as a function
dn

of temperature: 97 = 3.96 - 10~4K~! [69], which should not be a problem if the temperature is stable

and the correct refractive index for that temperature is used.

Synthetic diamond

Another material that can be used as a lens is polycrystalline CVD diamond. The material is a diamond
and, therefore, mechanically strong with a high thermal conductivity [83]. It has a refractive index
between 1.95 [84] -2.38 [85]. It has a high transmission between 8 ym and 25 pym with an absorption
coefficient of 0.07 cm~! at 10.6 ym.

One disadvantage is the machining of the material. Currently, almost no commercial companies makes
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diamond microlens arrays. However, it is commercially available in the form of quarter wavelength
anti-reflection coatings for Si and Ge lenses [86], reaching almost 100 % transmission. Another disad-
vantage can be found in the high price of diamonds.

F.4. Proposed materials for LIFE

The wavelength range of LIFE is relatively large. As a result, it is not possible to make an optical
system that can function efficiently for the whole band. Therefore,the wavelength range will be split
into different wavelength bands. Each wavelength band will have its own optical system and detector
array. This is also advantageous for the KIDs, allowing us to use different materials for the different
wavelength bands.

The final decision on the wavelength bands was not made at the time of writing. Internal discussions
discussed 3-4 wavelength bands, which is assumed in this thesis. The material choice for the substrate
and lenses for the KIDs on the LIFE mission will presumably be this or similar:

» 4-7 ym: Si with diamond quarter wavelength coating.
» 7-13 pm: Ge with diamond quarter wavelength coating.
» 13-18.5 ym: Diamond with a quarter wavelength coating.

From these materials, Si has been used by the group extensively. Therefore, the material properties
are already known. Ge and diamond had not been used by the group before. From literature studies,
we can understand the optical properties, but more research needs to be done. This can be done with
Fourier transform spectroscopy.
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