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Abstract

Despite advances in astronomy, much of the universe remains hidden behind gas and dust clouds
that absorb optical radiation, making it undetectable by conventional telescopes. Far-Infrared (FIR)
radiation is capable of propagating through these clouds, and offers a solution for observing these
obscured interstellar regions. However, the sensitivity of existing detector systems is insufficient to
detect FIR radiation effectively. This thesis focuses on the development of highly sensitive detectors
based on Microwave Kinetic Inductance Detectors (MKIDs) that meet the sensitivity requirement for
use in future space missions, specifically the NASA led POEMM and PRIMA missions, covering a
frequency range from approximately 1.5 THz to 12 THz.

While detectors have been developed previously covering the upper band of this frequency range at
6.98 THz and 12 THz, the lower band remains uncovered. Therefore, lens-absorber coupled MKIDs
designed to operate at 1.5 THz are presented, with their performance analysed using models based on
the Geometrical Optics-Fourier Optics (GOFQO) technique in combination with a Floquet wave approach
for periodic absorbers. Additionally, the design methodology of MKIDs to operate at specific readout
frequencies is discussed. Absorber coupled MKIDs are limited to lower resonance frequencies with
respect to comparable antenna based MKIDs, which offer advantages for space-based missions due
to reduced power consumption, but do present challenges for readout systems operating at higher
frequencies. In this thesis, two lens-absorber coupled MKID designs were developed and are currently
being fabricated as candidates to experimentally demonstrate highly sensitive detector arrays operating
at 1.5 THz.

The imaging spectrometers in the POEMM and PRIMA missions require a dispersive element to sep-
arate different wavelengths of the incoming radiation. The dispersive element envisioned for these
missions, the Virtually Imaged Phased Array (VIPA), suffers from non-idealities, causing phase aber-
rations in the transmitted field, and part of the power transmitting towards unwanted propagation di-
rections, which can degrade instrument performance. This thesis presents and analyses optimisation
techniques to mitigate these effects, thereby enhancing the overall efficiency and degrees of freedom
for designing the full instrument.

Furthermore, absorbers, unlike antenna-based devices, are multi-mode detectors. Understanding how
absorbers couple to higher-order modes is crucial for optimising their performance. This thesis intro-
duces and validates a model based on a novel experimental technique, Energy Absorption Interferome-
try (EAI), to extract a modal description of detectors. In the future steps related to the POEMM mission,
the findings from this initial investigation into multi-mode absorbers will be used to gain insight and
explore possible improvement routes in the coupling of these detectors to complex optical systems.
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Introduction

Over the last few decades, astronomical instrumentation has evolved rapidly, leading to groundbreak-
ing discoveries in both radio and optical domains, including various exoplanets, black holes, and super-
novae. Despite these advances, radiation from astronomical objects at optical wavelengths is limited
by the absorption by interstellar dust and gas. This limitation becomes particularly problematic when
studying dust-obscured galaxies and the radiation from the dust itself, which is crucial for improving
our understanding of the evolution of our universe. Moreover, we can learn the molecular content of
these dusty environments, including water vapor, ice, and various products of star formation, by per-
forming spectroscopic observations to measure the frequencies, and shapes, of their emissions lines.
This allows us to determine the type of molecules, their temperature, and abundance. This offers great
insight into the formation and evolution of stars, galaxies and planetary systems, as well as the origins
of water on earth and the potential existence of earth-like planets.

Far-Infrared (FIR) radiation, spanning roughly from 100 GHz to 30 THz (corresponding to wavelengths
from 3 mm to 10 pm), offer a window into interstellar regions invisible at optical wavelengths. Unlike
optical radiation, FIR radiation can penetrate dusty clouds. Additionally, key molecules such as water
and products of star formation emit FIR radiation; spectral lines from distant galaxies are also often red-
shifted into this frequency band. However, designing effective instruments for this frequency range has
proven problematic. The FIR range, which is part of the so-called “TeraHertz gap” defined roughly as the
range from 0.1 THz to 30 THz, is absorbed by the earth’s atmosphere, limiting the use of earthbound
telescopes. In addition to this, existing instruments often require long observation times due to low
sensitivities, as shown in Fig. 1.1 [1].
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Fig. 1.1: The observation time required by various instruments to observe 1 square degree of sky for a certain frequency in the
TeraHertz gap. This figure is reproduced from a figure in [1].
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In order to provide an instrument capable of performing FIR measurements within reasonable obser-
vation time, detectors must be designed with a high sensitivity, achieving a Noise Equivalent Power
(NEP) in the order of 10~2° W /+/Hz. Recent advancements in Microwave Kinetic Inductance Detectors
(MKIDs) have demonstrated the potential to satisfy this NEP requirement [2] and [3], while providing
capabilities to multiplex large imaging arrays [4]. With these technologies in hand, various missions
have been proposed to explore the FIR spectrum. Among them, the Netherlands Institute for Space Re-
search (SRON) is involved in the development of detectors for two key missions: the Planetary Origins
and Evolution Multispectral Monochrometer (POEMM) mission in collaboration with NASA Goddard [5]
and [6], and the Probe for far-Infrared Mission for Astrophysics (PRIMA) mission in collaboration with
NASA Goddard and NASA JPL [7]. This thesis will focus on the design and analysis of detectors in
preparation for these missions.

1.1. Missions for Far-Infrared: POEMM and PRIMA

The POEMM mission, is a long duration, high altitude balloon mission planned to operate at an altitude
of 45 km above Antartica [5] and [6]. The instrument consists of a multi-band spectrometer operating
from roughly 3 THz to 12 THz, as shown in Fig. 1.2. POEMM will be used to improve the understanding
of planet formation, the evolution of protoplanetary disks, and the atmospheres of giant planets. SRON
will deliver the detector modules for POEMM.

PRIMA is a space-probe that will operate for over 5 years [7]. SRON will contribute to one of two
instruments aboard the PRIMA space-probe: the PRIMAger, which has imaging, spectrometry, and
polarimetry capabilities [7]. The frequency bands of each of these devices is shown in Fig. 1.2, and
covers a total range of roughly 1.5 THz to 12 THz. Due to the high sensitivity of the detectors in
the PRIMAger instrument, the observation times are expected to be at least 4 orders of magnitude
faster compared to Herschel [7]. The PRIMA space-probe will be used for science cases ranging from
probing star formation, to investigating the ratio between Deuterium and Hydrogen in distant galaxies,
and measuring heavy elements in early universe dust clouds [7].

PRIMA:

Polarimeter PRIMA: Imager

PRIMA: wideband spectrometer

Ground- based POEMM: multi-band spectrometer MIR
astronomy o | | | | L | | | | | ! .. |, OpticalKIDs
1 2 3 4 5 6 7 8 9 10 11 12 13 30
Harder to make MKID readout for absorbers < THz Harder to make antennas

Fig. 1.2: The frequency bands covered by each of the instruments in the PRIMA and POEMM missions.

The instruments on board of the aforementioned missions are working towards an imaging-spectrometer.
As the name implies, an imaging-spectrometer provides imaging capabilities at different frequencies.
Such a device consists of a 2D array of detectors, where the detectors along one axis will perform
imaging in the spatial domain, while the detectors along the other axis perform imaging in the frequency
domain. Since the incoming radiation from the telescope dish that is targeting an astronomical source
of interest contains multiple frequencies, a dispersive element is added to the optical chain, to create
an angular distribution of frequencies, as shown in Fig. 1.3. In the discussed missions, a Virtually Im-
aged Phased Array (VIPA) is envisioned here as the dispersive element, capable of producing a large
angular-dispersion versus wavelength [8].
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Dispersive Element

Optical Chain

Detector Array

Fig. 1.3: A simple representation of an imaging spectrometer, with a grating reflector as a dispersive element to couple radiation
at different wavelengths to different detectors.

While lens-antenna coupled MKIDs have been demonstrated to reach the NEP required for FIR obser-
vations [2], designing and fabricating is difficult for FIR observations, and lens-antennas provide single
polarisation radiation detection, which is an advantage if the polarisation state needs to be measured,
but a disadvantage if the total power is to be measured, as they will miss half the signal power. Addi-
tionally, lens-antenna systems are difficult due to two complexities. First of all, antennas are coherent
detectors and therefore sensitive to aberrations in the phase of the incoming field. The dispersive
elements used in spectroscopy are not ideal, and will aberrate the field that is scattered towards the
lens-antenna. Especially at higher frequencies, these aberrations will become more apparent, leading
to worse coupling. The second problem ties into the first one: at frequencies above 5 THz imperfec-
tions introduced during the fabrication, assembly, and alignment of the lens-antennas is large in terms
of wavelength. Due to this, sufficient control over the phase of the incident field coming to the antenna
is not feasible, leading to large uncertainty and the possibility of significant reduction in coupling.

An alternative to using antennas, is to use absorbers. An advantage of their incoherent nature is that
they are less sensitive to (phase) aberrations of the incoming field. Absorbers can be used directly as an
incoherent detector below the telescope system; however, large absorbers are then needed to improve
the optical coupling as the absorption scales with the size of the absorber. Such large absorbers will
reduce the spatial and frequency resolution of the imaging-spectrometer and limit the sensitivity of the
detector. By introducing an extra focusing element above the absorber, e.g. an integrated lens, the
absorber size can be reduced and the optical coupling of the system can be controlled via the lens
design.

Lens-absorber coupled MKIDs have been presented for the aforementioned FIR missions for 6.98 THz
and 12 THz [9]. Since the frequency bands of the FIR missions reach down to roughly 1.5 THz, lens-
absorbers also operating at this frequency were envisioned. Although lens-antennas at this frequency
aren’t as affected by misalignments as at higher frequencies, and have been designed to operate at
frequencies of 1.5 THz [2], absorbers allow more naturally for dual polarisation radiation reception,
and are more forgiving in terms of aberrations of the incoming field, which is especially relevant when
operated behind a dispersive element. Additionally, absorbers, especially at lower frequencies, will
allow for smaller detectors that can be read-out at lower readout frequencies. The latter allows for
cheaper, less power hungry, and simpler readout systems. Therefore, this thesis focuses on the design
of lens-absorber coupled MKIDs at 1.5 THz.
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1.2. Thesis Outline

This thesis consists of 6 chapters, including this introduction. In Ch. 2, the design and analysis of
lens-absorber coupled MKIDs is discussed. This chapter introduces modelling techniques to assess
the performance of lenses and periodic absorbers, and puts specific focus on the integration of these
absorbers into MKIDs operating at specific readout frequencies.

The realization of the designed lens-absorbers for 3 different experiments is discussed in Ch. 3, and a
developed tool is discussed to automate the mask design of absorber coupled MKID-arrays.

Ch. 4 focuses on the non-ideal behaviour of the dispersive element proposed in the presented missions.
The chapter introduces various optimisation techniques to mitigate the effect of these non-idealities, and
applies these on 2 test cases.

An initial investigation into the multi-modal behaviour of lens-absorbers is performed in Ch. 5. A novel
modelling tool capable of applying the experimental Energy Absorption Interferometry (EAI) technique is
developed and validated, and used to perform a set of initial investigations on the multi-modal behaviour
of a lens-absorber designed in this thesis.

Finally, in Ch. 6, the conclusions of this thesis are presented, and the knowledge obtained in this thesis
is used to present future research directions.



Design and Analysis of 1.5 THz
Detectors

In this chapter the design of the lens-absorber coupled Microwave Kinetic Inductance Detectors (MKIDs)
operating at 1.5 THz will be discussed in detail. The principles of designing the absorber and the lens
is discussed, and subsequently lens-absorber designs are introduced in detail. Afterwards, the integra-
tion of the absorber into an MKID structure is elaborated, and the design methodology of the MKIDs to
operate at a specific readout frequency is discussed.

2.1. Design Considerations

The imaging-spectrometers for the missions discussed in this thesis will consist of two major parts: the
dispersive element, and the detector array. Commonly, and element such as a diffraction grating is
used as a dispersive element, however, the diffraction grating is typically capable of providing spectra
with limited resolution [8]. Instead, a Virtually Imaged Phased Array (VIPA) is envisioned here as the
dispersive element, capable of producing a large angular-dispersion versus wavelength [8].

The sources’ power received by the dispersive element at FIR frequencies is low. As will be discussed
in Ch. 4, combining this with the overall efficiency of a practical VIPA, i.e. the power is lost in the VIPA
or radiated towards directions other than the lens-absorber of interest, detectors should be designed
with low losses and high optical coupling in mind. As the lens will introduce a large amount of dielectric
material above the detector, a dielectric should be chosen with low losses at FIR frequencies. The
only available material capable of providing low losses is high resistive silicon with a cryogenic relative
permittivity of ¢, = 11.44.

Another important material choice, is the one of the absorber and MKID, as this will limit the sensitivity
of the detector. As discussed in Ch. 1, the mentioned science cases in the introduced FIR missions
require an NEP in the order of 10720 W /y/Hz [2], [3], and [9]. As shown in [3], Aluminium is capable of
providing these sensitivities at a large range of loading powers ranging from 70 zZW to 200 fW, and is
therefore an ideal superconductor candidate for the material of the detector.

Although the combination of Silicon and Aluminium offer good performance in terms of losses and
NEP, their impedance values do complicate the design of the absorber at FIR frequencies. Although
matching an Aluminium absorber to free space (with a characteristic impedance of Z; ~ 377Q2) is even
more difficult, due to the high-resistive nature of Silicon (with a characteristic impedance in the order
of Z; ~ 111.592), matching Aluminium with a low sheet resistance in the orders of R, < 1Q2/0 is still a
challenge. Therefore, this chapter will discuss an alternative design, similar to the designs presented
in [10], capable of matching the impedance of the low-resistive Aluminium to the high-resistive Silicon
at THz frequencies, different from the traditional square or strip absorbers [11].
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2.1.1. Lens-Absorber Considerations

Practical absorber designs are often misunderstood as “ideal” absorbers, capable of absorbing all ra-
diation falling directly on top of them, with a cosine shaped Field of View (FoV) due to the projection
of power over a conductive sheet. In this chapter, accurate modelling techniques are employed to
demonstrate lens-absorbers’ capability in absorbing power from all directions, and obtain the pattern in
reception associated with them. The width of this pattern depends on the size of the absorber, and is
referred to as the focusing efficiency of the absorber [12]. Since the size of the absorber also impacts
the amount of power absorber by the lens-absorber, a trade-off is introduced between the focusing and
absorbing capabilities of the detector. This trade-off is worse in the case of absorber based systems
with respect to antenna based ones [12].

The resulting wider pattern in reception for lens-absorbers (with respect to lens-antennas), impacts the
capabilities of the instrument to spatially discriminate between astronomical sources. Moreover, since
the pattern in reception is wider, it is far more sensitive to noise sources, stray light in the cryostat, and to
side-lobes of fields focused on neighbouring lens-absorbers in the detector array below a VIPA. These
complexities should be taken into account when designing lens-absorbers for FIR missions, and effort
should be put into reducing the effect of the widening of the patterns in reception by either improving
the noise and stray-light control in the cryostat, and side-lobe levels of the VIPA, or by narrowing the
pattern of the designed lens-absorbers.

Another aspect of absorbers that is often overlooked, is the coupling to higher-order Floquet modes
by the absorber. For absorbers consisting of a periodic structure, the absorber behaves similar to an
antenna array. Once the spacing between the unit-cells of the periodic structure is large (a periodicity
above half wavelength), the absorber will produce grating-lobes in its pattern in reception. These grating
lobes reduce the performance of the absorber below a lens by reflecting power to skew angles which
could lead to high cross talk between detectors.

This chapter will put specific attention to techniques to design lens-absorbers and methods that could
possibly aid in optimising the designs of lens-absorbers while maintaining high optical coupling, good
sensitivity, and the possibility to control the pattern of the detector.

2.2. Detector Analysis and Modelling

Although lens-absorber systems can be modelled using numerical solvers, the computation time re-
quired to simulate the response of such devices to a single incident field is significant. The lenses em-
ployed in this thesis are large with respect to the wavelength of the source: in the order of D;.,,s = 7Ag.
Due to this, time domain simulations will take a significant amount of time, as the field will have to prop-
agate through a large Silicon volume. Once these devices are used in flight, the final devices require
lenses with an even larger footprint, in the orders of D;.,,s = 20\y. As a result, resorting to numerical
solvers alone will complicate the design and analysis process of the lens-absorber devices.

Adding to the complexity, the need to iteratively optimise the device, and extract the full pattern in
reception, leads to a large number of simulations per lens-absorber. Running all these simulations
using numerical solvers is an impossible task. Therefore, there is a need for an equivalent model to
describe the coupling of the full lens-absorber device to incident EM radiation.
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2.2.1. Absorber Floquet-Wave Model

The spectral response of a periodic absorber to an incoming field can be modelled using a Floquet
Wave-field representation. By focusing only on the fundamental Floquet modes, the response to an
incoming plane wave can be modelled using the equivalent circuit in Fig. 2.1a [12]. The circuit is based
on the stratification of the absorber, as can be seen in Fig. 2.1b, which consists of a semi-infinite slab
of dielectric background material, the periodic absorber, and a backing reflector.

In this model, the fundamental incoming T'E and T'M modes propagating through the background
material are represented by two transmission lines feeding into the absorber. The absorber, which
can be represented by its Z-parameters, is assumed to have a periodicity much smaller than half a
wavelength (d,.,, < A/2), and the model assumes an infinitely extended absorber array.

z/y
vIE v
z3* zp ha
B
A [Zabs} B h,BR
ZTE zZI™M
hBr
ZBr

(a) (b)

Fig. 2.1: The Floquet Wave transmission line model (a) used to model the response of the meandering line absorber terminated
by a backing reflector (b). The meandering line absorber (given in orange in Fig. 2.1b) is represented by its Z-parameters in
Fig. 2.1a. The absorber has a semi-infinite slab of dielectric on top with a relative permittivity €4, and is represented by two

semi-infinite transmission lines with characteristic impedances Z;FE/TM in Fig. 2.1a. The backing reflector with height h gz has
a permittivity of free space and is represented by two shorted transmission lines with characteristic impedances ZOTE/TM in
Fig. 2.1a.
The direct field falling on top of the absorber can be represented by a set of voltage sources VEE/TM
for TE and T'M excitations, by averaging the electric field over the absorber’s unit cell [12]:
TE (T, d(r
Vi (kp) =V dwdyEqb(kp) (2.1)
- -k
M d 2d
VIM(E,)) = \/dudy Eg(K,) s (2.2)

These voltages propagate through the dielectric material and interact with the absorber described by its
Z-parameters. This interaction causes part of the incoming power to be absorbed, and part of the power
to be reflected back. The absorption and reflection can be represented by calculating the currents in

the absorber, I7E/TM | and the voltages reflected back towards the source V' #/7

In order to calculate V_TE/TM, the scattering parameters S, at the absorber interfaces AA’ and BB’
must be determined. These can be calculated by transforming the Z-parameters of the absorber while
taking the impedance of the backing reflector into account. Since the absorber will not behave sym-
metrically to incoming plane waves with different angles of incidence, the transformation from Z- to

S-parameters is performed for a non-reciprocal case. The derivation for this transformation will be
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discussed in App. A. Based on these S-parameters, the reflected voltage sources can be calculated
using:

VIE(
VI

)

, ] = Sups (k) (2.3)

k
kp)
The total currents on the absorber can be calculated from these sources. When dealing with a perfect
2-backing reflector, the total current in the absorber can be calculated as:

—

- 1 - -
N 1l (R COR S UR) (2.4)
d

However, the air-cavity is not exactly a quarter of a wavelength. Therefore I75/TM are determined for
a backing reflector with arbitrary height, as derived in App. B:

- ZTETM (| -
g VTE (k) — ZTTM((,C))VTM(/C )
1 (kp) = TETE/(7L ZTETM(k )ZTJVITE(E ) (25)
4 (k ) — ZTMTM (E )
- ZTMTE (]
T™M /7 VTM(kP) ZTETE((k ))VTE(kP)
1™ (k,) = (2.6)

) - ZTMTE (k) ZTETM ;;‘p)
7T R,) — T

From the total current on the absorber, and the total voltage at the absorber terminals V7E/TM —

VJFTE/TM + VTE/TM the averaged magnetic and electric spectral fields can be derived in Cartesian

coordinates as follows [12]:

B (F, k, . EL (K, A
(_' ) — (_' ) (lfp j’,‘)—'— ¢(_‘Paz) (¢ .'IA',') (2-7)
| Ho(kp2) | | Hi, (R, 2) H (kyp, 2)
24| B (2R 6 @8)
L) I PGS R T
where E}, /¢ and H! /o are defined as
- 1 -
By (kp,2) = o VIM (g, 2) (2.9)
x Uy
- 1 -
El(ky, z) = \/WVTE(k,),z) (2.10)
=Yy
~ 1 -
H}ép(kp,z) = —\/TTITE(kp,z) (2.11)
xly
~ 1 ~
Hj(ky,z) = WITM(’%Z) (2.12)
xz Gy

In order to calculate the absorbed power from these spectral fields, the inverse Fourier transform is
applied to obtain the spatial total fields é; and h;. The power absorbed can be determined by integrating
the Poynting vector over the finite absorber domain as:

abs?, {// (2, y) X B ( a;y)] zdSabs} (2.13)
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2.2.2. Lens Modelling using GOFO Techniques

In Sec. 2.2.1, a model was discussed that replaces the need for numerical solvers to evaluate the
performance of a periodic absorber. The Floquet Wave model is capable of evaluating the power
absorbed from a single plane wave. Thus, to evaluate the performance of the full lens-absorber device,
the response of a focusing lens, i.e. its focal field, is represented as a Plane Wave Spectrum (PWS).

A commonly used method to model Quasi-Optical components, is the Physical Optics (PO) technique.
The PO technique can be used to analyse the scattering behaviour of Quasi-Optical components. The
scattered fields on a surface can be estimated by equivalent current densities and using the equivalence
theorem [13] and [14]:

J(7) = 7 x Hl(7 = ) = 1 [Eri(f: )+ H (7 = ) (2.14)
M(7) = - x Etotal(7 = ) = —f1 x [Ei(f: 7) + B (7 = r*)] (2.15)

where H and E are the incident fields on the surface, H* and E* are the scattered fields which could
be either reflecting, or transmitting, and # is the normal vector on the surface. The scattered fields
are calculated by assuming a locally flat interface at each location of the Quasi-Optical component.
The equation is evaluated at the surface of the component, which is indicated by 7 = 7. To evaluate
the focal-field, these current densities can be propagated in a homogeneous medium by applying the
radiative part of the Green’s function:

k x M(7) _Jk‘w 1% (7 i%ie_jkﬁ_#' s’ (2.16
€ () = //‘7 X M) = _9“’“//, (”} hmﬂm (2.16)

where é;(7) represents the scattered field at observation position 7, 7 is a position on the equivalent

surface, k = 2= 1 k = kk and £ is the wavenumber in the medium.

|7—7"]

Although this method offers an accurate approximation of the performance of various Quasi-Optical
components [14], the focal-field calculated using this method does not comply with a requirement set
at the start of this section. In order to couple the field calculated in Eq. 2.16 to the Floquet Wave
absorber model, the field should be a Plane Wave Spectrum (PWS). Although it is possible to use the
PO technique to calculate the PWS response as seen in [15], it is far more efficient to use an alternative
technique instead: the Fourier Optics (FO) technique.

The Fourier Optics technique (FO) is based on an approximation of the PO radiation integral seen in
Eq. 2.16. In the FO method, the PWS is calculated via an auxiliary surface, which is referred to as
the FO-sphere seen in Fig. 2.2. Specifically, when our component of interest is illuminated by a plane
wave, the field scattered toward its focal plane is evaluated on the FO-sphere using Geometrical Optics
(GO). GO is a fast and accurate model for cases where the observation point is far from the focal point
of the Quasi-Optical component.
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Fig. 2.2: An illustration of the GOFO model for an elliptical lens. The distance between the surface of the lens defined by Q1
and the FO-sphere defined by Q po with radius Rrpo (shown as a dashed yellow line) is indicated as s(Qr,Qro). The focal
plane is described by = and y;, where (z¢,y¢) = (0, 0) is the focal point of the lens.

The electromagnetic field on this sphere is then referred to as the GO-fields, which is found using the
GO technique described in detail in the following subsection. By applying a set of approximations on
the amplitude, phase, and vectorial components of the radiation integral from the FO-sphere to the
focal plane, a PWS can be defined [13]:

5f(ﬁf):7/ / EFOeikenseibos df, dk, (2.17)

where €% is the focal field, p; = =& + y;y is defined for the coordinates on the focal plane of the

Quasi-Optical component 2 and y¢, Rro is the radius of the FO-sphere, and EFO s a spectral field
defined as:

. 2T R —JjkRro .
BFO (g, ) = 120 P x [EGO(km,ky) x (2.18)

k2 — (k2 + k2)

where EGO(I%, k,) is the GO-field evaluated at the FO-sphere using the Geometric Optics technique.

The GO technique

The Geometric Optics technique is a technique used for high-frequency scattering scenarios. The
technique approximates electromagnetic waves as tubes of rays propagating from one medium to an-
other [16]. Because of this, Snell’s law can be applied to the incoming field, such that the field on the
FO-sphere of the lens, which can be seen in Fig. 2.2, can be represented by:

EGO == E_T’L . T(QT)Sspread(QFo)eiij(QFO) (219)
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where E' is the incident plane wave evaluated on the lens surface Qr, T is the transmission dyad, sis
the propagation distance from the lens surface to the FO-sphere, and S,,,.qq represents the spreading
of the field due to the shape of the lens to the FO-sphere defined by Qro.

This GO-field, and in particular the spreading factor S;,,..s and added phase due to the path length
s(Qro), can be calculated in two ways: analytically using a faster, but more crude approximation, or
numerically using a raytracing technique. Both these techniques are described in detail in App. C. The
advantage of the analytical GO technique is its speed. In case that the effect of the comma phase
can be ignored [12], only the linear phase is assumed to play a major role once the lens is illuminated
under an angle of incidence other than broadside. This linear phase term only applies a spatial offset
to the focusing of the incoming field, allowing for very fast calculation of the pattern in reception, as the
GO-field will only have to be calculated once for broadside incidence. Since the comma phase cannot
be ignored for the cases discussed in this thesis, this approximation does no longer hold. Therefore,
the numerical GO technique is employed due to its higher accuracy for off broadside incident angles.

2.3. Design Methodology

2.3.1. Absorber Design
The basis of designing an absorber, is designing a structure with an input impedance that matches to its
background material, such that the power reflected on the background-absorber interface is minimised.
When examining an arbitrary absorber as shown in Fig. 2.3, with the input impedance seen at the
interface of the absorber expressed as Z,;; ;,,, one can calculate the reflected power on the interface
via the reflection coefficient:

Zabs,in - Zd

Lops = 5———-
b Zabs,in + Zd

(2.20)

According to this equation, in order to minimise the power reflected from the background-absorber inter-
face, the input impedance Z, i, of the absorber should be equal to the impedance of the absorber’s
background Z;. Designing such a material which is also a superconductor (which is needed for the
device to operate in an MKID), is not straight-forward. Therefore, some options for absorbing materials
will be discussed in this section.

— =
;

|
Z4 :
|

|—> I
Zabs,in; Fabs

Fig. 2.3: A transmission line model illustrating a source, with voltage V,. at the input of the stratification, propagating through
the background material Z; and transmitting into an absorber, which is defined as Z,;5,:,, at the interface of the absorber

VO C
—{

A possible solution for creating an absorbing layer is by choosing a dielectric material with a character-
istic impedance close to that of Z,;. Issues with these types of materials is that the attenuation factor is
usually very small. Thus, using such a material is difficult, as a very thick slab of dielectric is needed to
absorb enough power. Moreover, power dissipated in a dielectric cannot be sensed by MKIDs. Instead,
dielectric based absorbers require thermally coupled detectors, such as bolometers in the SCUBA-2
instrument, a large scale sub-millimeter camera operated a the James Clerk Maxwell Telescope in
Hawaii [17].

Instead, a conductive material could be used. Since power is dissipated quickly in conductors through
Ohmic losses, a layer can be used thinner than needed for dielectric materials. The issue with con-
ductive materials, and especially metals, is that their resistivity is small, resulting in a complex surface
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impedance at super-THz frequencies, with a relatively small real value and a significantimaginary value.
The result is reflection of most of the incident power if a simple planar metallic thin film would be used.

The reflections on the conductor can be reduced by making the conductor very thin, smaller than the
skin-depth of the material. While this solution can be effective for certain conductors, it should be
noted here, that this solution is still challenging for conductors with a significantly small resisitivity, as
the effective surface impedance will still have a large mismatch with the background material.

There are two problems with this solution. First of all, part of the power is transmitted through the
material. This issue can be fixed using a %-backing reflector. By adding an air-cavity of \/4 thickness,
and terminating this air-gap with a Perfect Electric Conductor (PEC), all power that passes through the
conductor can be trapped between the conductor and the PEC, until all power has been absorbed. Due
to this, theoretically, an absorber could be designed that absorbs 100% of the incoming power.

Adding a %-backing reflector will not solve a second issue: the absorber is the inductive element of the
absorber and must be made of a superconductive material such as Aluminium, as will be discussed
in Sec. 2.3.3. Since Aluminium has a sheet resistance that is commonly small, usually below 12/,
matching the impedance of Aluminium to the one of its background, Z,, is especially difficult. Other
superconducting materials with higher resistivities are not possible for the demanding application of
space: Aluminium MKIDs are by far the most sensitive [2].

To solve this, a more sophisticated design could be made from a conductive material. These designs
allow for a tuneable impedance by changing certain dimensions of the design, such that it is possible to
use a conductive layer as an absorber, while still maintaining the possibility to match to the background’s
impedance Z;. A commonly used absorber design is a strip absorber, which can be seen in Fig. 2.4
[11].

4l €q ,ﬁ

= dy

Zup

€0
Zdown
v

Fig. 2.4: The stratification of a stripline absorber, with the width of the lines and distance between the lines indicated as w, and
dy, respectively, and the input impedances Z., and Zg,.,,» as seen from the absorber

In order to match this absorber to Z,, the line width and line spacing, w, and d, respectively, can
be tuned. From [11], an approximate relation between the sheet resistance and dimensions of the
absorber can be obtained:

R, ~ %Zu,,uzdown (2.21)
Y

In the case of the scenario shown in Fig. 2.4, a perfect %—backing reflector is used, leading to Z 4., = o0,
and with Z,,, = Z,. This leads to a simplified equation for the strip absorber:

R~ g, (2.22)

Evaluating this equation reveals an issue with designing strip absorbers for FIR detectors operating at
frequencies f > 1 THz. Since a silicon lens is used, Z; is approximately Z; ~ 111.5€2. Due to the
small sheet resistance of Aluminium (R < 1€2/0), the fraction 3—3 will be of the order of 1/100. Since

the distance between the lines is limited by half the wavelength in order to avoid higher-order Floquet



2.3. Design Methodology 13

modes (d, < Aq/2), the lines will have to be very narrow: e.g. for 10 THz, with \; = 30/sqrt(11.44) ~
9um, the distance between the lines will be roughly d, = 4.5um, and lines will be of the order of
w, = 4.5/100 = 45nm wide. This does not only complicate the fabrication process, additionally it will
complicate the design of MKIDs as thinner lines limit the MKID power handling capabilities. Moreover,
at THz frequencies the imaginary component of the sheet impedance of Aluminium cannot be ignored,
further complicating meeting the requirement on the strip’s width.

Another issue with the strip absorber is that the absorber is only capable of absorbing a single polari-
sation by design. Although it is possible to design a dual polarised absorbed by stacking two of these
absorber on top of each other, one rotated 90° with respect to the other, this does complicate the final
design and fabrication.

Instead of a strip absorber, a more complicated design is employed here consisting of two meander-
ing lines, of which a unit cell can be seen in Fig. 2.5 [10]. An advantage of this design over the strip
absorber, is that it contains more tuneable parameters to achieve an impedance match with the back-
ground of the absorber. Since the meandering lines add additional capacitance into the structure, the
added inductance by the wider lines can be countered more effectively. As an added advantage, the
absorber is capable of absorbing both vertical and horizontal polarisations, due to the lines running
both in horizontal and vertical directions.

Vi

4

e
N
N

PR A o
gapi,r gapc gapi,r

Fig. 2.5: Definition of the dimensions in a unit-cell of a meandering line absorber

Designing a meandering line absorber

As described, analytical expressions were obtained in previous works for strip absorbers to design ge-
ometrical parameters to match the input impedance to the characteristic impedance of the background,
as seen in Eq. 2.22. However, there is currently no analytical expression available for the meandering
line absorber. Equivalent circuit models have been made for single meandering lines, as seen in [10]
and [18], however, these models are not equivalent for the dual meandering line absorber and as such
can not be applied to design the absorber for this project. Thus, the designs shown in this work were
made by simulating the performance of the absorber using unit cell boundaries in CST [19].

Simulating the absorber in commercial numerical solvers such as CST is a time consuming process,
which we speed up by the following simplifications: instead of simulating the absorber in a time domain
simulation, the devices were simulated using a frequency domain solver and fed by a single plane
wave. This provides the possibility to simulate the device as if it is an array of infinite size. To further
limit the simulation costs, the simulator was limited to only take into account the first 2 Floquet modes:
TFE; and TM;. As long as the designs had a periodicity much smaller than /2, higher order Floquet
modes were avoided, and thus did not have a significant impact on the performance of the device.
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From this simulation, the Z- and S-parameters of the absorber design were extracted. These were
used for two specific goals. First of all, the Z-parameters were used to determine the input impedance
of the absorber. The input impedance, which will vary for TE and T'M polarisations, should each be as
closely matched to Z,; as possible, as stated at the start of this subsection. Therefore, the Z-parameters
were used as an indication of how much the design should be modified in order to reach a better match
to the background material.

Matching this input impedance isn’t as straightforward as increasing or decreasing the length of one of
the line sections in Fig. 2.5. As each line section is also imposing an imaginary impedance on neigh-
bouring line sections, through capacitive coupling for example, changing the design for T'E polarisation
will also impact the impedance for T'M polarisation, and vice versa. Because of this, it makes more
sense to view the absorber as a resonant circuit, instead of a simple impedance, and design accord-
ingly.

Secondly, the extracted Z- and S-parameters were used to calculate a set of performance parameters
that describe the quality of the designs:

+ The absorption efficiencies at the design frequency fo: 1455, 7 @nd Ngps, 701
* The average absorption efficiency at fo: Nabs,avg
* The bandwidth of 1445 qvg: BW

These parameters were extracted by evaluating the response of the unit cell design to a plane wave at
broadside incidence. The absorption efficiencies, 74, v /71, have been calculated from the extracted
S-parameters of the absorber according to the following equations:

Nabs,TE = 1 — |STETE\2 - |ST]LITE|2

2 2

Nabs, T = 1 — |STjmrnm|” — |[STETM] (2.23)
Nabs, TE T Nabs, TM

Tlabs,avg = 2

where Sty 7y represents the S-parameters for an excitation at the TY Floquet port and observing the
reflected voltage at the T'X port.

2.3.2. Lens-Absorber Design
Each absorber had to be integrated into an appropriate lens design. The design of the complete lens-
absorber comes in two parts: the design of the lens, and the physical, finite size of the absorber.

Lens design

The canonical integrated lens geometry to focus radiation on a minimised spot size is an elliptical lens.
Elliptical lenses have the advantage that each ray is focused into the same focal point, where other
lenses, such as spherical lenses, have different focal points for each incoming ray. For elliptical lenses,
there are 3 independent parameters that can be tuned: its material, its diameter D, s, and the f-number
of the lens f. As for the material, only high resistive silicon is an acceptable option at THz frequencies,
due to its significantly low losses and stable cryogenic behaviour.

The lens-absorbers that have been designed in this thesis have one primary goal: show the advan-
tages and feasibility of lens-absorbers in future FIR missions across a frequency band as defined by
the POEMM and PRIMA missions. Because of this, instead of putting the focus of the design of the
detectors on coupling directly to the optical system of one of these missions, the main focus is on
designing detectors to couple well to the measurement setups available at SRON.

Due to these measurement setups, the requirement was set to design lens-absorber arrays with a pitch
that approaches 1.4mm-1.5mm. Therefore, lenses have been designed that have a D;.,,s — 1.4mm,
which is approximately 7\ at 1.5 THz.

This leaves a second parameter, the f-number f,, that had to be tuned. The f-number impacts two
aspects of the lens-absorber: ease of fabrication, and the angular region at the incident field that falls
on top of the absorber.
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When investigating the response of an absorber to plane waves from various incident angles 6;, as
seen in Fig. 2.6, two important effects can be observed. First of all, a noticeable null appears for plane
waves with a T'M polarisation under an incident angle close to 17 degrees, due to the critical angle at
the silicon-air interface. Secondly, selecting a region below 17 degrees also provides a response of the
absorber that is rather flat versus angle of incidence. As highlighted in Fig. 2.6, the angular region for

a lens with an f-number of 2 is approximately equal to 6, = sin~* (ﬁ) ~ 14.48°, which is right before
the null due to the critical angle of Silicon. Therefore, a lens was selected with an f-number close to 2,

that offers a rather flat response to the incoming field of the lens.

Apart from offering a flat response in the absorption pattern of the absorber, an f-number of 2 also
provides a shallow lens which, in turn, simplifies the fabrication process.
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Fig. 2.6: The plane-wave response of one of the absorbers designed in this thesis, made with 21nm Aluminium and a line width
of 0.6um. Both the response to 7'M and TE polarisations have been plotted, compared with a cos 6 pyr curve. Two regions
have been highlighted: a green region that would by captured by a lens with an f-number of 2, and an orange region outside of
the angular region of the lens.

Design of the absorber size

In Sec. 2.3.1 the absorption efficiency was optimised for an infinite absorber. In the case where the
absorber is coupled to a Quasi-Optical component, such as an elliptical lens, the physical size of the
absorber (which is the absorber side-length in case of an absorber with a rectangular pitch) affects two
major performance parameters of the integrated lens-absorber device: the aperture efficiency (1),
which describes the power capturing capabilities of the detector when the lens is illuminated by a plane
wave, and the focusing efficiency (), which describes how well the detector is capable of distinguish-
ing point sources, in other words, how narrow the angular response of the detector is with respect to
ideal benchmarks, i.e. a perfect airy pattern.

The aperture efficiency is defined as follows:

Pabs(fa in ¢Z)

nap(fa a’ia d)’t) = P. (224)

where P,;, is the power absorbed by the absorber, and P;,, is the total power incident on the aperture
defined by the lens surface area. Consider an ideal absorber placed at the focal point of a lens. As

the absorber is ideal, the total field on the absorber defined in Eq. 2.13 is equal to the direct field of the
lens, thus the field captured by the absorber equals the field that lands in the domain of the absorber:

1 WL e
Puys = 2— // \ed’z| + |ed7y| d:,Cf dyf (225)
Nd —w/2
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where 7, is the characteristic impedance of the Silicon of the lens, ¢; ../, are the direct fields landing
on the absorber, and w is the side length of the absorber. Thus, as the size of the absorber increases,
more power is captured, increasing the aperture efficiency of the lens-absorber.

For the focusing efficiency the situation is the opposite. Consider the case of an ideal absorber
again. As the size of the absorber increases, power from larger angles compared to broadside can
be captured by the absorber as it still lands within the domain of the absorber. Thus, not only sources
from the intended direction (e.g. broadside) might be captured, but other sources that are not of interest
might be captured as well.

This behaviour is described in [12] by dividing a larger absorber into a combination of smaller absorbers,
similar to the multi-mode antenna defined in [20]. The power received by each of these smaller devices
sum up incoherently, resulting in a less angular discriminating device.

The effect of this, which is defined as a lower focusing efficiency, is the widening of the far-field pattern
of the detector. This is illustrated in Fig. 2.7, where the pattern in reception is shown for various array
sizes, which is also confirmed in [12]. In the figure, it can be observed that a larger absorber leads to
a pattern in reception that resembles a wide sinc shape, while a small absorber will approach an airy
pattern.

0
_w/)\df# —0
_ _w/)\df# =1
g -10+ w/)\df#=2
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Fig. 2.7: Normalised patterns in reception for a lens-absorber with 3 different side-lengths. The patterns widen the larger the
side-length of the absorber gets, reducing the focusing efficiency.

Thus, as the ideal focusing case is defined by an airy pattern, the focusing efficiency describes how
close the actual pattern in reception is to an airy pattern, and is defined as [12]:

Qairy

Qo

ne(f) = (2.26)

where Q,;,,, the ideal solid angle of the Airy pattern, is compared to the solid angle of the detector €.
These solid angles are defined as:

)\2
Alens

27 5
Q :/ / F(f,0,¢)sin0d0de
0 0

Qairy =

(2.27)

where A, is the aperture area of the lens, and F(f, 6, ¢) is the normalised lens absorber pattern,
defined as:
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Pabs(f7 91‘;@)

F(f,0,¢i) = max { Paps (f, 0:, 6:)

(2.28)

There is a clear trade-off between the aperture efficiency and focusing efficiency for the width of the
device. In order to have a good performance in term of aperture efficiency, the focusing efficiency
will drop drastically due to its major dependence on the side length of the absorber. The trade-off for
the side length of the device is worse than for antennas, which will not couple properly to fields not
directly focused onto the antenna. This confirms both an advantage and disadvantage of the absorber
over the antenna, absorbers can still couple well to incoming fields when the lens-absorber are slightly
misaligned, while the performance of antennas will drop drastically. However, this comes at the cost of
focusing capabilities of the detector.

Although focusing efficiency is an important parameter for the future missions, the aperture efficiency
has a higher priority for this thesis. Therefore, the design was optimised with aperture efficiency in
mind.

Matching layer design

A major issue with using a material such as silicon (¢, = 11.44) for the lens, is the large impedance
mismatch between free-space and the lens. Due to this impedance mismatch a large part of the in-
coming field is reflected from the surface of the lens. A common method used to reduce the reflections
on the lens, is by adding a quarter wavelength matching layer, such as Parylene-C with n = 1.62 [21].
By adding a layer of a material with a relative permittivity close to ¢,, = /€,, and a thickness of A, /4,
where )\, is the wavelength in the material of the matching layer, the lens can be impedance matched
to free-space reducing the reflections drastically.

There are two major issues with this solution, the first being the bandwidth of the matching layer. As the
layer is designed to have a thickness of \,,, /4, the bandwidth is limited. For a frequency slightly off the
design frequency, the thickness of the layer will no longer allow an impedance match with free space.
Multiple solutions are available to increase the bandwidth, where one of the most common solutions is
replacing the single matching layer by multiple matching layers [22] and [23]. With this technique, the
matching can be done more gradually, leading to a matching layer that is less frequency dependent.
However, none of these are applicable to the THz region due to the high dielectric losses at super-
THz frequencies.

Moreover, this does not solve a second issue. The absorber is read-out using MKIDs, which are devices
built upon superconducting principles. In order for these devices to work, the lens-absorbers will have
to be placed in a cryo-chamber and cooled to low temperatures. As the temperatures change, different
materials will start to shrink at different rates. This will cause the matching-layers to simply fall off the
lens, especially after putting the detectors through multiple cooling cycles.

To mitigate this risk, a matching-layer is employed that uses geometric properties to match to free-space
instead of material properties. This way, the matching layer can be made out of the same material as
the lens, avoiding the matching layer falling off the lens when cooled. A solution to this is a so called
frusta layer [24] and [25]. This matching layer uses pyramid like structures to match the lens to free-
space. This matching layer can be made by cutting the pyramids into the surface of the lens, from the
same substrate as the lens itself instead of a different material. Another advantage of this matching-
layer is its broadband behaviour [24], solving both issues introduced by the single quarter wavelength
matching layer. Therefore, in this thesis, a scaled-down version of the design presented in [24] is used
in the lens design equipped with a matching layer.
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2.3.3. Absorber-MKID Design

One of the important instruments on the missions described in this thesis, is the imaging spectrometer.
By combining multiple of the lens-absorbers designed in this thesis, and aligning them along a 2D
grid, the detectors can be used to perform imaging along one axis of the lens-absorber array, while
performing spectroscopy along the other axis. In order to get high resolution data from the instruments,
a high number of lens-absorbers will be employed in the final array design, both in the spectral as well
as the spatial direction.

Although an imaging spectrometer at FIR would offer great insight into the formation of stars, planets,
and the galaxy us humans reside in, it does pose a technical problem. Reading out a high number of
detectors can be problematic, using an individual read-out line and its associated circuitry per detector
is not feasible, and sticking to conventional multiplexing techniques adds additional design complica-
tions due to the need of additional electronic components. Combining this with the fact that sensitivity
becomes a major issue at these frequencies: for a background-limited space telescope it has been
shown that a Noise Equivalent Power (NEP) of 3 - 10~2° W /+/Hz is required for detector arrays with a
pixel count of ~ 10° [1] and [26], a more sophisticated read-out design is needed.

As shown in [2], a solution to this problem is the use of Microwave Kinetic Inductance Detectors (MKID).
MKIDs have shown to offer capabilities of multiplexing a large number of detectors with a good sensi-
tivity in the order of NEP ~ 3 - 10720 W/v/Hz [2].

Microwave Kinetic Inductance Detectors

MKIDs are superconductive devices that operate on the basis of Cooper pairs, which are electron-
pairs at the Fermi energy that form once superconductive materials are brought below their critical
temperature T, [27]. The transport of charge in conductors can be described by a resistance due to
electrons in the material, and a kinetic inductance L;. due to the kinetic inertia of electrons in the material.
In superconductors, this kinetic inductance dominates. The superconductor can be respresented by
the equivalent circuit shown in Fig. 2.8a. Power can be absorbed in a superconductor for photon
energies exceeding the gap energy of (E,,, = 2A [27]), which will cause Cooper pairs to break. This
will change the number of Cooper pairs and quasiparticles in the material, leading to a change in the
kinetic inductance and resistance of the material. Although the change in the kinetic inductance is
small, this pair-breaking effect can be used by creating a resonator, as seen in Fig. 2.8b, which allows
us to precisely read the amount of power absorbed by the detector.

—_ Ccoupler

(a) Circuit model of a superconductive film, consisting of a resistance
R4, due to quasiparticles and a kinetic inductance L), due to the inertia  (b) A superconductive film employed in an MKID, which is a resonator
of quasiparticles capacitively coupled to a feeding line

Fig. 2.8: Circuit models used to represent a superconductive film in an MKID
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Usually, the superconductive resonator is capacitively coupled to a read-out line. This turns the res-
onator into a band-stop filter with a resonance frequency fy;xp and with a quality factor @, which will
both vary as power is absorbed by the detector as illustrated in Fig. 2.9. For each detector, the fi; k1D
can be precisely designed, such that each detector has its own distinguishable resonance frequency.
Due to this, a high number of detectors can be coupled to a single read-out line, leading to an output
consisting of various dips in the frequency domain, allowing MKIDs to be used to create frequency
domain multiplexing with a high multiplexing factor.
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Fig. 2.9: The transmission of an MKID changing as the number of quasiparticles changes in the superconductive materials once
power is absorber by the MKID [28].

Detector Design

An MKID consists of a superconductive resonator, where the inductive part is realized by the discussed
absorber, and the capacitive part is realized by a transmission line connected to the absorber. Although
MKIDs can be made using a single superconductor, it is beneficial to design MKIDs in a Hybrid form:
consisting of two different superconductive materials. As shown in [27], when selecting a supercon-
ductor, there is often a trade-off between performance parameters of MKIDs, such as the sensitivity
and noise performance. Using Aluminium for example offers a higher sensitivity, while NbTiN offers
lower noise. To achieve best of both worlds, these two materials can be combined: NbTiN is used at
the capacitive end of the MKID (the transmission line), which is coupled to the read-out line, while the
Aluminium section is used on the inductive end of the MKID (the absorber), which is placed at the focal
plane of a lens. This configuration ensures an MKID with low noise, as the capacitive end of MKIDs
is more sensitive to noise, and a higher sensitivity to quasiparticles as power is absorbed in the Alu-
minium section and thus most current resides in the absorber. This configuration also offers a second
advantage due the difference in energy gap between NbTiN and Aluminium. Due to the gap difference,
quasiparticles are confined to the Aluminium section where the sensitivity is highest.

The Hybrid MKID design can be used for both antennas as well as absorbers, as seen in Fig. 2.10.
The difference between the two designs, is the additional Aluminium line required in the antenna case
seen in Fig. 2.10a. Since power is not absorbed by the antenna itself, the Aluminium line is needed
to absorb the power from the field that is received by the antenna. Since the absorber is capable of
capturing power, power is absorbed in the material of the absorber itself. Thus, as seen in Fig. 2.10b,
the absorber is made from the superconductive Aluminium and connected directly to the NbTiN line,
as Cooper pairs will be broken in the absorber itself.
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(a) Antenna coupled MKID (b) Absorber coupled MKID

Fig. 2.10: SEM pictures of two MKIDs coupled to an Antenna and an Absorber

2.3.4. MKID Resonant Frequency Design

As stated earlier in this section, multiple MKIDs can be read-out and multiplexed by designing each
of the MKIDs with a different resonance frequency fi;xrp. Resonance takes place when the input
impedance of the structure becomes real and the imaginary part approaches zero. Thus, in order
to tune an MKID to resonate at fi/xp, a design should be made where S (Zykrp,in (famxip)) = 0.
Observe the MKID shown in Fig. 2.11, the MKID can be split into two parts: the NbTiN transmission line,
and the absorber structure connected to it. The input impedance of the two parts can be investigated
at their interface and described by the input impedance of the transmission line Zry, ;, and the input
impedance of the absorber structure Z; ;,, for guided waves at GHz frequencies, the latter of which
should not be confused with the impedance to a plane wave at THz frequencies. Therefore, in order to
obtain resonance at f;x1p, the imaginary parts of these input impedances combined should approach
zero, and thus S (Zaps,in) = =S (Zrrin)-
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Fig. 2.11: An illustration of an absorber coupled MKID, consisting of a NbTiN transmission line (given in blue) coupled to a
read-out line on the left, and the absorber structure on the right, consisting of 2 NbTiN feeding lines connected to the Aluminium
meandering line absorber (given in orange). The input impedances of the transmission line and absorber structure, as seen at
their interface, have been indicated by Zrp, ;,, and Z i, respectively.

The microwave input impedance of the absorber structure depends on the design of the absorber. Since
the design was optimised to absorb incoming propagating waves, the absorber geometry is fixed. Thus,
its microwave impedance is fixed and the only impedance that remains tuneable, is the input impedance
of the NbTiN transmission line Zrr, ;,,. It is known that the input impedance of a transmission line can
be described by

Zr, + jZrr tan (%l)

Zrr + jZ1 tan (%1)

Z7Lin = ZTL (2.29)

where Zr;, is the characteristic impedance of the employed transmission line used, v, is the phase
velocity in the transmission line, I the length of the transmission line, and Z;, is the load attached at
the end of the transmission line. The transmission line section of the MKID can be either open or short
circuited, however the transmission lines used in this thesis are open, leading to a load impedance
equal to Z;, = co. Due to this, the equation can be rewritten to

1 2
Zriin = Zrp——F—— = —j Zry, cot (”fz> (2.30)
j tan (%l) Up

Following the equality of S (Zaps,in) = —S (Zr1.in), the equation above can be rewritten to obtain an

expression for the length of the transmission line as

(% _ R (Zabs zn)
l=—2 cot™! () 2.31

27 fuKID Zrr ( )

So, for a given input impedance of the absorber structure, the characteristic impedance of the trans-
mission line, and the resonance frequency of the MKID, the length of the transmission line can be
determined.
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To obtain the input impedance of the absorber structure, the different absorber designs, each with their
unique unit cell designs and absorber widths, were simulated in Sonnet [29]. For each of these designs
the absorbers were recreated in Sonnet using an absorber structure such as the one seen in Fig. 2.11,
resulting in the structure seen in Fig. 2.12. The input impedance is evaluated at port 1 connected to
the CPW line seen in Fig. 2.12

Using this frequency dependent input impedance, and the characteristic impedance of the CPW trans-
mission line, the lengths of the NbTiN transmission lines could be calculated for each of the resonance
frequencies of interest.

TOP
0 Air| |_—| Feeding Imes:l
GND Silicon|

r

Absorber

Fig. 2.12: An absorber structure for one of the absorbers designed in this thesis (right), and the used stratification (left) to simulate
the structure in Sonnet. The green coloured material is Aluminium, and the red coloured material is NbTiN. The input impedance
of the structure is simulated at the CPW port indicated by the number 1 on the right side. The structure will be connected via this
port to a CPW NbTiN transmission line, and is connected to ground on the left side.
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2.4. Detector Designs and Performance

2.4.1. Materials and Guidelines

One of the main subjects of this chapter, is investigating the feasibility of designing lens-absorbers to
operate at 1.5 THz. An important part of this feasibility study is related to the manufacturability of the
lens-absorbers. Therefore, two important parameters that impact fabrication limitations in the unit-cell
designs of the absorbers were selected: the width and thickness of the meandering lines.

As stated in Sec. 2.3.3, the absorbers have been designed using Aluminium as the absorbing material,
to provide the capability to integrate the absorbers in MKIDs. A number of different depositions of
Aluminium have been measured at SRON in the past, each with their own thickness and resistivity.
Two material thicknesses were selected from this dataset, in order to investigate the effect of material
thickness on the performance of the absorbers.

In order to select possible line widths, previously in-house fabricated Aluminium structures were in-
vestigated. 0.3um wide lines have been fabricated in the past, however, at the time of designing the
absorbers, the yield of these detectors was relatively low. In addition to this, narrower Aluminium lines
lead to lower power handling capabilities in MKIDs, which in turn affects the sensitivity of the detector.
Therefore, two line widths slightly wider than 0.3um have been selected, leading to a final 2-by-2 design
matrix consisting of the parameter values shown in the table below.

Thickness (Resistivity p) H 21nm (35.9n(2 - m) ‘ 28nm (17.4n(Q - m)
Line width I 0.64m | 1.3um

Tab. 2.1: Different parameters and values for which absorbers have been designed. Since these parameters lead to a 2-by-2
design matrix, a total of 4 different designs have been made

To get a better understanding of the differences between two different Aluminium thicknesses, the sheet
impedance can be calculated for each of these Aluminium thicknesses using [30]

Zo= 1T o (Ut (2.32)
od 0

where ¢ is the conductivity of the material (which is equal to the inverse of the resistivity o = %), d is the

skin-depth of the material defined in terms of angular frequency (w): § = w/fw, and d is the thickness

of the material. Eq. 2.32 is basically defined by the kinetic inductance of the electrons in the material.
This equation was used to produce the results shown in Fig. 2.13 below.

For the frequency range of interest, Fig. 2.13 shows that the change in sheet resistance versus fre-
quency is near constant up to 4 THz, while the sheet reactance increases for higher frequencies. Thus,
as expected, the sheet impedance is mostly inductive, which presents itself as a higher and positive
reactance when increasing the frequency in the metal. Although the difference in sheet reactance be-
tween the two thicknesses is rather small, the sheet resistance is about 2.5 times larger for the thinner
Aluminium. This means that matching the absorber to Silicon is easier, as the reactance will not be as
prominent as for the thicker Aluminium.
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(a) Sheet impedance of 21nm thick Aluminium (b) Sheet impedance of 28nm thick Aluminium

Fig. 2.13: Sheet impedance (Zs = Rs + j X ) of the two materials used to design the absorbers presented in this thesis

2.4.2. Absorber Designs

A total of 4 meandering-line absorber designs with quarter wavelength backing reflectors have been
optimised in CST based on the different parameter values presented in Fig. 2.5. The designs have
been optimised for the absorption efficiencies for TE and T'M polarisations, as discussed in Sec. 2.3.1.
Since no particular design strategy is available as of writing, a number of observations have been
presented in Tab. 2.2 that can aid in future designs of the type of meandering line absorber presented
in this thesis.

Dimension | Change in f;r | Change in fr;; | Change in max (1.5 7E) ‘ Change in max (1455, 7M)

+++

Hy

++

gapc -

gapt,p
+++ ~ + -

gapi,r

Tab. 2.2: A visual representation of the impact of changing certain unit-cell parameters on the performance parameters of
the design. frg and frjp; represent the resonance frequencies of the structure for TE and T'M polarisation, respectively.
max (1qps,7E) and max (nqbs,7ar) represent the absorption efficiencies of TE and T'M polarisations at the resonance fre-
quency of the structure. The findings reported here indicate the effect after increasing the mentioned dimension, and indicates
how much a parameter increases (indicated by the number of +), decreases (indicated by the number of -), or stays relatively
the same (~).

One key observation to point out, relates to specifically tuning the impedance of only TE or TM po-
larisation. Although most unit cell dimensions impact coupling to multiple different line sections, the
gaps surrounding the unit cell offer more specific control over either TE' or T'M polarisations. This is
particularly useful in the case where the peaks of the absorption efficiencies for T'E and T'M are both
moved away from the design frequency in opposite directions. Tuning the gaps on the sides of the
unit cell offers the possibility to move both peaks close to the same frequency. An example of this is
shown in Fig. 2.14, where an arbitrary, unoptimised design is shown in Fig. 2.14a with good performing
peak efficiencies, located away from the design frequency. After increasing the gap-sizes from 1.4um
to 2.4um horizontally and 2.6um vertically, the result in Fig. 2.14b is obtained. The peaks have been
moved to the same design frequency.
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Fig. 2.14: The absorption efficiency versus frequency for an absorber design before and after increasing the gaps surrounding
the unit cell. The figure highlights the resonance frequency tuning capabilities by tuning the gap sizes gap; i, and gap; , around
the unit cell, and shows the absorption efficiency curves (a) before tuning, and (b) after tuning the gap sizes.

Using the observations presented above, and by studying the effect of each change on the input
impedance of the absorber, 4 absorbers designs have been created (see App. F for the complete
design descriptions). For each of these designs, the absorption efficiency for broadside incidence ver-
sus frequency is shown in Fig. 2.15. For each of the designs, the attempt was made to design the
resonances of both TE and T'M polarisations at the same design frequency. Although shifting these
peaks away from the design frequency could slightly improve the bandwidth of the average absorp-
tion efficiency, the decision was made here to improve the performance of TE and T'M polarisations
individually.

Two major performance criteria can be studied when investigating the curves shown in Fig. 2.15: the
absorption efficiencies at 1.5 THz, and the bandwidth of the design. For both of these criteria, a clear
relation between the two design parameters (line width and thickness) is visible. Choosing a design with
thicker material and wider lines offers a significant amount of control over the peak efficiency, leading
to a high absorption efficiency. The bandwidth does suffer for these design parameters, which is much
larger when opting for thinner material and lines that are narrower.
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Fig. 2.15: The absorption efficiencies versus frequency for the 4 different absorber designs presented in this thesis, for which
the design parameters of the complete absorber structure can be found in App. F. The efficiencies at the design frequency of
1.5 THz have been highlighted using a vertical line, and the —1dB bandwidth has been highlighted in blue.

Although the efficiency of the device drops slightly for the designs made using the thinner Aluminium,
see Fig. 2.15¢c and Fig. 2.15d, since these devices offer a far larger bandwidth than devices made
from the thicker aluminium, these two devices (whose unit cell design are shown in Fig. 2.16) are of
most interest to this thesis, and thus have been selected as the most promising candidates for the final
design. The final design selection was made after investigating the effect of each of these designs on
MKID performance, as will be discussed in Sec. 2.4.4.

The design procedure discussed in this thesis has been proven to aid in the design of the meandering
line absorbers discussed here, and could also be applied to high frequency designs, examples of which
can be seen in App. G where absorbers are presented to operate up to 35 THz.



2.4. Detector Designs and Performance 27

28.73um
22pm

1.3pm

R

e

36.60um
wrigy
34.40pm

e

-------- 06571111
2.4pum

2I.4um 2I.4urln

(a) Unit-cell design for a line width of 1.3um (b) Unit-cell design for a line width of 0.6 um

Fig. 2.16: Unit-cell designs made for Aluminium with a thickness of 21nm

2.4.3. Lens-Absorber Designs

Validation of the models

Before any of the lens-absorber designs and their analysis can be presented, the models introduced in
Sec. 2.2 of this chapter must be verified. Hence, this first subsection will focus on the validation of the
models presented in this chapter, such that they can be applied for the remainder of this chapter.

For the validation of the models, the design with 21 nm thick Aluminium and 0.6 xm wide lines presented
in Sec. 2.4.2 will be used as a verification case. For each of the models presented in this chapter, the
absorber, and where needed an associated lens, is modelled and compared to the same situation when
simulated in CST.

The Floquet Wave model is used to calculate the response of a periodic absorbing structure to an
incident plane wave. To construct this model for the aforementioned absorber, the impedance matrix
of the absorber was obtained by simulating the response of the absorber in CST to plane waves of
various angles of incidence. This impedance matrix was connected to the transmission lines shown
in Fig. 2.1a that represent the stratification of the absorber. To validate the model, the absorber was
illuminated by plane waves under various incident angles, and propagated into the transmission line
model by calculating the equivalent voltage and current potentials as discussed in App. B. The power
absorbed was determined by calculating the voltages and currents in the impedance matrix, and was
compared to the same set of simulations in CST, leading to the result shown in Fig. 2.17. The difference
between the CST simulation and the output produced by the in-house Floquet Wave model is negligible,
and thus verifies the capabilities of the proposed technique.
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Fig. 2.17: Absorption efficiency versus angle of incidence for ¢; = 0° of the absorber design made with 21nm thick Aluminium
and a line width of 0.6pm. The absorption efficiency was calculated using the Floquet Wave model (shown as solid lines), and
verified by calculating the absorption efficiency in CST (shown as the crosses).

The GOFO model approximates the focal field of a lens by propagating an incident field through the
surface of the lens, to an auxiliary surface called the FO-sphere, and applying approximations on the
radiation integral to represent the focal field as a Plane Wave Spectrum (PWS). In order to validate
whether this PWS is generated accurately, the PWS was chained to the previously validated Floquet
Wave model, such that it could be compared to the same lens-absorber simulated in CST.

For this validation case, the design with 21 nm thick Aluminium and 0.6 xm wide lines was coupled
to a Silicon lens with an f-number of 2, a diameter of 1.4 mm, and an ideal \/4 matching layer. This
lens-absorber setup, which is shown in Fig. 2.18, is in line with to the lens-absorbers that have been
designed in this thesis, and will be discussed in the remainder of this section.

Matching layer
Silicon lens

Absorber
Backing reflector

Fig. 2.18: A lens-absorber setup in CST, consisting of a silicon elliptical lens with a diameter of D;.,,s = 1.4mm, an f-number of
f# = 2, anideal quarter wavelength matching layer, and coupled to an absorber with a side-length of w = 2X; fx. The absorber
is made of 21nm thick Aluminium with a line width of 0.6um. The lens absorber is terminated with a quarter wavelength backing
reflector.
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As mentioned in Sec. 2.2, although the analytical GO technique could offer an even faster model with
certain approximations, the validity region for these approximations do not fully cover the lens design
scenarios in this thesis. Therefore, for the remainder of this section, only the numerical GO technique
has been used and validated.

The first step in the validation of the GOFO model, was to verify whether the GOFO model focuses the
incoming field correctly. When plotting the calculated rays derived using the raytracing technique as
shown in Fig. 2.19, two things are expected to happen: for the broadside case, all rays should focus
perfectly on top of the absorber, since elliptical lenses focus all rays to the same focal point. Secondly,
for off-broadside cases, the focus should shift along the domain of the absorber. For larger scanning
angles, certain rays may start to defocus slightly. However, due to the f-number selected for this design,
the lens is rather shallow, leading to a negligible defocusing of the rays. Both these expectations were
met in Fig. 2.19.

Ray tracing overview for 0i=0°, ¢i=90° Ray tracing overview for 0i=11 °, ¢:i=90°

(a) The result of the raytracing algorithm for incident angles equal to (b) The result of the raytracing algorithm for incident angles equal to
0; = 0° and (25,5 = 90° 6; = 11° and b = 90°

Fig. 2.19: Results of the raytracing algorithm for a lens with a diameter of D;.,,s = 1.4mm and an f-number of f» = 2. An
arbitrary absorber with side length w = 2\, f4 is placed in the focal plane of the lens. The incident rays are highlighted in red,
while the rays of the scattered field inside the lens are highlighted in blue. The reflected rays have been omitted for clarity.

In order to validate whether the Plane Wave Spectrum (PWS) representation of the focal field is calcu-
lated accurately by the GOFO model, the pattern in reception of the lens-absorber under test was eval-
uated, and compared to the same situation in CST. Using the GOFO model, the full angular response
can be evaluated rather quickly, as calculating the absorbed power for a single angle of incidence only
takes a few seconds. Since the exact same simulation in CST can take 1-2 days for a single angle of
incidence, depending on the angle of incidence, only three different angles of incidence were simulated
and compared to the full angular response evaluated using the GOFO technique. When comparing the
results generated by both techniques shown in Fig. 2.20, the difference between the results produced



2.4. Detector Designs and Performance 30

are negligible. Validating that the GOFO technique, in combination with the Floquet Wave model, leads
to an accurate model for the design phase and evaluation of the performance of existing lens-absorber
designs.

Angular response of absorber with w=0.6;m and d=21nm

-8 ==GOFO into Floquet Wave|
¥ CST Validation
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©
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Fig. 2.20: The unnormalised angular response of a lens-absorber, with a lens with a diameter D;.,,s = 1.4mm and an f-number
f# = 2, coupled to one of the absorber designs from this chapter, made using 21nm thick Aluminium with a line width of
w = 0.6um. The angular response has been simulated using the models presented in this chapter (indicated with the blue line),
and verified for 3 cases using CST (indicated by the orange crosses).

Analysis of the Lens-Absorber designs

As discussed before in Sec. 2.3.2, the silicon elliptical lenses are defined by 2 main parameters: the
diameter (D) and the f-number (f4) of the lens. In the aforementioned section, these two parame-
ters were already fixed; the diameter was fixed by the measurement equipment used (1.4mm-1.5mm),
and the f-number was fixed by the flat region in the angular response of the absorbers (an f-number of
around 2). Therefore, for the remainder of this chapter, the lenses used will have a diameter of 1.4mm,
and an f-number of 2.

The only parameter that still requires tuning, is the side length of the absorber. As described in
Sec. 2.3.2, the side length of the absorber impacts the two main efficiencies discussed in this the-
sis: the focusing efficiency, and the aperture efficiency. As the latter is of interest for this thesis, the
main objective is the optimisation of this performance criterion. As shown in Sec. 2.3.2, the aperture
efficiency of a lens-absorber increases as the side length of the absorber increases. After evaluating
the aperture efficiency of the aforementioned lens-absorber and varying the side length of the absorber,
the result shown in Fig. 2.21 was obtained. The result confirms that as the absorber size increases,
the aperture efficiency increases. Another key observation, is that the aperture efficiency curve flattens
after an absorber side length of w ~ 2\, fx has been reached. Although focusing efficiency is not of
priority, in order to still retain some focusing without losing much aperture efficiency, the absorber side
lengths have been chosen about w = 2, f, considering the periodicity of the unit cells.
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Aperture efficiency versus absorber size (0i=0°, q5i=90°)
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Fig. 2.21: Aperture efficiency of a lens-absorber as a function of side length of the absorber, with a lens with a diameter of
Dicns = 1.4mm and an f-number of fx = 2, coupled to an ideal absorber (shown with solid lines) and to the absorber design
made with 21nm thick Aluminium and a line width of 0.6.m (shown with dashed lines). The figure compares the two absorbers,
and shows the effect of a matching layer (red without matching layer, blue with matching layer) on the aperture efficiency of the
lens-absorber.

Using Fig. 2.21, the effect of the matching layer on the performance of the lens-absorber can be studied
as well. When comparing the aperture efficiency for a side length of w = 2\, f, the efficiency increases
from 7ap no matching = 0.546 10 7gp matching = 0.775, which is an improvement by a factor of ~ 1.4. This
additional performance is especially important when realizing that the lens-absorber will be coupled to
other (quasi-)optical devices, each of which have additional losses due to their coupling.

Although the matching layer improves the overall performance of the lens-absorber at 1.5 THz, the
/4 dependency of the matching layer does impose a limiting factor on the eventual bandwidth of the
device. To increase the bandwidth, a matching layer with a larger bandwidth was added to the lens as
proposed in Sec. 2.3.2. The effect of the matching layer can be approximated by assuming that the
matching layer is exactly \/4 for each frequency of interest, thus removing the frequency dependency
of the matching layer. The effect of this wideband frusta layer is made clear when comparing Fig. 2.22a
to Fig. 2.22b. Although the bandwidth is still limited by other factors, such as the A\/4 backing reflector,
the bandwidth has clearly improved, especially at larger frequencies. For the remainder of this chapter,
the lens-absorbers can be assumed to use the wideband frusta layer.
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Fig. 2.22: Aperture efficiency of a lens-absorber as a function of frequency for plane waves from broadside direction with x- and
y-polarisation, with a lens with a diameter of D;.,s = 1.4mm and an f-number of f, = 2 coupled to the absorber design with
21nm thick Aluminium and a line width of 0.6,um, with a side length of w = 24 f«. To compare the effect of the type of matching
layer on the bandwidth of the detector, the lens-absorber is shown with (a) a quarter wavelength matching layer designed at
1.5 THz, and (b) an ideal matching layer that is a quarter of a wavelength thick for every frequency. To indicate the maximum
possible aperture efficiency with the provided lens and matching layer, the absorber was replaced with an ideal absorber of the
same size, and shown in purple.

Another observation that can be made from Fig. 2.22b, is the frequency dependency of the aperture
efficiency of an ideal absorber, which describes the theoretical limit for these design parameters. Es-
pecially for the lower end of the frequency range, the maximum possible efficiency drops drastically.
Since the aperture efficiency has been calculated for a lens-absorber designed at 1.5 THz, all design
parameters remain fixed including the size of the absorber. As visible in Fig. 2.21, the selected side
length of w = 2\, f is right on the edge of the flattening region of the aperture efficiency versus side
length curve. For lower frequencies, the wavelength increases, thus an absorber designed for 1.5 THz
becomes smaller in terms of wavelength. The aperture efficiency drops rapidly for absorbers smaller
than w = 2, f4, therefore the bandwidth at the lower end of the frequency range is limited by the size
of the absorber.

With all bandwidth limiting factors in mind, it is important to set requirements on the bandwidth needed
at the start of the absorber design process. Especially as lower frequencies in the bandwidth of the
lens-absorber are limited by the size of the absorber, it might be beneficial to optimise a unit-cell design
for a lower frequency instead, or increase the absorber size slightly to compensate for the losses at
lower frequencies.

2.4.4. Absorber-MKID Designs

Using the 4 unit cell designs discussed in Sec. 2.4.2, for which the design parameters of the complete
absorber structure can be found in App. F, similar absorber structures as shown in Sec. 2.3.3 were
constructed. For each of these structures, the following requirements were met:

» Each design must use an integer amount of unit cells along the width and height of the absorber
+ Each design shall have a width and height of at least w = 2, f4, as discussed in Sec. 2.4.3

» The number of unit cells along the width and height of the absorbers shall be odd, to ensure a
unit cell at the center of the absorber which is located at the focal point of the lens

Based on these requirements, 4 structures were constructed and simulated in Sonnet to obtain the
microwave input impedance of the absorber structure, to be able to calculate the MKID resonant fre-
quency as described in Sec. 2.3.3. Since these devices contain a large amount of Aluminium, the
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imaginary part of the impedance of the structure will be much larger than for other detectors such as
antennas. This will also have an effect on the resonance behaviour of the device, as the resonance
will be pushed to lower frequencies.

To study the effect of the proposed absorbers on possible MKID designs, an MKID was designed for
each absorber, with a resonance frequency located at fy,xrp = 3 GHz, using Eq. 2.31 to tune the
length of the NbTiN transmission line. The outcome of these designs is shown in Fig. 2.23.
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Fig. 2.23: Analysis of designs of MKIDs for each of the absorbers designed in this section, for which the design parameters of the
complete absorber structure can be found in App. F, at a resonance frequency of 3 GHz. The length L of the transmission line
section in these MKIDs are indicated in the titles of the figures. The yellow lines indicate the imaginary input impedance of the
transmission line section of the MKID and the blue lines indicate the imaginary input impedance of the absorber structure. The
red lines indicate the imaginary input impedance of the absorber structure after replacing all Aluminium with PEC. The resonance
frequency fp g obtained in the MKID when using PEC instead of Aluminium is used to calculate the kinetic inductance fraction
a, indicated in the titles of the figures.

A device that is predominantly inductive has an associated self-resonance frequency due to additional
capacitances in the device. Once the capacitance of the absorber structure resonates with the induc-
tance, the imaginary impedance increases drastically, making the device appear as an open-circuit. A
predominantly inductive device can only be used as an inductor up to this self-resonance frequency.
As shown in the figure above, the absorber structures have a relatively low self-resonance frequency
located around 4-6 GHz. Due to this lower self-resonance, the maximum possible resonance frequen-
cies of MKIDs that can be designed with these absorbers will also be relatively low, as some length of
the NbTiN transmission line has to be reserved to implement the coupler of the MKID. A transmission
line length of 500 um is a reasonable lower limit, allowing resonant frequencies up to 2 GHz for the
design with a thickness of 21 nm and a line width of 0.6 um. This is close to the frequency ranges of
the measurement equipment available at SRON that have an operating range of roughly 2-4 GHz.

Fig. 2.23 also indicates the effect of the thickness and line width of the unit-cell designs on the self-
resonance of the device. For thinner materials with narrower lines, the self-resonance is located almost
2 GHz lower compared to thicker and wider lines. Taking into the account the aforementioned issue,
this introduces a trade-off between absorber performance and range of possible MKID resonance fre-
quencies. For a larger bandwidth, the self-resonance is shifted lower, thus leading to a limited number
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of MKIDs that can be designed for the measurement equipment available.

Another advantage of selecting a design with thinner and narrower meandering lines, is the higher
kinetic inductance fraction «, which is almost twice as high for fy;x;p = 3 GHz compared to the
design with thicker and wider meandering lines. The kinetic inductance fraction, which is defined as

Ly
= — 2.33
“ L+ L, ( )
where Ly, is the kinetic inductance and L, is the geometric inductance, has an impact on the sensitivity
of the device: a higher kinetic inductance fraction results in a higher sensitivity [27]. For the designs
shown in Fig. 2.23, which are based on transmission line resonators, the kinetic inductance fraction
has been calculated using

a=1-6F> (2.34)

which has been derived in App. E, where §F is defined as the ratio between the resonant frequency
of the actual MKID (defined for clarity as f4; in Fig. 2.23), and the resonance frequency of the exact
same device after replacing all Aluminium with PEC material (defined as fpgc in Fig. 2.23):

SF — fai

 frec (2-35)

Taking into account all aforementioned trade-offs, the decision was made to select two final lens-
absorber designs: both unit-cell designs with Aluminium with a thickness of 21nm. Since the design
with narrower meandering lines has the widest bandwidth, this design is most promising for future mis-
sions. This design with 0.8 um will yield a more sensitive device, which will also saturate at lower
radiation powers. Hence, this design is less suitable for experiments measuring the radiation pattern,
since these require radiation from the laboratory environment to couple to the detector, which will al-
ways be a significant amount of radiation power. Additionally, as this design has a self-resonance close
to the lower limits of the measurement equipment at SRON, this design has been employed only in lens-
absorber arrays with few pixels. To test the capabilities of the lens-absorbers to be integrated into larger
arrays, the unit-cell design with 1.3 ym wide lines has been chosen. It is important to note that for the
POEMM mission, the longest wavelength is at 113 pm [5], almost twice shorter than the presented 200
pm design. Even a narrow line design will be possible for large arrays due to the significantly smaller
absorber size.



Fabrication of 1.5 THz Detectors

In this chapter the implementation of the lens-absorber coupled MKIDs designed in Ch. 2 is discussed.
The design and fabrication will be presented for 3 different configurations:

1. Detectors with lenses with a conventional quarter wavelength anti-reflective coating

2. Detectors with a wideband, mechanically machined coating

3. Detectors with a backshort, to increase the coupling efficiency
A total of 3 different experiments will have to be performed, that are applicable to all 3 design configu-
rations:

1. Measure the radiation coupling efficiency and NEP using a low power, low temperature calibration
source. This experiment can be performed using both designs presented in Ch. 2 with 0.6 ym
and 1.3 pum line widths

2. Measure the multi-moded beam pattern, which can be performed using the design with a 1.3 yum
line width presented in Ch. 2

3. Design a large array to measure the scalability of the designs

Due to fabrication constraints no experiments will be discussed in the context of this thesis, but the
chapter will focus on the principle of the detector assembly, fabrication of anti-reflective coating, and
the tooling designed to automatically generate MKID arrays of arbitrary size.
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3.1. Lens and Substrate Design

In Ch. 2, 4 different absorber designs have been presented, of which 2 have been selected as potential
candidates for fabrication, each with Aluminium thickness of 21 nm. Both of these designs have been
selected to be fabricated in order to perform the experiments discussed.

+ Silicon lens wafer (hjens)

/\_/\_/\/\ .
/\/\/\/\

— — : 1 pm Perminex (gwafer)

//\\_é\/\/\/\\/\ Silicon spacer wafer (hspacer)

= Superglue (gwafer)
5 Silicon device wafer (hgevice)

Absorber '
— — — =10 pm Perminex
Backshort Silicon backshort wafer

Fig. 3.1: Diagram of the stratification of the detectors, consisting of a wafer for the elliptical lens, spacer between the detector
and lens, the absorber, and finally the backshort layer.

The stratification of the lens-absorbers is shown in Fig. 3.1, which consists of multiple Silicon wafers of
various thicknesses. Due to the stratification, the lens and the absorbers can be fabricated separately,
which allows for a simplified fabrication process and the reuse of the fabricated lenses. The complete
stratification consists of a lens wafer, a device wafer containing the absorber, the backshort wafer, and
an additional spacer wafer to reach the height needed for a lens with a diameter close to D;.,,s = 1.4mm
and an f-number of f» = 2. The spacer wafer and the lens wafer are connected using a Perminex
layer, and the device wafer is connected to the backshort wafer in a similar fashion. The device wafer
is connected to the lenses using superglue, which can be dissolved with acetone, such that the lenses
can be detached. This way the lenses can be reused for different absorber designs. In addition, since
the effect of the matching layer will be studied, lenses with and without a matching layer should be
swapped out easily.

Between the device layer and spacer wafer, an additional 5-Ta mesh has been added, similar to the
design in [2]. This mesh absorbs any THz radiation that is not coupled to the absorber but instead
scattered into the chip, ensuring no other pixels will detect the scattered radiation [4].
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3.1.1. Lens Designs

Due to the dimensions of the different wafers, and in particular the tolerances of each of the wafer thick-
nesses, the lenses designed in Ch. 2 cannot be exactly reproduced. Additionally, since the fabrication
method that is used to make the lenses removes material from the top of the wafer, an additional margin
should be taken into account at the top of the lens wafer as a safeguard in case too much material is
removed. These various parameters and margins, including the gaps between different wafers due to
the Perminex and superglue, are provided in Tab. 3.1

Parameter | Value (um)

Riens 1064
hspacer 1523
hdevice 350 + 25
Gwafer 1
Miens 20

Tab. 3.1: Considered parameters for the full lens stratification. The parameters hiens, hspacer, @and hgevice are the heights of the
lens, spacer, and device substrate, respectively. The gyater parameters is the gap-size between the different wafers, and myens
is the margin taken into account for the thickness of the lens wafer.

For the final lens design, the worst-case parameter values are chosen, therefore all margins and tol-
erances are subtracted from the parameter values. As stated in Sec. 2.3.2, lenses had to be chosen
with a diameter Dy, in the range of 1.4mm to 1.5mm, and an f-number that approaches fx = 2. Us-
ing the restrictions in place by the dimensions, margins, and tolerances, a design was selected with
Diens = 1.4mm and fu = 2.041.

A second lens design was made where the matching layer discussed in Sec. 2.3.2 had to be added
to the design. For the frusta matching layer, a scaled-down version of the design presented in [24]
was used, which dimensions are shown in Fig. 3.2a. This frusta layer is realized by taking an elliptical
lens design without a matching layer, and shifting the ellipsoid upwards by hfsta. This way, the elliptical
shape of the lens can be manufactured first, afterwards the grooves are cut into the silicon leading to the
final elliptical lens with frusta layer. Due to this frusta layer, an additional hsysta Mmust be subtracted from
the total height of the stratification, and a new design must be made accordingly. The same diameter
was selected as for the lens without the matching layer, leading to a final design with D;.,s = 1.4mm
and fu = 2.007.

dfrusta = 15pm
—

14.9°

< >
Dfrusta = 40um

(a) (b)

Fig. 3.2: A frusta matching layer, that provides anti-reflective properties at a large bandwidth. Figure shows a (a) diagram of a
single unit cell of the frusta matching layer and its dimensions, and (b) a 3D picture of a frusta lens taken from [25].
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3.1.2. Backshort Design

As discussed in Ch. 2, a large portion of the radiation transmits through the absorber limiting the ab-
sorption efficiency. By adding a backshort to the design, the absorption efficiency can be improved.
To add this backshort to the lens-absorber, an additional wafer is glued to the bottom of the detector
wafer using Perminex. A groove has been cut in the backshort wafer underneath the absorber, which
can be seen in Fig. 3.3. The groove has a depth equal to a quarter of the wavelength of free space,
and has slanted walls. The groove itself is wider than the absorber, as can be seen in Fig. 3.3, and
only a portion of this groove is covered with a 500um by 500um square Aluminium layer that serves
as a reflector. The reason why only a portion is covered by Aluminium, is to ensure minimal coupling
between the transmission line of the MKID and the Aluminium slab, as coupling to the reflector might
change the resonance behaviour of the MKID.

—
hsr i
—
<+—>
500pum

Fig. 3.3: Diagram of the backshort added to the design. The Aluminium reflector is 500um wide, and aligned to the center of
the absorber while not being present above the MKID’s CPW transmission line.
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3.2. Automated Mask Generation

The detectors designed in this thesis will be employed in large arrays to provide both imaging as well
as spectroscopic capabilities. Designing the chips that contain many of these detectors is a tedious
process, especially once multiple different design iterations must be fabricated. Taking into account
the fact that in the missions discussed in this thesis, multiple different designs will have to be employed
for different frequencies, designing each of these chips manually is a tedious task and prone to errors.
Therefore, a pipeline has been developed that can automatically generate mask designs using the
mask definition format CIF [31] based on a simple definition of the absorber geometry.

3.2.1. Definition File

To simplify the storage and distribution of different absorber files, a parameter file was defined, written
in the JSON format, to store the absorber geometry, and dimensions related to the complete absorber
structure. The JSON format can be parsed by most programming languages and is human readable,
simplifying the use and distribution of the design definitions. The format, which can be seen in App. H,
consists of three major parts: the absorber unit cell dimensions as shown in Fig. 3.4a, the absorber
structure dimensions as shown in Fig. 3.4b, and information on the materials used. The file also con-
tains some additional information, such as whether the masks should be generated in an inverted
matter, and an identifier for the design.

The simplicity and small size of the JSON definition files ensure maintainability, while providing the
possibility to combine multiple different absorber designs in the future to generate masks for future FIR
missions.
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Fig. 3.4: Definitions of the dimensions contained in the JSON which are discussed in App. H for (a) a unit-cell of the absorber
and (b) dimensions of the feeding lines of the absorber structure. In both figures the Aluminium is coloured orange, and the
NbTiN is coloured blue.
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3.2.2. Mask Generation Pipeline

When provided with a JSON definition file of the absorber, the Automatic Mask Generation tool uses a
pipeline to automatically generate a mask for a predefined range of MKID resonance frequencies. The
tool uses text inputs in its main script to define the KID shape, frequencies, Q-factors, and other related
parameters, and an option to select a given geometry defined in a JSON definition file. A diagram of
this pipeline is shown in Fig. 3.5.

Optimise Absorber
in CST

Absorber Design JSON

A

Generate Absorber

Generate Sonnet File
Structure as Polygons

Absorber
Input Impedance

Generate CIF File Calculate MKID Lengths

Mask of Full Chip

Fig. 3.5: Complete pipeline of automatic mask generation. By providing a JSON with design and material parameters a mask
can be generated automatically.

Using the definition of the unit cells of the absorber, and the definition of the absorber structure, the tool
generates a polygon structure of the complete absorber structure (which is similar to what was shown in
Fig. 2.12). This polygon structure is used in two instances: to perform a microwave simulation in Sonnet
of the absorber structure to determine the self-resonance of the absorber structure (as discussed in
Sec. 2.3.3), and to create the CIF definition of the absorber structure. Using the output of the Sonnet
simulation the lengths of each of the MKID transmission lines can be calculated and used to generate
the CIF definition of the complete mask.
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An example of a mask generated using the tool is shown in Fig. 3.6a, with a zoom-in on a single detector
in Fig. 3.6b. This tool is employed to prepare multiple lens absorber masks for the future experiments at
1.5 THz. The tool is also easily adaptable for any other absorber design: the process in Fig. 3.5 needs
to be repeated for a new set of wavelength and bandwidth requirements, resulting in a new geometry.
These geometry parameters can be stored in a new JSON definition file, which can than be used by

the developed tool to generate any MKID array needed.
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Fig. 3.6: Mask generated for a chip consisting of 81 lens-absorbers, see Sec. 3.3.3. using the design presented in Ch. 2 with
21nm thick Aluminium and 1.3pm wide lines. The full mask is shown in (a), and a zoom-in on a single detector is shown in (b).
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3.3. Chip Designs

Using the tool presented in Sec. 3.2, a total of 3 chip designs were generated, according to the design
configurations discussed in the introduction of this chapter. The design parameters for these chip
designs will be briefly discussed here.

3.3.1. Chip 1: Radiation Coupling and NEP Measurements

This chip will be used to measure the performance of the lens-absorbers. The chip will be fabricated
multiple times such that the performance of the absorber design can be measured once with a backshort
and frusta matching layer, and once without a backshort and frusta matching layer to compare the effect
of the backshort and matching layer on the performance of the detector.

» Absorber design: 21 nm thick Aluminium with a line width of 0.6 ym, as defined in Sec. F.1
+ Array design: 5 by 3 KIDs (15 KIDs total), hexagonally spaced with a 1.5 mm pitch

» KID Q-factor: 120000

» KID resonance frequencies: 2 GHz - 2.2 GHz

« KID frequency spacing df: df/f =1 x 1072 (df scales with KID frequency)

3.3.2. Chip 2: Multi-Moded Pattern Measurements

This chip will be used to perform measurements on the pattern in reception of the lens-absorbers.
» Absorber design: 21 nm thick Aluminium with a line width of 1.3 um, as defined in Sec. F.2
+ Array design: 5 by 3 KIDs (15 KiIDs total), hexagonally spaced with a 1.5 mm pitch
» KID Q-factor: 40000
 KID resonance frequencies: 2.02 GHz - 2.90 GHz
« KID frequency spacing df: df/f = 2.5 x 10~2 (df scales with KID frequency)

3.3.3. Chip 3: Large Array for Scalability
This chip will be used to test the scalability of the absorber designs, and to measure the overall yield
of the absorber coupled MKIDs.

» Absorber design: 21 nm thick Aluminium with a line width of 1.3 um, as defined in Sec. F.2
+ Array design: 9 by 9 KIDs (81 KIDs total), hexagonally spaced with a 1.5 mm pitch

» KID Q-factor: 200000

» KID resonance frequencies: 2.1 GHz - 3.2 GHz

« KID frequency spacing df: df/f =5 x 1073 (df scales with KID frequency)
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(a)

" 500um
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Fig. 3.7: SEM pictures of the current state of the chip fabrication. The chips in the picture do currently not contain any Aluminium,
as this is one of the last steps in the fabrication process. (a) shows the different chip designs, and (b) is a close-up picture of
some of the detectors of Chip 3 discussed in Sec. 3.3.3.



Optimisation Techniques for Coupling
to Optical Systems of Future FIR
Missions

The missions discussed in this thesis have one specific requirement in common: requiring an FIR
instrument capable of performing imaging spectrometry. To fulfill this goal, a 2D imaging array can be
designed using the detectors discussed in this thesis, where the detectors along one axis will perform
imaging in the spatial domain, while the detectors along the other axis perform imaging in the frequency
domain, i.e. spectrometry.

To ensure that each detector will only receive a limited spectral band, a dispersive element is required
capable of providing a high resolution in terms of frequency. Commonly, an element such as a diffraction
grating is used as a dispersive element, however, the diffraction grating is typically capable of providing
spectra with a limited resolution (R = f/df < 1000) [8] and [32]. Therefore, more advanced dispersive
elements were investigated, one of which is proposed for the missions discussed in this thesis: the
Virtually Imaged Phased Array (VIPA). The VIPA is a simple design of a dispersive element, consisting
of two (partially) reflective plates, capable of providing a large angular-dispersion versus wavelength

[8].

Although the VIPA offers the high resolution that is required in the aforementioned missions, the device
is certainly not ideal. Issues with higher order modes, phase aberrations in the fields focused on the
detector, and dependencies to non-uniform material parameters in the (partially) reflective plates can
complicate the coupling of the detectors to the VIPA, and reduce the overall efficiency of the instrument.
In this chapter, an initial analysis is performed on the VIPA coupling to detectors, and various optimisa-
tion techniques will be discussed to improve this coupling between the detectors designed in this thesis
and the VIPA that is currently being developed for FIR missions.
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4.1. The Virtually Imaged Phased Array

As briefly touched upon in the introduction of this chapter, the VIPA is a dispersive element resembling a
Fabry-Perot etalon, consisting of two parallel plates placed under a certain angle [8], [32], and [33]. One
of these plates is fully reflective, while the other plate is partially reflective. As visible in Fig. 4.1, when
the VIPA is illuminated by a collimated beam, which is focused slightly behind the VIPA and propagates
through a window in the fully reflective plate, the field will start to reflect between the two plates and
propagate upwards. Each time the field reflects on the partially reflective plate, part of the incoming
field will be able to propagate through the VIPA. Due to the multiple back-and-forth reflections, a series
of divergent beams are transmitted from the partially reflective plate, which is illustrated in Fig. 4.1 by
means of beams with different colours.

Due to the interference between these beams, an output is obtained which varies with wavelength,
where each wavelength has a narrow peak of energy. This output, which has its interference pattern
focused at infinity, is focused on a focal plane using an additional focusing element, leading to an
interference pattern with a large angular-dispersion versus wavelength.

Focal plane
7| ~ 1 Il <1

Input Fiel

Fig. 4.1: A schematic representation of a VIPA. The output consists of divergent beams of different wavelengths, of which 3
have been shown in red, green, and blue. The interference pattern between these beams leads to an output with a large angular-
dispersion versus wavelength, where each wavelength has a narrow distribution when focused on a focal plane.

Due to the narrow angular distributions of each wavelength, the output of the VIPA can be represented
and modelled by multiple virtual images of the incoming field [8] and [32]. The interference of these
virtual images at the output of the VIPA is an accurate description of its behaviour, which is shown in
the schematic in Fig. 4.2, thus leading to the device’s name: the Virtually Imaged Phased Array.

Virtual Images

Input Field

Fig. 4.2: A schematic of the Virtual Image representation of the VIPA. The different sources will interfere, leading to the interfer-
ence pattern at the output of the VIPA.
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Although the device is capable of providing a large angular dispersion versus wavelength, the device is
based on interference patterns at the output of the VIPA. Since the interference pattern of interest is a
local phenomenon at the focal plane of the focusing lens, non-idealities in the used materials, fabrication
inaccuracies, lens misalignments, temperature dependencies, and off-broadside scanning angles at
the input of the VIPA will introduce aberrations in the interference pattern shown at the focal plane of
the VIPA [8] and [32]. In addition, the interference between the divergent beams does not lead to a
single distribution for each wavelength. Each wavelength is produced at multiple higher order modes,
in other words, the VIPA produces radiation of the same wavelength at different output angles. Usually,
the fundamental mode contains almost all the energy available for a certain wavelength, however, the
aforementioned non-idealities can change the distribution of energy between the different modes.

To show the extend of the aberrations and the higher order modes in the output of the VIPA, two cases
will be presented here: the output of the VIPA focused on a center element of a Focal Plane Array
(FPA) at the focal plane of the VIPA, and the output of the VIPA focused on an element at the edge of
the same FPA. Since there is currently no working VIPA available, a mostly ideal model of the VIPA is
used to generate outputs of the VIPA [34]. The model has generated fields for detectors with a 1 mm
pitch, in other words, lenses with a diameter of 1 mm. These generated fields are evaluated at the focal
plane of the focusing element after the VIPA (see Fig. 4.1), and should therefore still be propagated
towards the surface of the silicon lenses of the lens-absorber.

At the center of an FPA the field shown in Fig. 4.3 is obtained. As visible, the field is dominated by its
fundamental mode, which is focused in the center of the x-axis. There is a slight curve upwards when
studying the side-lobes of the beam, which can be explained by the fact that this is a divergent beam
propagating under an angle. As this beam propagates to the focal plane, it “smears” across the focal
plane, leading to the slightly curved pattern. Studying the phase of this field, it is clear that the field is
heavily dominated by a linear phase. Most of this phase can still be removed, as will be discussed in
Sec. 4.2.
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Fig. 4.3: Output of the VIPA for a center pixel at the focal plane of the focusing lens, at A\ = 112um: (a) amplitude, and (b)
phase distributions for a center pixel.

At an edge pixel of an FPA the effect of larger scanning angles on the performance of the VIPA
will become clearer. To show this, an output of the VIPA was generated towards the edge of the FoV
of the VIPA: at spatial direction of 0.5° along the x-axis and at a spectral direction of 7.2° along the
y-axis. This leads to the field shown in Fig. 4.4. Due to the steering in the transmitted field, the pattern
has deteriorated further. The curvature in the pattern is much more present in Fig. 4.4a compared to
Fig. 4.3a, and the main lobe has reshaped from more circular to elliptical, which will be studied in more
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detail later. Although the phase is still dominated by a linear phase, as will be shown later, another
phase component is also present which has an additional effect on the coupling to the detector.

Apart from the aberrations in the field due to the large scanning angle, another issue appears in this
situation. As visible in Fig. 4.4a, apart from the fundamental mode, a second higher order mode has
appeared in the output of the VIPA. This can cause issues at two levels: first of all, fields at this wave-
length could also couple to detectors dedicated to observe a different frequency, limiting the FoV of
the VIPA. A second problem involves the overall efficiency of the imaging-spectrometer. Due to this
dominant higher order mode, almost 50% of the incoming field is transmitted to a higher order mode,
this means that the overall efficiency for larger scanning angles will reduce by almost 50%. Even if the
coupling between the VIPA and the detectors is ideal, the efficiency of the full system will still be af-
fected by the scanning loss of the VIPA due to the higher order modes. Thus, maximising the coupling
between the detector and the VIPA for these angles is necessary. On the other hand, VIPA designs
that favour less power in higher order modes with more aberrated fundamental mode could also lead
to overall better coupling performance.
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Fig. 4.4: Output of the VIPA for an edge pixel towards the edge of the FoV of the VIPA with a spatial direction of 0.5° along
the x-axis at a spectral direction of 7.2° along the y-axis. This leads to the first mode propagating towards z = 2.53mm and
y = 72.30mm. The field is observed at the focal plane of the focusing lens at \o = 112um: (a) amplitude, and (b) phase
distributions for an edge pixel.

To study these deteriorations in more detail, the field is studied as if focused onto a detector with an
aperture-size of 1 mm. Moreover, the phase that varies linearly has been removed to study the more
complex aberrations in the field, which leads to the field shown in Fig. 4.5. The reshaped main lobe
that is focused on the lens is stretched to a more elliptical shape, the effect of this is negligible as the
phase of the main lobe has more of an impact on the coupling to the detector. As shown in Fig. 4.5b,
an additional diagonal phase shift with a slight curvature is part of the main lobe. This additional phase
shift might reduce the coupling between the detector and the incoming field.
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Fig. 4.5: Part of the main lobe of the fundamental mode in the output of the VIPA, with a footprint of 1mm x 1mm, which is the
field captured by a lens with a diameter of D;.,,, = lmm. The data is generated for an edge pixel towards the edge of the FoV
of the VIPA with a spatial direction of 0.5° along the x-axis at a spectral direction of 7.2° along the y-axis. The field is observed
at the focal plane of the focusing lens at \g = 112um: (a) amplitude, and (b) phase distributions without the linearly varying
phase.

4.2. Optimisation Techniques

4.2.1. Linear Phase

The effect of a field with a linearly varying phase propagating into an elliptical lens can be observed as a
lateral displacement along the focal plane of the lens. To mitigate the effect of this lateral displacement
the absorber should be displaced along the focal plane to the new focus of the incoming field. In order
to estimate where the absorber should be displaced towards, the position where the transmitted rays
are focused, which will be referred to as the flash point, can be estimated by applying Snell’s law [35].

For a plane wave propagating towards a lens with a direction of incidence defined by 6,,,. and ¢;,,., the
direction of propagation of the field that is transmitted into the lens can be calculated using:

1
f; = sin~! ( sin 9n) (4.1)
vV €r

where ¢, is the relative permittivity of the material of the lens. From this direction of propagation and the
distance between the focal plane and the top of the lens, the flash point can be approximated using:

PrpOine, Pinc) = (0 = 0) tan 0, (cos @it + sin GincY) (4.2)

where r(6 = 0) is the distance between the focal plane and the top of the lens. In the case of an elliptical
lens, this distance can be determined using

~a(l—e?)
r(0) = 1 —ecosf

(4.3)

where « is the semi-major axis of the lens, e is the eccentricity of the lens given by e = 1/,/¢,, and 6
is the elevation angle that parameterizes the lens surface with respect to its lower focus. Substituting
this equation into Eq. 4.2 results in the final expression to estimate the flash point in an elliptical lens:

1
Prp(Bine, Pinc) = a(l+ €) tan <Sin1 < sin Hmc>) (oS Gined + sin Pinel) (4.4)

NG
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This equation is defined for a plane wave incident on the lens with a certain direction of incidence
defined by 6,,,. and ¢;,,.. The field coming from the VIPA can be approximated as a plane wave with a
a linearly varying phase along the aperture of the lens. Due to this linearly varying phase, the incident
field is equivalent to a plane wave propagating at a certain direction. As such, by determining the slope
of the plane wave, an equivalent direction of propagation can be estimated.

For an incoming plane wave with a certain direction of incidence, the phase of the plane wave can be
defined as

o IFT _ gifphase(?) (4.5)

where k = k (8in Gine COS Pincd + Sin Bipe SIN Py + €08 Oinc2), AN Oppqse (7) is the linear phase on the
plane wave as a function of the position along the aperture defined by 7. By evaluating the incoming
field at = = 0, the equation can be rewritten and simplified to:

e~ 0ko0[# 8 Oinc €OS Pincty sin ine sin Gine] _ i0phase(®,y) (4.6)

where z and y are positions at the aperture of the lens. Thus, by finding an expression for the phase on a
planar surface, the linearly varying phase can be represented as an equivalent direction of propagation
by solving:

ko [37 Sin Oy COS Pine + ysin Oine sin ¢inc] = phase(xa y) (47)

This direction of propagation, expressed by 6;,. and ¢;,., can be used in combination with Eq. 4.4 to
find an estimate of the focus on the focal plane in the lens. This estimate can be used as an initial value
to move the absorber along the focal plane, until the aperture efficiency of the device is maximised.

4.2.2. Complex Phase Aberrations

If the incoming field is dominated by more complex phase aberrations, displacement of the absorber
along the focal plane alone will not improve the performance of the device effectively. More complex
phase aberrations will introduce different phase depending on the location at the aperture, leading to
a focal field that will no longer approach an airy pattern. To correct for these phase aberrations, the
surface of the lens can be changed, such that each incoming ray will experience a different path length
towards the focus of the lens. The different path lengths will apply a different phase for each ray, such
that the phase matching can be improved, and therefore the reception of the resulting focal field can
be improved.

Although it is possible to apply non-symmetrical shaping to lenses [35], this thesis will focus on rota-
tionally symmetric shaping only to simplify the fabrication of the lenses. To implement this, the surface
of the lens can be expressed as a conic surface with additional higher order polynomials [36]:

(4.8)

1—|—\/1—|—/-102 +a0+zalp

where c is the curvature of the lens, « is the conical constant of the lens, ay is the vertical offset of the
surface, a; are the N weights of the added polynomial, and p = /x2 + y?2 is the radial distance from
the center of the lens. To optimise the surface of the lens, an optimisation algorithm is utilised that, for
a given incident field, determines an optimal solution that minimises a certain cost function. Since this
thesis’ main focus is on the aperture efficiency of the detector, as discussed in Ch. 2, the cost function
in this chapter will be defined as the inverse of the aperture efficiency for a given lens with a custom
surface. Similar shaping techniques are validated and well understood in previous works for antenna
based systems [36], [37], and [38].

To find an optimal shape of the lens, the GOFO technique discussed in Ch. 2 is used, where instead of
an elliptical lens a lens with a surface defined using Eq. 4.8 is used. As an initial value, the optimiser
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is initialised with an elliptical lens, such that ¢ = — %, k = (g)2 and ag = a + ¢, where a and b are the
semi-major and minor axes of the elliptical lens, respectively, and ¢ = a - e.

To optimise the lens for a certain incoming field, the incoming field is modelled as a plane wave at the
aperture of the lens. To do so, the complex amplitude of the incoming field is used as the complex
amplitude of the plane wave, leading to an incident field on the lens surface that resembles a plane
wave with a non-uniform amplitude defined by

Ei7lc(x,y) = E,p(z, y)eijkOAd(z’y)é (4.9)

where E,,,(z,y) is the complex amplitude at the coordinates = and y of the aperture of the lens, Ad(z, y)
is the distance between the aperture of the lens and the surface of the lens at = and y, and ¢ is the
chosen polarisation of the incoming plane wave. For an illustration of this field incident on an arbitrary
lens, refer to Fig. 4.6.

Fig. 4.6: An illustration of a lens-absorber fed by an incident field for which the surface of the lens should be optimised for. The
silicon lens is represented as the gray coloured material, and focuses the incoming field onto the absorber located at the focal
plane of the lens, indicated as an orange coloured rectangle. To propagate the incident field into the GOFO model, the incoming
field is represented as a plane wave with a non-uniform amplitude equal to the complex amplitude of the incoming field, in other
words, a plane wave where the complex amplitude depends on the z and y location of the surface of the lens.

4.3. Applying Optimisation Techniques to VIPA Fields

To study the effect of the proposed optimisation techniques on the presented VIPA fields in Sec. 4.1, a
lens-absorber was modelled with an elliptical lens with a diameter of D;.,,s = 1mm and an f-number of
f# = 2. Inaddition, an ideal matching layer was added on top of the lens. Since the type of the absorber
will only impact the maximum possible aperture efficiency that can be obtained, an ideal absorber with
a side-length of w = 2\, f was placed at to focal point of the lens. As shown in Sec. 2.3.2, the power
absorbed by an ideal absorber relates to the side-length of the absorber and to the field that is focused
by the lens on top of the absorber domain. This simplifies the calculation of the aperture efficiency of
the lens-absorber, and is therefore used to speed up any optimisation steps presented in this chapter.
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As shown above, the incoming phase-front for both the center and edge pixel is dominated by a linearly
varying phase shift. According to the method in Sec. 4.2.1, the effect of this phase-front can be practi-
cally removed by applying a lateral displacement to the absorber along the focal plane. To confirm this,
the flash point for the center pixel was estimated by approximating the equivalent angle of incidence
due to the linearly varying phase-front. The aperture efficiency was calculated for a range of lateral dis-
placements around the initial estimate, leading to the result shown in Fig. 4.7. Using this method, the
effect of the linearly varying phase has been reduced and the aperture efficiency has been increased
from nap center = 81.9% 10 Nap center = 84.9% for the center case.
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Fig. 4.7: The aperture efficiency (n4;) of the lens-absorber for different lateral displacements, when evaluating the center case
of the VIPA, with the initial guess highlighted using the black cross.

Next to this, the possibility to improve more complex phase-fronts is especially interesting. Therefore,
for the remainder of this section, the focus will be purely on the lens-shaping technique presented in
Sec. 4.2.2.

To test the impact of lens-shaping on the more complex phase aberrations, the linearly varying phase
shifts have been removed from the VIPA fields, and the VIPA fields were propagated into the lens-
absorber setup. For each generated lens surface the aperture efficiency was calculated, the inverse of
which was used as a cost function to determine the quality of the found solution. Since there is a high
number of solutions possible due to the high number of parameters in Eq. 4.8, the solution-set was
limited by setting the bounds on the different parameters, which are provided in Tab. 4.1. It is worth
mentioning that weights for higher order polynomials are related to their corresponding order leading
to larger search ranges.
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Parameter | Lower bound | Upper bound

c 0.8celliptical 1.3celiiptical
K 0.8Kelliptical 1.3Kelliptical
ag 0.8ay eliiptical 1.3ag eliptical

ay —100Xq 100X
as —1000Xq 1000
as —10000X¢ 10000

Tab. 4.1: The bounds set on the possible values for different parameters of the lens-shaping optimisation, for a lens surface with
a polynomial with 3 non-zero coefficients. The values cejiptical: ~elliptical: @Nd ag eliiptical NAVE been determined for an elliptical lens
with a diameter of D;.,s = Imm and an f-number of f, = 2.

After removing the linearly varying phase, the two cases have aperture efficiencies before applying any
lens shaping of 74y center = 84.9% and ngp ca5e = 82.0% for the center and edge case, respectively.
Since the difference between these two aperture efficiencies is small, and the efficiencies are close to
what is maximally possible for an ideal absorber of side-length w = 2\, f4x as shown in Fig. 2.21, the
effect of the complex aberrations in the phase-front is small.

After applying the lens-shaping optimisation on the two cases presented, the aperture efficiencies have
been increased to 1,y center = 86.4% and ngp cqqe = 86.2%. To determine how this increase in efficiency
was obtained, the shape of the lens should be studied. As shown in Fig. 4.8, the optimised lenses are
both very similar. The lenses are still very close to an elliptical lens, and since the diameter of the
lens was fixed to 1 mm, the lens’ f-number has decreased. This means that, since the side-length of
the absorber was fixed, the side-length has increased in terms of \;f.. Thus, following Fig. 2.21, the
aperture efficiency has increased. This suggest that the optimiser is capable of finding more optimal
lens-surfaces, and has done this by changing the f-number of the lens.
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Fig. 4.8: The distance between the focal plane of the lens, and the surface of the lens, for an elliptical lens with D;.,,s = lmm
and an f-number of f,. = 2, and both optimised lenses for the center and edge elements respectively

The effect of this smaller f-number becomes especially apparent when comparing the focal field of the
lens for the original elliptical lens, and the optimised lenses. Comparing Fig. 4.9a to Fig. 4.9b shows
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that the lens focuses more of the field onto the same domain. This means that for the same absorber
size, a larger fraction of the incoming power is received by the absorber.
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Fig. 4.9: (a) The focal field obtained from the original elliptical lens with D;.,,, = 1mm and fx = 2, and (b) from the optimised
lens for the center pixel.

Although the aperture efficiency is improved as shown above, the focusing efficiency decreases as the
effective size of the absorber increases in terms of A\, f; as the f-number of the lens decreases. In
case the focusing efficiency should not deteriorate during the optimisation, the inverse of the focusing
efficiency could be added to the optimisation algorithm as a second cost function.

A full overview of the aperture efficiency of both the center and edge case before any optimisations and
after applying each additional optimisation step can be found in Tab. 4.2.

|| No optimisation | Displacement of Absorber | Displacement and Lens Shaping

nap7center 819% 849% 864%
nap’edge 790% 82.0% 86.2%

Tab. 4.2: The aperture efficiency for the center case (14, center) @and the edge case (14, edge) before any optimisation, and after
applying an additional optimisation step

4.3.1. Discussion on the Coupling Between VIPA and Lens-Absorbers

Although there are phase aberrations in the VIPA fields presented in this chapter, the aperture efficiency
of the lens-absorber does not seem to be affected much, as shown in Tab. 4.2. This could be explained
by the fact that absorbers are less sensitive to phase than antennas, however, it should be taken into
account here that the model that is used to generate the fields is relatively ideal. Any non-idealities
such as non-uniform refraction indexes and fabrication errors such as misalignments of the optical
components are not taken into account, and could in theory reduce the quality of the field transmitted
by the VIPA further, especially once the angle of incidence on the VIPA is increased. Since more power
will be lost to higher order modes of the VIPA, as shown here close to 50% is lost reducing the effective
aperture efficiency of the edge case to =~ 43.1%, it is important to maximise the coupling between the
VIPA and the detectors. Moreover, as mentioned before, the possibility to modify and correct for the
phase aberrations in the VIPA output using the surface of lens FPAs, opens up a new design route for
the VIPA. In particular, VIPA designs with less power at their higher order modes at the cost of more
aberrations in the main mode could lead to much better overall optical coupling.



4.3. Applying Optimisation Techniques to VIPA Fields 54

Once a more realistic model is employed for the VIPA, or once actual measurements have been per-
formed on a fabricated VIPA, further research should be done on the coupling to the lens-absorbers.
In the case that the coupling reduces for non-ideal scenarios, the techniques presented in this chapter
can be used to analyse and improve the performance of the real instrument.



Analysing the Modal Description of
Multi-Mode Detectors

A power detector is usually sensitive to a field in a certain state of coherence. This state of coherence,
which can be described by a incoherent superposition of modes, can be defined as the modal descrip-
tion of a power detector. A mode in this context is a solution of Maxwell’s equations, defining a radiative,
coherent field which has a specific definition of its electric and magnetic fields. For most antenna-based
detectors, this modal description is simple as most behave as single mode devices. For the detectors
discussed in this thesis a single mode description is no longer accurate. Absorber based detectors in
particular are usually multi-moded, having sensitivities to multiple modes.

While this multi-mode behaviour allows the detector to capture incoming power from more modes, it
also subjects the detector to unwanted incoming radiation in the form of thermal noise from the optical
chain and cryostat, stray-light spilled into the instrument, and sources from unwanted directions scat-
tering towards the detector. Moreover, as each optical device in the optical chain has its own modal
description, the modal description of the lens-absorber could describe how the detector couples to the
optical chain of the instrument.

To help understanding how multi-mode detectors couple to certain modes and unwanted radiation, a
modal description of the detectors is needed. A technique capable of extracting such a description
is the Energy Absorption Interferometry (EAI) technique [39], which is an experimental technique that
can be described as aperture interferometry in reverse. Although EAI is an experimental technique, to
better understand the meaning behind the modal description a model is needed that can reproduce the
modal description obtained by EAI. Since constructing such a model requires many simulations of the
detector under test, employing the GOFO and Floquet Wave based techniques discussed in this thesis
would speed up the process drastically.

55
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5.1. EAl theory

When a detecitor is illuminated by an arbitrary incoming field, the field can be represented by an angular
distribution, E. The power received by this detector can be described as [39]:

—t . R — . . N R
P= //DRF (1, Q) : E(Q, Q2) A2 d2Qy (5.1)

where the double dot denotes complete tensor contraction, 1 is the Hermitian adjoint, and ©, /, indicate
two directions of incidence of the incoming field. This equation will be simplified later in this section,
and is needed to introduce the working principle of EAI. In this equation, the incoming field is described
by the angular correlation dyadic of the electric field on top of the detector:

(@, ) = (E()E"(Q2)) (5.2)

where (.) represents the ensemble average over the directions 2, /5, and DRF(Qy,Qs,) is a dyadic
function describing the response of the device to an arbitrary field. This Detector Response Function
(DRF) can be interpreted as a second-order correlation function describing the sensitivity to spatial
correlations in the incoming field.

All partially-coherent fields can be decomposed as a set of spatially coherent fields, which are referred
to as coherent modes [39] and [40]. Since the incoming field E can be assumed to be at least partially
coherent, and the DRF is the correlation function of this field, the DRF itself can be decomposed in
a similar fashion. This decomposition describes the DRF by a set of eigenvalues and eigenfunctions,
described as:

DRF(Q1,Q2) = Y am Ry () R}, () (5.3)

m

In this decomposition, the eigenvalues «,,, describe the power carried in mode m, while eigenfunction
R,, describes the pattern of the mth natural mode of the detector. Thus, by obtaining the DRF, the
modal description of the detector can be obtained.

5.1.1. Obtaining the DRF

Since the DRF can be described as a correlation function, each element in the DRF can be obtained
by manually performing the spatial correlation of two sources, and finding the power absorbed by the
detector for each combination of source positions.

When the detector is illuminated by two plane wave sources, propagating from directions 2, and .,
the incident field on top of the detector can be represented by:

Emc(Ql, Q2) = EI(QI) + 52(92)

- - 5.4
_ BeIRiTemid0/2p | B eiRaTeine/25, (5.4)

where £/, represent the complex amplitudes, p,,, the polarisations, and A¢ the phase difference
between the plane waves which is assumed to be controllable, and E1/2 are the propagation vectors
corresponding to directions Ql/g. For different directions of incidence, this field will form a fringe on top
of the device. This field will propagate into the device, and the response to it will form an element in
the DRF.

The DRF itself is a complex function, as it will describe the response to a complex incident field. Since
the detectors under test are only capable of measuring the power of an incident field, any phase infor-
mation is lost and therefore the argument of each element in the DRF cannot be directly extracted. In
order to obtain the argument of each element in the DRF, the possibility to control the phase difference
between the two sources is used.
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The power that is absorbed by the detector when illuminated by the incident field of Eq. 5.4 can be
described by [39]:

P =|Bi[? [51 - DRE(, Q) 1| + |2l [z - DRE(22, %) - 2

. _— . . (5.5)
+ 2R {E;‘EzeﬂA%l - DRF(21,€2) -]52}
The most interesting term in this equation is the third term, which can be rewritten for clarity as:
Pyg = 2R {EngejA¢ﬁ1 "DRF(Qy, Q) -ﬁQ}
(5.6)

= ‘A(Ql, QQ)‘ cos (A¢ + Arg A(Qq, Q2))

where A(Ql, Qg) is the complex amplitude due to the incoming plane waves and the DRF for directions
(), and . The detector output will trace a cosine as the controllable phase difference A¢ is varied
from 0 to 360 degrees. The incoming plane waves will, in combination with the applied DRF, introduce
an additional phase shift. Thus, by extracting the amplitude and phase of the cosine that results from
sweeping A¢, the complex elements in the DRF can be found, which are consequently equal to:

‘A(Ql,ﬁg)‘ —2|Ey| |Es|

D1 - DRF(Qh Qz) '132‘ 57)
Arg A(Q, Q) = Arg (ETEQﬁl -DRF (Q1, Q) '132)
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5.2. Modelling EAI Measurements

As described in Eq. 5.6 and Eq. 5.7, obtaining an accurate representation of the DRF of a device under
test relies on multiple different parameters. The device has to be illuminated by two sources, scanning
the aperture of the complete device. For each source combination, the phase difference between the
sources has to be varied between 0 and 360 degrees. The combination of all this data leads to a highly
dimensional dataset.

The DREF itself will be used to create a modal representation of the device under test, this modal rep-
resentation has to be obtained using the decomposition in Eq. 5.3. As will be discussed later in this
section, the method used to obtain this decomposition is called the Singular Value Decomposition
(SVD). This method will be more effective the more data there is available, and it is difficult to predict
the resolution of the data required to converge to an accurate modal description of the device.

Combining the amount of data required per measurement with the uncertainties measurements them-
selves introduce, trying to get an understanding of the meaning behind the modal description, and how
this modal description can be used to further aid in the analysis and optimisation of Quasi-Optical sys-
tems is a difficult task. Therefore, the decision was made to introduce a model that can be used to
perform EAIl on various Quasi-Optical systems, to start an initial investigation into EAI, the meaning
behind the DRF and its modal description, and to establish a baseline for future measurements with
the EAI technique.

5.2.1. Analysis of the EAI Modelling Tool

The detector under test is illuminated by two plane waves, E, and E, as described in Eq. 5.4. The
angles of incidence, polarisation, and additional phase of these two plane waves can each be varied.
After combining the two plane waves at the surface of the device under test, the resulting field Emc
has a unique set of complex amplitudes and directions of propagation depending on the location at the
aperture of the device. The complex amplitudes are determined by simply adding the components of
each of these plane waves. The directions of propagation are determined by calculating the Poynting
vector of the newly constructed field:

S = %a% {En x ﬁn} (5.8)

where ﬁ,»m is the magnetic component of the field at the aperture of the device under test. This mag-
netic field is constructed by combining the magnetic fields of the incoming plane waves, each of which
is calculated using:

- 1. .
Hpw = TTSPW x Epw (5.9)
0

where 1) is the characteristic impedance of free space, and spyy is the direction of propagation of the
incoming plane wave. After calculating the Poynting vector using the incident electric and magnetic
field, the directions of propagation of the incident field are calculated using:

(5.10)

Sine =

El‘ 0y

This newly constructed field is propagated using the GOFO model described in Ch. 2, which can be
coupled to any detector, such as an antenna or one of the absorbers designed in this thesis. The power
received by the detector is used to calculate each element in the DRF. As stated in Sec. 5.1.1, each
element in the DRF is a complex value, which is obtained by varying the phase difference A¢ between
the two incident plane waves. Storing the power received for each value of A¢ leads to a cosine with an
associated amplitude and phase. For actual measurement scenarios, this cosine will have a frequency
depending on how fast A¢ is swept between 0 and 360 degrees. In addition, any inaccuracies due
to the measurements and noise mean that the amplitude and phase should be extracted by fitting the
data to a cosine [41]. In this model, there is no duration associated to the frequency sweep, and no
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noise will be present in the data. Therefore, in order to extract the amplitude and phase of the cosine,
the Discrete Fourier Transform (DFT) is used instead.

Since the first element of this transform equals the 0 Hz component, the second element contains
the amplitude and phase information of the cosine in terms of A¢. From this element in the DFT, the
amplitude and phase of this cosine are defined as:

. 2 ‘]:2 {PRX (917927A¢)H
’92)‘ - N (5.11)
() = Arg (]:2 {PRX (91,927A¢>})

0

Arg A($,

where F» {PRX (Ql, QQ, Ad)) } is the second element of the Discrete Fourier Transform of the received

power, and N are the number of samples in Prx (Ql, Qg, A¢). Afterwards, using the definitions dis-
cussed in Sec. 5.1.1, the DRF of the device under test is constructed.

To obtain the complete DRF, the two sources are scanned across a large enough domain along the
aperture of the device under test. This can be done either by scanning the sources along a plane, or
by scanning it in spherical coordinates, and vary the elevation and azimuthal angles of the sources.
The effect of the size of the domain on the resulting DRF will be discussed in Sec. 5.2.2. Since any
pattern in reception in this thesis is represented with respect to the spherical coordinates 6 and ¢, the
remainder of this chapter will scan the sources in the spherical coordinate system. This allows for
easier comparison with previously observed results.

5.2.2. Extracting the Modal Description

As described in Sec. 5.1, a modal description of the device under test can be constructed by deriving
the eigendecomposition of the DRF. Since the derived DRF is not necessarily a diagonizable matrix,
especially in the case where the DRF is derived from measurements, the eigendecomposition cannot
be directly computed. Instead, the Singular Value Decomposition (SVD) is applied that is capable of
performing an equivalent decomposition to the eigendecomposition of any DRF. Although the SVD is
commonly defined for decompositions of matrices, an equivalent SVD exists for tensor datasets as
defined in [42], which will be needed once the DRF of the full aperture of the device is constructed.
However, as will be discussed later, the focus in this chapter will be on extracting the DRF for plane
waves incident from single ¢-cuts, leading to a DRF in matrix form. Thus, for the remainder of this
section, the matrix form SVD will be discussed. Due to the equivalence between the tensor form SVD
and the matrix form SVD, any conclusions drawn in this section will also hold for the tensor form SVD.

The SVD is defined as a factorization of the k£ x [ matrix DRF in the form of:

DRF =USVT (5.12)

where U is a k x k complex unitary matrix, S is a k x [ diagonal matrix, and VT is the conjugate transpose
of V, which is an [ x [ complex unitary matrix. The matrices U and S are particularly important in
relation to the eigendecomposition shown in Sec. 5.1. The columns in the matrix U can be related to
the eigenfunctions Rm(Ql) of the DRF, where the elements in the diagonal of S relate to the eigenvalues
a,, of the DRF. Since the two sources in this model will be swept across the same domain, the choice
was made to use the same number of samples per source, thus the dimensions of the resulting DRF
will be equal to one another (in the equation above it means that k£ = [). This allows for a same order

of resolution in terms of number of modes as in the resolution of the patterns extracted.

There is a side-effect on the accuracy by using this decomposition. Specifically, the accuracy of the
patterns of each of the modes and the number of modes extracted are heavily impacted by the amount
of data stored in the DRF. Combining this large dataset with the fact that the phase difference between
the sources will have to be swept for each combination of source locations to extract the argument of
each element in the DRF, the total dataset will be even larger. Therefore, the decision was made to only
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focus on single ¢-cuts for the simulations and validations in this thesis. This leads to a DRF that is no
longer in tensor form but in matrix form, reducing the number of simulations. Although this could have
an effect on the accuracy of the extracted modal description since a complete dimension is missing
from the DREF, it does allow for initial studies on the results of the EAI model.

5.3. Validating the EAI Modelling Tool

Before any initial experiments could be done with the EAI tool, a test case had to be analysed to validate
the EAI tool, and to explore the modal descriptions that can be produced from a generated DRF. In order
to validate the EAI tool, the DRF of a source had to be generated that is already well understood. Since
any type of absorber, which is a multi-moded device, is not well described, a single moded device was
selected instead: an ideal Gaussian Beam coupled to an elliptical lens as seen in Fig. 5.1.

) FO-Sphere

Fig. 5.1: An illustration of performing EAIl on the Gaussian fed lens-antenna. The power received by the antenna from the two
incoming plane waves (indicated by the two arrows) is calculated by applying an antenna in reception formalism between the
field in transmission of the Gaussian feed, and the GO-fields evaluated on the FO-sphere indicated by the red dashed lines.

The lens, which is a Silicon elliptical lens with a diameter of 1.5mm and an f-number of 2, is coupled to
a Gaussian beam which is defined as:

—

Egauss = Eoe*((ﬁ) +(G) >(sin ¢ + cos ¢d) (5.13)
where uy and vy are the parameters defining the directivity of the beam, E, is the amplitude of the
electric field, and © = sinfcos¢ and v = sinfsin ¢ are the UV coordinates defined in terms of the
spherical coordinates # and ¢. For this detector, the directivity of the feed has been designed for a
good match to the lens, thus, ug = vy such that the normalised farfield of the Gaussian feed is —11dB
ato = 90.

In order to construct the DRF, the power received by the Gaussian feed is evaluated. To calculate this
power, antenna in reception formalism is applied as discussed in [13]. Here, a reaction integral on the
FO-sphere is evaluated that defines the Thévenin open circuit voltage V,. of the antenna:

2 27 6o . .
ETz (0,¢)  Eqo(8,¢)R%, sinfdf de (5.14)

gauss

Voc(ea ¢)IO =
Nd Jo 0

where 7, is the characteristic impedance of the Silicon lens, EZ* __ is the farfield of the Gaussian

gauss

antenna ig transmission, Eqo are the GO-fields on the FO-spheLe, and Rro is the radius of the FO-
sphere. EgTa%SS is calculated by propagating the Gaussian field E,,, .5 defined in Eq. 5.13 to the FO-
sphere. With the open-circuit voltage obtained, the power delivered to the load can be calculated using:
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o |VOCIO|2
L= et (5.15)

where I is an arbitray current used to feed the antenna, and P, is the total power radiated by the
Gaussian feed, in case it is fed with a current I, defined as:

1 27 s
Paa= [
" 214 Jo 0

With this model for the Gaussian feed in place, EAI could be applied to extract the DRF of the lens-
antenna. As stated in Sec. 5.2.2, the EAI tool designed is only used to extract single ¢-cuts from devices
under test, due to the highly dimensional datasets that EAl generates. Therefore, three different ¢-cuts
were simulated to validate and explore the modal descriptions generated by the method: 0°, 45°, and
90°.

T X
Egauss

2
R%Z,sinfdfd¢ (5.16)

5.3.1. Modal Description of Gaussian-Beam Fed Lens

After running the EAI tool for the three different scenarios (¢ = 0°, ¢ = 45°, and ¢ = 90°), the modal
description of the device was extracted by evaluating the Singular Value Decomposition on the obtained
DRFs to perform a similar decomposition as seen in Eq. 5.3. This resulted into three different values:
U, S, and V. The columns of U and the columns of V' can be interpreted as Rm,(Ql) and Rm,(QQ)
respectively, and the elements on the diagonal of the diagonal matrix S can be interpreted as «,,
(am = mm)

The values in S can be described as a sensitivity of the detector to the mth spatial mode, and is best
evaluated by normalising these values to the sensitivity to the first spatial mode, and describing the
other modes in terms of this first mode. Doing this for the three cases described before, leads to the
results shown in Fig. 5.2, where the sensitivities of the detector to first 10 spatial modes relative to the
first spatial mode are shown.

The first notable observation, is that the detector is clearly very few-moded. The higher order modes
after the first mode drop off quickly, correlating with the fact that the Gaussian feed is a single moded
device. There is an interesting phenomenon visible when observing the first few higher order modes:
for the ¢ = 0° case, the device seems to be less sensitive to these modes than for the other 2 cases.
In order to explain this, the patterns associated with these modes should be studied.
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Fig. 5.2: The sensitivities of the Gaussian fed lens to the first 10 spatial modes, normalised to the sensitivity of the device to the

first spatial mode, for three different ¢-cuts: (a) ¢ = 0°, (b) ¢ = 45°, and (c) ¢ = 90°

In order to extract the patterns for each of these modes, the eigenfunctions described by the columns
of U(= R,,(£21)) should be studied. By multiplying each of these eigenfunctions with their associated
eigenvalues stored in S, an equivalent to the patterns in reception for each of these modes can be

calculated. For the three ¢-cuts, these patterns are shown in Fig. 5.3 for the first 5 spatial modes.
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Fig. 5.3: The patterns of the first 5 spatial modes of the Gaussian fed lens antenna, extracted for three different ¢-cuts: (a)
¢ =0°, (b) ¢ = 45°, and (c) ¢ = 90°

Another confirmation that the EAl method is able to extract the single moded device, is that the patterns
of the first spatial mode as shown in Fig. 5.3 are very close to the pattern one would expect for the
Gaussian fed lens: a pattern close to an airy pattern. By studying the sensitivities shown in Fig. 5.2,
a difference was observed between the higher order modes for the ¢ = 0° case and the other two
cases. The same difference can be observed by comparing Fig. 5.3a to Fig. 5.3b and Fig. 5.3c. In the
latter two cases, a pattern more similar to a cross-polarisation pattern can be observed, which is less
prominent when studying Fig. 5.3a. This has to do with the incoming polarisation of the plane waves
used to scan each of these cuts. For a plane wave, the polarisation can be set to have either a 6 or ¢
polarisation, this is done by choosing 7 to be either 0 or 7/2 respectively in the following equation:

P; = cos né + sin 77(2) (5.17)

This equation can be converted to a vector in cartesian coordinates for clarity, resulting in:

b = {cos 0; cos ¢; T + cos b; sin ¢ —sin6;2, forn =10 (5.18)

—sin ¢; & + cos ¢; 1 forn =m/2
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In order to couple best to the Gaussian feed, the incoming plane waves should be mostly y-polarised.
For the ¢ = 0° case this is possible by selecting a plane wave that is ¢ polarised (n = 7/2), however, for
the other two cases, the incoming plane wave will always contain more than 1 polarisation in cartesian
coordinates. Thus, such incoming plane waves couple more to the cross-polarisation response of the
Gaussian fed lens, resulting in a more prominent cross-polarisation in the modal description.

Since the EAI tool developed is capable of extracting the different spatial modes of a device under test,
a final validation is performed to reconstruct the total pattern in reception. To do so, the spatial patterns
shown in Fig. 5.3 are superpositioned incoherently:

P=>"|Un Spml* = [Rin - ot (5.19)

where U, is the mth column of the matrix U. In Fig. 5.4, for the three described ¢-cuts, the patterns in
reception are compared to the output of Eq. 5.19.
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Fig. 5.4: A comparison between a reconstruction of the patterns in reception using the extracted patterns of each of the spatial
modes (blue), and the actual patterns in reception (orange) for three different ¢-cuts: (a) ¢ = 0°, (b) ¢ = 45°, and (c) ¢ = 90°

The patterns shown are almost exactly the same as the patterns in reception of the device itself. There
are some minor differences, especially for larger scanning angles. These discrepancies are attributed
to the numerical accuracy of the EAl method due to its finite number of simulations. In particular, as
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discussed earlier in this chapter, the EAl method is very sensitive to the amount of data provided to
extract the modal description. The decomposition might have introduced certain artifacts and losses of
data, simply by not being fed with enough samples for an accurate decomposition. Another contributor
could be due to single ¢-cut extraction of the DRF. The complete DRF should be extracted for the full
aperture of the device, and the patterns and sensitivities of each of the spatial modes could be missing
a dimension worth of information on the coupling to spatial correlations to the incoming field. Since the
device discussed here is mostly single moded with a single polarisation, the effect of missing a dimen-
sion of data will be small, however, this effect might be larger for higher-moded devices responsive to
more than one polarisation.

Although there are slight deviations, these deviations are very small, and therefore it can be concluded
that, the EAI tool developed is capable of accurately extracting a modal description of devices under
test.

5.4. Investigating the Modal Description of Lens-Absorbers

One of the main goals of using EAIl is to study the modal description of multi-mode detectors, such
as the absorbers designed in this thesis, and study the effect of various design parameters of these
detectors on the modal description. As an initial study, this section will focus on the analysis of one
of the absorbers designed in Ch. 2, the absorber design with a line width of 0.6um and a thickness of
21nm. This leads to the setup shown in Fig. 5.5.

fo FO-Sphere

Fig. 5.5: An illustration of performing EAIl on the lens-absorber. The power received by the absorber by the two incoming plane
waves (indicated by the two arrows) is calculated by applying the method discussed in Ch. 2.

As a baseline, the modal description of this absorber was evaluated for the complete detector designed
in Ch. 2: the absorber has a side-length of 2\, fx, and is coupled to a lens with a diameter of 1.4mm
and an f-number of 2. The result of this investigation can be observed in Fig. 5.6.



5.4. Investigating the Modal Description of Lens-Absorbers 66

0 ‘ 0 ‘ ;
=Mode 1 =\ode 1
==Mode 2 ==Mode 2
107 Mode 3| 107 Mode 3|
==Mode 4 ==\ode 4
-20 ==Mode 5| 20+ ==Mode 5|
- NA| ey N A
g/ N g/ A
65-40 55-40
2 2
—-50 50
-60 -60
-70 -70
_80 L L _80 L L
-40 -20 0 20 40 -40 -20 0 20 40
6, [deg] 6, [deg]
(@) ¢ =0° (b) ¢ = 90°

Fig. 5.6: The modal description for the first 5 spatial modes, for two ¢-cuts: (a) ¢ = 0°, (b) ¢ = 90°, extracted for the lens-
absorber designed in Sec. 2.4

Comparing the results shown above to the Gaussian fed lens in Sec. 5.3, there is a distinct difference
between a few-moded device and a higher-moded device such as an absorber: the higher order spatial
modes shown in Fig. 5.6 are more prominent with respect to the first order spatial mode. As discussed
in Ch. 2, lens-absorbers have wider patterns in reception when comparing them to the patterns in
reception of lens-antennas. Wider patterns mean that the detector couples more to fields coming in
from off-broadside incidence. The effect of this can be seen in Fig. 5.6 by the higher sensitivity to the
higher-order spatial modes, which in turn appear to widen the pattern by adding onto the first spatial
mode. The sensitivity to the higher-order modes are especially visible when studying Fig. 5.7, where
the sensitivity drops off slower compared to Fig. 5.2.

The difference between the two cases (¢ = 0° and ¢ = 90°) appears to be small, therefore, for the
remainder of this chapter, the results discussed will focus on only the ¢ = 0°-cut.
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Fig. 5.7: The sensitivities of the lens-absorber designed in Sec. 2.4 to the first 10 spatial modes, normalised to the sensitivity of
the device to the first spatial mode, for two different ¢-cuts: (a) ¢ = 0°, (b) ¢ = 90°
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5.4.1. Effect of Absorber Width on the Modal Description

As discussed in Ch. 2, the patterns in reception of lens-absorbers are wider when the side-length of
the absorbers is increased. This widening leads to a higher sensitivity to fields coming from directions
not located at the broadside of the device. This higher sensitivity to off-broadside incidence can be
explained by a higher sensitivity to higher order spatial modes, by comparing the modal description
shown in Fig. 5.6 and Fig. 5.7 with the modal descriptions presented in Sec. 5.3.1. To determine how
the sensitivity to higher order modes relates to the size of the absorber, the size of the absorber was
changed in the EAI simulations, while keeping all other parameters fixed. Next, the total number of
spatial modes with a sensitivity higher than 10% of the fundamental spatial mode was used as a figure
of merit to describe the number of modes for each absorber size.

The first case of interest is an absorber with an infinitesimal size. As discussed in Ch. 2, the smaller
an absorber, the closer the pattern in reception will resemble an airy pattern. To investigate this case,
the modal description of an absorber with a size of 0.001\,fx was derived using the EAI tool, and is
shown in Fig. 5.8.
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Fig. 5.8: The modal description derives for the lens-absorber designed in Sec. 2.4 with a width of w = 0.001\;fx. (a) The
patterns in reception for the first five spatial modes. The full pattern in reception has been plotted for reference in black, normalised
to the maximum value. (b) The sensitivities of the first 10 spatial modes, normalised to the fundamental spatial mode. Indicating
the threshold of 10% in black, used to count the number of modes in the device.

The decomposition shown in Fig. 5.8a displays a far more single moded device, as visible in Fig. 5.8b
the difference between the fundamental mode and the first higher order mode is more than —40dB.
Due to this, the pattern in reception is dominated by the fundamental mode, leading to a pattern that
resembles an airy pattern. Therefore, this confirms the hypothesis that an absorber of infinitesimal
size is less sensitive to off-broadside incidence, and is therefore less sensitive to higher order spatial
modes.

The opposite is also true: once the size of the absorber is increased, the width of the pattern in reception
increases and therefore the device is more sensitive to off-broadside incidence. According to the just
confirmed relation between the width of the pattern in reception and the sensitivity to higher order spatial
modes, this should lead to a modal description with far more prominent higher order spatial modes. To
confirm this, an absorber with size 5\, f was modelled using the EAI tool, of which the result is shown
in Fig. 5.9.
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Fig. 5.9: The modal description derives for the lens-absorber designed in Sec. 2.4 with a width of w = 5\, f4. (a) The patterns
in reception for the first five spatial modes. The full pattern in reception has been plotted for reference in black, normalised to
the maximum value. (b) The sensitivities of the first 10 spatial modes, normalised to the fundamental spatial mode. Indicating
the threshold of 10% in black, used to count the number of modes in the device.

Due to the device having a very large absorber, the pattern in reception is wide, as shown in Fig. 5.9a.
As a result, the higher order patterns in reception are much closer to the fundamental mode, as shown
in both Fig. 5.9a and Fig. 5.9b. These higher order modes add a noticeable sensitivity to larger angles
of incidence, leading to a widening of the total pattern in reception. Another interesting observation
relates to the fundamental mode of the device: the fundamental mode is widening. The reason for
this could simply be that the fundamental mode is not necessarily equal for different devices, however,
perhaps more likely, the EAI method is struggling to extract accurate modal descriptions for devices
with wider main lobes. Further investigations into this behaviour will be performed in future work.

As shown in Fig. 5.9b, the sensitivity for higher order modes drops off far slower compared to the
small absorber shown in Fig. 5.8b. A total of 4 higher order modes, with a sensitivity above 10% of
the fundamental mode are identified. To demonstrate the relation between larger absorbers and the
sensitivity to higher order modes more clearly, Fig. 5.10 shows the number of modes with a sensitivity
above 10% versus the width of the absorber. Although the relation between the number of modes and
the size is seemingly linear, it should be kept in mind that extracting modal descriptions is more difficult
for larger absorbers with a wide pattern in reception. Therefore, results are limited to absorbers up to
w = 10>\df#-



5.4. Investigating the Modal Description of Lens-Absorbers 69

10+

Modes above 10%

0 2 4 6 8 10
w/)\df#

Fig. 5.10: The number of modes with a sensitivity above 10% of the fundamental mode versus the width of the absorber

As discussed in Sec. 5.2.2, an issue with generating an accurate modal description is that at least one
extra side-lobe should be visible in the pattern of reception, or the change in amplitude and phase in the
DREF is too small for an accurate decomposition. Once the absorber size increases to extremely large
sizes, larger than 5\, f, the patterns become very wide, such that EAl is having difficulty decomposing
the DRF into an accurate modal description of the lens-absorber. This is also what happens when
investigating the lens-absorber shown in Fig. 5.11. For large lens-absorbers, the patterns in reception
seem to be so widened, that the EAIl tool decomposes the DRF into patterns that do no longer resemble
patterns observed for smaller absorbers.

The reason behind the model breaking down is unclear, it could be related to the amount of data
needed to extract a more accurate modal description. However, with these wide patterns in reception,
the change in both the amplitude and phase of the DRF is small. Therefore, it is reasonable to assume

that the SVD is simply no longer capable of accurately decomposing the data into natural modes in
reception.
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Fig. 5.11: The patterns in reception for the first five spatial modes of the lens-absorber designed in Sec. 2.4 with a width of
w = 104 fx. The full pattern in reception has been plotted for reference in black, normalised to the maximum value.
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5.4.2. Verifying Aperture Size on Modal Description

In case all design parameters for a lens-absorber are fixed, one could state that changing the diameter
of the lens, which in turn could increase or decrease the directivity of the lens-absorber, could change
the sensitivity to a number of spatial modes. However, the sensitivity to these spatial modes is mostly
limited by the device coupled to the lens, which in this case is the absorber. To verify this hypothesis, a
set of simulations were performed on the lens-absorber designed in Ch. 2, where all design parameters
were fixed, except for the diameter of the lens. When applying the same methodology as used in
Sec. 5.4.1, where the number of modes with a sensitivity above 10% are counted, the result as shown
in Fig. 5.12 is obtained.
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Fig. 5.12: The number of modes with a sensitivity above 10% of the fundamental mode versus the diameter of the lens

Although the result shown above confirms the hypothesis that the sensitivity to spatial modes is not
affected by a change in lens diameter, as the modal description is dominated by the absorber side-
length, the change in directivity will impact the patterns of the modal description. First of all, due to the
changing shape of the detector pattern, the shape of the modes will become more directive as well.
An example of this can be seen in Fig. 5.13, where the modal description of a lens-absorber with a
diameter of D,.,,s = 7\g is compared to the modal description of a lens-absorber with D;.,,s = 15Ag. In
this figure, the directivity of the different modes increases, while the sensitivity to the modes stays the
same.
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Fig. 5.13: The modal description for two lenses with different diameter: (a) D;.,,s = 7A\o and (b) Dje,,s = 1510
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An important side-effect that should be pointed out is that due to the increase in directivity, the number
of side-lobes in the patterns increases. Due to this, the resolution of the pattern in reception and the
patterns of the modal description decreases as the number of samples taken to derive the DRF remains
the same. The lower resolution can reduce the accuracy of the extracted modal description, thus the
directivity should be taken into account when determining the number of samples needed, or a lens
with a smaller diameter should be used for the EAl method to increase the accuracy.



Conclusion

The FIR frequency range offers valuable insights into the formation of planets, galaxies, and the uni-
verse as we know it. To effectively study this range, detectors with stringent requirements on the
sensitivity are needed, with a Noise Equivalent Power on the order of 10~2°W /v/Hz. In previous works,
such detectors, specifically lens-absorber coupled MKIDs, have been designed to operate at 6.98 THz
and 12 THz for the POEMM high-altitude balloon mission and the PRIMA space-probe mission. Since
these missions require detection down to 1.5 THz and absorber MKIDs at the lower frequency band offer
unique challenges, this thesis focused on the development of lens-absorber coupled MKIDs at 1.5 THz.
Additionally, the coupling of these detectors to an advanced dispersive element is studied: the VIPA,
and techniques have been presented to optimise the performance and coupling to this Quasi-Optical
device. Finally, an initial investigation is performed on the multi-moded nature of the lens-absorbers, in
an attempt to establish a baseline for future measurements and the possibility to optimise the pattern
of these detectors with a novel approach.

6.1. Lens-Absorber Coupled MKIDs for 1.5 THz

Lens-absorber coupled MKID designs were presented in Ch. 2 to operate at 1.5 THz, a key frequency
for the discussed missions. High-resistivity silicon was chosen for the lens material due to its low loss at
THz frequencies, while Aluminium was selected for the absorber to achieve the necessary NEP across a
wide range of loading conditions. More traditional absorber designs, such as the patch absorber or strip
absorber, are unsuitable at these frequencies, due to the major impedance mismatch between silicon
and the sheet resistance of Aluminium. Instead, meandering-line absorbers were designed, which
offer more flexibility in tuning the input impedance for efficient absorption. To maximise the absorption
efficiency of the absorbers, a quarter-wavelength backing reflector was introduced to capture the power
that would have transmitted through the absorber.

A design strategy was presented to fine-tune the absorption efficiency of absorbers, which was used to
design four different absorber geometries. These designs vary in Aluminium thickness (21 nm and 28
nm) and in line width (0.6 xm and 1.3 um) to investigate the impact of fabrication constraints. All designs
achieved high absorption efficiency at 1.5 THz (1445s,avg > 0.95), with the thinner 21 nm designs offering
broader bandwidths (BW_1qg = 1.38 THz and 1.12 THz for 0.6 xm and 1.3 pm line widths, respectively).
Although the designs with thinner Aluminium provide a large bandwidth for TeraHertz frequencies, the
larger inductance of these designs also limits the range of possible resonance frequencies of the MKIDs.
The lower resonance frequencies can be an advantage, as lower frequency readouts are cheaper and
consume less power, however, in some cases higher readout frequencies are needed for practical
cases. This was the case in this work, since SRON'’s systems operate in a 2-4 GHz band.

The lens geometry was optimised using a GOFO model for the lens in combination with a Floquet
Wave based model, which was validated against commercial EM solvers. An elliptical lens was chosen
for its ability to focus incoming rays at a single focal point. The lens diameter was chosen with the
measurement equipment in mind (D;.,,s = 1.4mm), and its f-number was selected to ensure that the
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angular region seen by the absorber is below the critical angle of the Silicon-air interface (fx = 2).
To reduce reflection on the surface of the lens, a frusta matching layer was added which is capable
of providing matching over a large bandwidth (above 3:1), and is compatible with the low operating
temperatures in the cryostat.

Since there is a trade-off between the aperture efficiency and focusing efficiency of lens-absorbers,
when selecting the side-length of the absorber, a side-length of w = 2\, f was chosen which provides a
high aperture efficiency of 1,,, , = 0.83 and 1, , = 0.78 for x- and y-polarised plane waves, respectively,
while still maintaining acceptable focus quality.

Currently, 3 different chip design are being fabricated to (1) test the radiation coupling and the NEP of
the lens-absorbers with and without the matching layer and backshort, (2) perform multi-moded pattern
measurements of the lens-absorbers, and (3) test the scalability of the absorber coupled MKIDs for
larger arrays. Moreover, 2 lens designs are being fabricated: one with and one without a matching
layer.

6.2. Optimisation Techniques for Coupling to Optical Systems of

Future FIR Missions

For the discussed FIR missions, the Virtually Imaged Phased Array (VIPA) serves as a dispersive
element, capable of separating radiation with a large angular-dispersion versus wavelength. While
VIPA offers high angular dispersion, it also introduces various non-idealities such as aberrations in the
transmitted fields, and part of the radiation is transmitted to higher-order modes, which can significantly
reduce the efficiency of the instrument.

Although the effect of the higher-order modes cannot be directly mitigated by the detectors, two opti-
misation techniques have been presented in Ch. 4 to mitigate various phase aberrations: a lateral dis-
placement of the absorber along the focal plane to correct for linear phase errors, and a lens-shaping
technique to correct for more complex phase aberrations. The techniques have been applied to both a
central and an edge element of the spatial array. Without optimisation, the aperture efficiencies were
already high: 74y center = 0.819 and 1,y edge = 0.790 for the center and edge cases, respectively. How-
ever, applying the techniques still showed potential: after applying lateral displacement, the edge case
was increased to 1,y edge = 0.820, and further lens-shaping improved the efficiency to 7, edge = 0.862.

The importance of these optimisations is particularly evident in the edge case, where higher-order
modes contain close to 50% of the radiated power, resulting in an effective aperture efficiency that
is reduced by 50%. In addition to this, the model used to generate the fields shown in this thesis
was relatively ideal. Once a more realistic model or data of an actual VIPA is available, the proposed
optimisation steps discussed in this thesis should be applied. Additionally, the optimisation techniques
discussed here could be employed as degrees of freedom to relax requirements on the VIPA's output
field in favour of reduced power contained in its higher order modes. This approach could lead to an
improvement of overall coupling after applying the presented optimisation techniques.

6.3. Analysing the Modal Description of Multi-Mode Detectors

In Ch. 5, an initial investigation into the Energy Absorption Interferometry (EAI) method was performed
by designing a modelling tool capable of applying EAI to various detectors. The EAI technique is an
experimental technique that can be used to extract the modal description of detectors, which is of
interest for multi-mode detectors such as lens-absorbers. By understanding the distribution of power
between different natural modes and the patterns of these modes, the EAI method could offer insights
into the performance and optimisation of multi-mode detectors.

The EAI tool was validated for a Gaussian fed lens-antenna, which is a single-mode device. The
modal description was successfully extracted for 3 different azimuth cuts of farfield patterns, which all
resembled the modal description of a few-moded device. The pattern in reception of the lens-antenna
was also recovered from these modal descriptions, proving the working principle of the EAI modelling
tool.

The EAI tool was also applied on one of the lens-absorber designs from Ch. 2, revealing a modal
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description with higher sensitivities to higher-order modes. Each of these modes contributes to the
widening of the patterns in reception of the lens-absorbers, due to the increased off-broadside sensitivity
of the higher-order modes. To study how a lower focusing efficiency for larger absorber relates to the
modal description of the lens-absorber, the modal description was extracted for absorbers with various
side lengths. This experiment confirmed that small absorbers approach single-moded devices, and
that larger absorbers become more sensitive to higher order natural modes. Analysis also confirmed
that the diameter of the lens has minimal impact on the modal description of the lens-absorbers, as
the sensitivity to higher order modes remained the same for larger lenses, while the directivity of the
patterns of the modal description increased.

The EAI technique shows potential to optimise the pattern of multi-mode detectors by considering their
modal description.

6.4. Future Work

This thesis contributes to the field of FIR detection by developing and analysing lens-absorber coupled
MKIDs. In addition to this, the thesis highlights challenges in instrument and detector design, such
as coupling to complex (Quasi-)Optical devices, and introduces optimisation techniques that could be
applied in future research.

6.4.1. Lens-Absorber Coupled MKIDs

Currently, the designed lens-absorber coupled MKIDs are being fabricated. Once finished, their per-
formance (aperture efficiency, focusing efficiency, NEP) will be experimentally determined. One final
design should be selected for the future FIR missions and, together with the previously designed 6.98
THz and 12 THz lens-absorbers, should be integrated into an actual instrument. The previously de-
signhed 6.98 THz and 12 THz lens-absorbers could also be improved by applying techniques discussed
in this thesis. Currently, these absorbers are designed without a backing reflector, which reduces the
absorption efficiency of these devices. Using the software developed in this thesis to design the detec-
tors and to generate the mask files, any detector can be re-designed and fabricated fast and efficiently.

6.4.2. Mid-Infrared Lens-Absorbers

The design procedure for lens-absorbers discussed in this thesis can also be applied for Mid-Infrared
(MIR) missions. Currently, the detectors used at these wavelengths are not optimised for MIR detection
[43], reducing the overall efficiency of these devices.

6.4.3. VIPA Optimisation

Future work should focus on the optimisation techniques presented in this thesis once a more realistic
model of the VIPA is available, or once experimental data of the VIPA’'s output is obtained. Furthermore,
investigating the potential to degrade the quality of the transmitted fields of the VIPA to reduce the
higher-order modes radiated by the VIPA would be a compelling case study.

6.4.4. EAI

The experimental EAIl technique could be applied to one of the fabricated lens-absorbers, and the result-
ing modal description could be compared with the simulated model presented in this thesis. Additionally,
the possibility to use a modal description to optimise the performance of lens-absorbers could be stud-
ied further. Finally, since EAI is only applied to single azimuthal cuts, methods could be researched
that could aid in dealing with large, high-dimensional datasets, such that the modal description can be
extracted for the complete aperture of a device.
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Derivation of S-parameters for an
asymmetric absorber

Using periodic array CST simulations, the Z-parameters of the absorbing layer can be obtained. In
order to model the performance of the full lens-absorber structure, the S-parameters of the periodic
structure in the presence of its stratification is needed.

To find the S-parameters of the absorbing structure, a Floquet-wave transmission line representation of
the structure is used, which can be seen in Fig. A.1. The S-parameters are calculated at the top of the
absorbing structure. For the remainder of the calculation, the bottom half of the structure, consisting
of the transmission lines of length hgr connected to the backing reflector with impedance Zgg, will be
represented by a set of impedances: ZLF and ZLM

Zpr+ 2T ™ tan (kg B/TM ), R)
ZTE/TM _ ,TE/TM (A1)
BR

B 0
Zg“E/TM_FjZBRtan (kgE/TMh )
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Fig. A.1: The Floquet-wave transmission line model for the absorbing structure. The structure consists of the Z-parameters of
the absorbing layer in between interfaces AA’ and BB’, the transmission lines representing the medium where the incoming
fields originate from above, and the backing reflector below. The backing reflector consists of a free-space transmission line of
length hr and a material with impedance Zgr

The Floquet-wave transmission line circuit can be represented using the circuit in Fig. A.2, which can
be used to calculate the S-parameters.

I

Fig. A.2: The equivalent circuit of Fig. A.1 which will be used to calculate the S-parameters of the absorber structure

A.l. Calculation of STETE
The reflection back into the TE port, STe7rE, can be calculated as:

VTE
STETE = ﬁ (A.2)
+ lvrv—g
This equation is simply equal to the reflection coefficient at the AA’ interface
7 , ZTE
Srere =T 0 = 22— 2d (A.3)

Zaar +Z§E
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I,

— «—— B
4TMTM
ZTETMIQ ZTMTEII
B

Fig. A.3: Equivalent circuit for finding St g1 g, where VI'M =0

The impedance seen at the AA’ can be more easily calculated by describing the impedance as the
parallel combination of ZL¥ and Z;,,, where Z,, is shown in Fig. A.3. This leads to the circuit in
Fig. A.4.

TE TE —

AI

’—;AA’

Fig. A.4: Equivalent circuit showing that Z 4 4/ is represented by the parallel connection of two impedances: the backshort

impedance Z};E, and the equivalent impedance of the circuit to the right of AA’, Z30

To calculate Z7’,,, a test source of 1 Volt will be introduced, leading to the circuit in Fig. A.5. By finding
I, Z3’,, can be calculated as Z,, = 1—11 To find I3, the following system of equations can be set up:

=14+ Zrgreli + Zrermlz =0 (A.4)
(Zryrm + ZEMNZEM) I + Zryrel = 0 (A.5)

I,
«—— B
ZTMTM
ZrermIz Zryureh
Bl

Fig. A.5: Equivalent circuit of Z7’,,, with a test source of 1V

Solving Eq. A.5 for I, leads to:
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ZTMTE
I, = — I A.6
? Zrymrm + ZEM || ZTM ! (A.6)

This result can be substituted into Eq. A.4 and solved for I

Zrerel + Zrermla =1

ZTETMATMTE
Zrerel + e + 72T 7T 1=1
<ZTETE _ ZTETMLTMTE ) I =1 (A7)
Zryrm + ZEM|| ZTM
I = 1
ZreTE — ZrETMZTMTE

Zryurm+ZEM||ZTM

Thus, with 237, = % the final sets of equations are:

Z ZrN
T = 7TE 17> _ 7TE||( & _ TETMZTMTE A8
AA B 124 B TETE ZrvT - ZgMHZgM (A-8)
Zan — ZTE
S =0 A.9
TETE = 77~ Z7E (A.9)
A.2. Calculation of STETM
Srerym can be expressed as:
VTE
Sterm = T (A.10)
+ WIE=0

To solve this equation, the circuit in Fig. A.6 is used. In this circuit V,2M is defined as the incident and
reflected voltage on the absorber, which can be expressed as:

Vit = VIM (1 + Srarrar) (A.11)
a — Lo
_> b
ZTETE |ZTMTM
7 | |z 7 v
ZrermIa Zrurel
A! B!

Fig. A.6: Equivalent circuit for finding St g1, where VI'F =0

The circuit should be solved for VTE which is the same as the potential seen at AA’. Therefore, VI F
can be expressed as:

VI = Vaa = -LZE" 127" (A12)
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which is an equation in terms of I;. To find I, the circuit should be expressed using a system of
equations consisting of:

—ViEM + Zevrus + Zrvrply =0 (A.13)
(Zrere + ZEE | ZYENL 4 ZrpruIa = 0 (A.14)
Solving Eq. A.14 for I, leads to:
Zrermle = —(Zrere + Z5P||1Z5 ) I
Zrere + ZEE)ZTF (A.15)
I=— L
ZTETM

The result can be substituted into Eq. A.13 as

™

Zryurel — Zryvrvls = Vi
TE||7TE

Zrere + Z5" || Z;

™
Zrvrel — Zryrm I =V,

ZrETM (A.16)
Zrwrs + Z5P||2TP ,
<ZTMTE — ZrMTM TETEZ 5 ||Zg L =VIM
TETM
leading to an expression for I;:
TM
I = Vit (A17)

Zrere+ZEE|1Z]F
ZrMTE — ZTMTM —

Finally, to obtain an expression for V¥ in terms of V'™, Eq. A.17 is substituted into Eq. A.12. After
rewriting the expression and expanding V,ZM, the result is as follows:

ot

VTM
VTE _ tot ZTEHZTE
- P _z Zrerp+2EPllZgR B 1T
TMTE TMTM ZrETM A.18
1 S ZTE ZTE ( ' )
(L+ Stvrm)Zp”"||Z4 yTM
Zreret+ZEPIZ70 T

ZTETM

VTE:_

ZTMTE — ZTMTM

. VI
Since STETM = W
+ VTE

, the final expression for Sp g7/ is:
=0

TE TE
(L + Srmrm)Z5" 124
Zrere+ZLP||ZTF
ZTETM

Srera = — (A.19)

ZTMTE — ZTMTM

A.3. Calculation of Sy

The calculation procedure of Sty is very similar to the calculation of Srprr as seen in Sec. A.1.
The final expression to calculate Sty is:

, Z Z
G = ZTM |z _ ZTM || [ B TMTEZTETM A.20
BB 5 1 Z5B B MM+ ZTE||ZTE (A.20)
Zpp — Z(?M

_ A.21
Zpp + ZIM ( )

SrmrMm =
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A.4. Calculation of Styrp

The calculation of Stk is similar to the calculation of Srrrys as shown in Sec. Sec. A.2. The final
expression to calculate Stgras is:

(1+ Srere)ZEM (125"
Zryurm+ZEM||ZEM

ZTMTE

StmTE = — (A.22)

ZTETM — ZTETE



Derivation of equivalent sources for
an asymmetric absorber

Using the S-parameters of a periodic absorber, as in App. A, the reflected voltages and the current on

the absorber can be calculated for an arbitrary set of incoming voltages VJFTE/TM. The derivation of
VTE/TM

is trivial, using:

VIE vIE

= Sabs (B 1 )
yr yrm

The derivation for I7E/TM s slightly more extensive and is described in the following section.

To derive I7E/TM | the equivalent circuit in Fig. B.1 is used. For absorbers with an ideal 3-backing

reflector, Z3;“/"™ will approach oo. In this case, the current on the absorber is simplified to:
1
TE/TM __ TE/TM TE/TM
ITEITN = et (v — yIEIT (B.2)
d

For a more generic scenario, the currents should be derived using the Z-parameters of the absorber.

ITE ITM

abs abs

[Zabs] ) [Sabs]

Fig. B.1: An equivalent circuit for the two-port absorber connected to the two transmission lines, similar to Fig. A.1. The voltage
across the absorber ports equal the total voltage along the transmission lines, while the currents have to be derived using the
Z-parameters of the absorber

Using the Z-parameters of an absorber, the relation between the voltages VaTbsE/TM and currents sz/TM
can be described as:
TE TETE TETM TE
Vabs — Zabs Zabs Iabs (B 3)
TM TMTE TMTM TM ’
Vabs Zabs Zabs Iabs
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Which leads to the expressions for V1E and V1 M:
TETE TETM yT M
Vabs Zabs Iabs Z b Iabs
TMTE TMTM 7T M
Vabs - abs Iabs + Zabs Iabs

From this system of equations, an expression for I,Z can be derived as:

TETM TM
I Vabs — abs Iabs
abs — 7TETE

abs

This equation can be substituted in the expression for V.

ab‘;

TETM M
VTJW TMTE Vabs abs Iabs + ZTMTMI
abs abs ZTETE abs

abs

This equation is rearranged to lead to the final expression for I7,M:

abs

ZTJMTE

M following from Eq. B.3, leading to

TM _ Zg "y TE

TM abs ZTETE bs

Laps = TMTM _ Zad TP 25,7
Zabs ZTETE

abs

A similar derivation leads to the expression for I

abs

TE _ Z52TM VM
abs — ZIMTM

IhE

abs ZTETE ZaTquTMZTbMTE
abs ZTMTM
abs

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)



Analytical and Numerical GO
techniques

C.1. Analytical GO

In order to calculate the GO-field using the analytical GO method, two major approximations are made.
First of all, the approximation is made that the added phase term e~7#5(2ro) can be constant for the
elliptical lens that is being analysed. This only works if the eccentricity of the elliptical lens is equal to

e=1/\/e.

Secondly, the goal of the analytical GO method is to calculate the spreading factor analytically. For a
broadside incident plane wave, the spreading factor of an elliptical lens can be represented by:

a(l —62)

Ssp'r‘ead(e) = RFO (]_ — € COS 9)

(€.1)

where 6 is the angle of the lens’ surface from the lower focus of the lens. This spreading factor is based
on the ratio between the distance from the focus of the lens to the surface of the lens, and the radius
of the FO-sphere.

Using the constant phase and analytical spreading factor alone is only applicable for broadside plane
wave illumination of the lens. In cases where the lens is illuminated by an off broadside plane wave, a
second approximation is made related to the polarization and phase of the GO-field. In the off broadside
case, the polarization is assumed to be the same as the broadside case. Instead, only a progressive
phase shift is added[12]:

EGO(Ep,i) ~ EﬂGO(Epﬂ_ _ O)e—jk,,,rﬁi (C2)

where Ep,i = ko sin6; (cos ¢;& + sin ¢;9) is the transversal projection of the incident wave vector, and
where p; = r(0)sin 6 (cos ¢& + sin ¢y) is the observation point in the phase reference plane, with the
distance to the lens surface r(0). The distance to the lens surface can be represented by r(0) =
Rro + 6;(9), where 6;(0) is the distance from the surface of the lens to its FO-sphere. For elliptical
lenses this can be written as:

_e(cosf —costh) (C.3)

1 —ecosb

Assuming that the FO-sphere has the maximum possible radius, meaning Rro = F where F'is the
focal distance of the lens, the flash point of the lens can be defined as:
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—

kyi
i (C.4)

Prp = Rro

Substituting Eq. C.3 and Eqg. C.4 into Eq. C.2, the analytical GO-field can be rewritten as:

—

E9O(E,;) ~ E9O(E,; = 0)e 7 Fo(1+5,(0) (C.5)
This approximation corresponds to an error in the calculated field that is proportional to tan 6; due to
ignoring the change in polarization of incident plane waves in off broadside cases[12]. Limiting the
polarization error budget to 20% leads to a limitation on the analytical GO method of 6; < 11°. Thus,
the analytical GO/FO method should only be used for validation cases with either broadside, or slight
off broadside incident plane waves. A numerical GO method is applied here for larger incident angles.

C.2. Numerical GO

Instead of analytically determining the spreading factor of the Quasi-Optical component, the spreading
factor can also be computed using the method described in [13]:

Supread(Qro) = 0 (Qro)py (Qro)
(117" (@ro) + 5(Qro)) (p5"(@ro) + 5(Qro))

(C.6)

where pq/t(QFO) and p;/t(QFO) are the principal radii of curvature of the reflected or transmitted wave
fronts respectively, which are expressed in [37].

In order to calculate the spreading factor and the phase changes due to the propagation from the
lens surface to the FO-sphere, this path length has to be evaluated. In order to do this, a raytracing
technique is employed, which is described in further detail in App. D.

The advantage of using the numerical method, is that this technique can be applied to any arbitrary
Quasi-Optical component, since the raytracing technique can find the path length between any surface
and the FO-sphere.

C.3. The transmission and reflection dyads

For the GO technique, the field scattering on the Quasi-Optical surface can by calculated by applying
either the reflection or transmission dyad to the incoming field:

E"(Qr)=E" R(Qgr) (C.7)
EYQr)=E" T(Qr) (C.8)

where Q r,r represents the reflecting or transmitting surface, and R and T are the reflection and trans-
mission dyads, respectively[13]. These dyads can be calculated as:

R(Q) — FTEﬁi,TEﬁT‘,TE + FTMﬁi,T]\/fﬁ’r,TM (Cg)
T(Q) _ TTEﬁi,TEﬁt,TE + TTAin,TMﬁt,TJW (C10)
where I'TE/TM gnd +TE/TM gre the reflection and transmission coefficients on the QO surface, p™7E/TM

and pt-TE/TM gre the polarization unit vectors of the reflected and transmitted rays, and p"7E/TM gre
the polarization unit vectors of the incident rays.
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Fig. C.1: Electric and Magnetic fields E; and H; with polarizations defined by f)iTE/TM and the direction of propagation §;,

incident on an interface of two materials: one with relative permittivity ¢, 1, and one with relative permittivity €, o. The reflected

fields are defined by E, and H, with polarizations ﬁTT.E/TM and the direction of propagation 3,, and the transmitted fields are

defined by E¢ and H; with polarizations ﬁtTE/TM and the direction of propagation 3;.

The electric field can be decomposed into TE and TM components, for this decomposition, the corre-
sponding polarization unit vectors need to be defined. Following the illustration in Fig. C.1, the polar-
izations for the incident, transmitted, and reflected rays respectively can be defined by:

ﬁTE_éiXﬁ ﬁTE_étxﬁ ﬁTE_érxﬁ
e P P P T T 7 oo
[3; x 7 |5 x 7 |5, x 7 (C.11)
TM _ ~TE 2 “TM _ oTE & M _ s oTE
P =D XS Py =Dy X St pr =S Xy

All that remains, is the calculation of the Fresnel reflection and transmission coefficients in order to
calculate the reflection and transmission dyads. These coefficients can be found by applying boundary
conditions on the electric and magnetic field at the surface location @. For lenses, the coefficients of
interest are the transmission coefficients, which are derived for a lens without a matching layer as [14]:

2 0;
FTE(Q) = 7)2 COS

g cosB; + my cos by

FTM(Q) = 213 cos 0;
11 cos 6; + 1y cos Oy

(C.12)

where 1, = no/ /€1 and ny = 19/./€r2 are the impedances of media 1 and 2, respectively, with
no = 1207 as the impedance of free space.

The issue with using lenses without matching layers, is that there is often a large mismatch between
the impedance of free-space, and the impedance of the material of the lens. This mismatch will lead
to a large reduction in the transmitted field.

For these cases, a matching layer with a thickness of % can be added on top of the lens. The transmis-
sion coefficients in this case are equal to [14]:

e _ Vip (2= —dn)
- VTE =0
T™ o (=0 (C.13)
v Vg (2= —dy) cost;

VM (2 =0) cosy

where d,, is the thickness of the matching layer, VOZE/TM(Z = 0) are the voltages at the air-matching
layer interface, and V(ZFE/TM(Z = —d,,) are defined as
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TE/TM _TE/TM<,TE/TM —jkamd,
TE/TM T T, Ve (z = 0)eIFzmdm
VTE/ (5= —dy) = 1 2 0+

(C.14)

d+ ;
1 —|— FgE/TMe_Qszmdm,
TE/TA17 TE/TM . .. . .
where F2TE/TM = % are the reflection coefficients on the matching layer-lens interface,
2 m
TE/TM 27T E/TM - - . . .
T = ZTE/TJ}“FZTE/TM are the transmission coefficients through the air-matching layer interface,
1 0
d ~TE/TM 271 B/TM h _— fici h h th hing | |
and T, = JTE/TA TETH are the transmission coefficients through the matching layer-lens
2 m
interface, with ZITE/TM and Z2TE/TM as the input impedances seen at the air-matching layer and

matching layer-lens interface, respectively.



Raytracing for numerical GO analysis

In order to apply the GOFO method on lenses, the distance between the surface of a lens and the FO-
sphere must be determined. To do so, a raytracing technique can be applied where for an incoming
ray with a direction §; incident on a location on the surface of the lens defined by Qr, the location on
the FO-sphere defined by Qo can be obtained.

To derive these locations on the FO-sphere, the following system of equations can be defined

QFo Q7 CH
Fo| = |QF| +s st (D.1)
7o QT si

where Qﬁ/oy/z and Q";/”/Z are x, y, and z coordinates on the FO-sphere and the surface of the lens,
respectively, s is the propagation length of the ray between these two sets of coordinates, and §f/ v/=
are the x, y, and z components of the direction of propagation of the ray after transmitting through the
surface of the lens. In this equation, the coordinates on the surface of the lens Qr are known, and the
direction of incidence §; is know. Using the equations in Sec. C.3, the direction of the transmitted ray
3¢ can be found. With these known variables two unknown variables remain: the propagation length
s, and the coordinates on the FO-sphere of the ray Qro. If the coordinates Qro are related to each
other, Eq. D.1 can be solved for s and Qro.

For a lens with an FO-sphere with radius Rro, the surface of the FO-sphere can be defined by

(Q30)° + (Q%0) + (Q70)” = Rio (D.2)

This equation can be combined with Eq. D.1, leading to

o Qr s¢
Yo = |Qu| +s st (D.3)
VEo — Q20 — Qb)) lei] st

The equation can be simplified by taking the first two equations for Q%., and Q% in Eq. D.3 and
substituting them into the third equation. This leads to the following polynomial:
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8?5504+ (1) + ()% +
s[2(sfQ7 + s{Qp + siQT)] + (D.4)
(@5 +(@4)7 +(Q2) ~ ko] =0

Since §, is a unit vector, the coefficients of this second order polynomial can be defined as:

=1
p2 =2(s{ Q1 + s{Q7 + 5{Q7) (D.5)
ps = Q)"+ (QF)° +(@Q7)" — Rio

Solving this second order polynomial leads to two possible results. By selecting the smallest non-

negative result, the propagation length of the ray can be found for a given location on the surface of
the lens defined by Q7.
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Kinetic Inductance Fraction of
Transmission Line resonators

For a quarter-wavelength transmission line resonator, the resonance frequency of the resonator can
be expressed by

1
fOZW (E.1)

where [ is the length of the resonator, C is the capacitance per unit length of the resonator, and L is
the inductance of the resonator.

The kinetic inductance fraction is defined as[27]

Ly, Ly

0= == —
Ly Ly + L,

(E.2)

where L;, is the kinetic inductance of the resonator, and L, is the geometrical inductance of the res-
onator, and L; = L + L, is the total inductance. By measuring the resonance frequency of a resonator
with and without superconducting material, this kinetic inductance fraction can be obtained. For this,
the resonance frequencies of both resonators can be expressed as

1

fAl = W (E-3)
1 (E.4)

freCc = NIe T.0

where f4; is the resonance frequency of a resonator made with superconductive aluminium, and fpgc
is the resonance frequency of the same resonator made with a non-superconductive material (in this
case PEC). These equations can be rewritten to express the total inductance (L;) and geometric induc-
tance (L,) in terms of the resonance frequencies:

1
L, = Gl (E.5)
L, = % (E.B)
C [4lprc]
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By using the fact that L, = L, — L,, the equations above can be substituted into Eq. E.2, leading to
an expression for the kinetic inductance fraction in terms of resonance frequencies of the transmission

line resonator:

Ly Lg
o= ;
1

1 _
_ Clifa)* Cllfrecl®

__ 1
Clalfar)?
11
ff\l fIQI’EC

T
Fai

| Sa 2
=1 {prc]

which can be rewritten for clarity as:

a=1—4§F?

where 0F = -faL

fpeC”

(E.7)

(E.8)



Absorber Design Parameters for 1.5
THz

This chapter contains all parameters for the complete absorber structures, for each of the 4 absorber
designs discussed in Ch. 2. For reference, the parameter definition of the absorber unit cell is shown

in Fig. F.1a, and the parameter definitions of the feeding lines and absorber width and height is shown
in Fig. F.1a.

Jabs, feed

4abs, feedh

94Dl

(a) (b)

R R
gapi,r gapc

Fig. F.1: Definitions of the dimensions for (a) a unit-cell of the absorber and (b) dimensions of the feeding lines of the absorber
structure connected to a complete absorber. In both figures the Aluminium is coloured orange, and the NbTiN is coloured blue.
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F1. Absorber Design with 21 nm thick Aluminium and a line width of 0.6 um 96

F.1. Absorber Design with 21 nm thick Aluminium and a line width
of 0.6 ym

Parameter name ‘ JSON fieldname ‘ Value [ pm]

gapi,r gap_l_and_r 2.4
gapi.p gap_t_and_b 2.6
gape gap_c 0.63
Hp horz_t_and_b 25
H, horz_c 14.33
\% vert_1 16.885
V. vert_r 28
V. vert_c 0.63
w W 0.6
dy N/A 31.03
dy N/A 34.4
w array_width 279.27
H array_height 240.8
W feed feed_w 10
Istub feed_stub 20
Gabs, feed gap_abs_feed 60
Gfeed,gnd gap_feed_gnd 35

Tab. F.1: Dimension values for each parameter in the complete absorber design, including the feeding lines, for the absorber
design made with 21 nm thick Aluminium and a line width of 0.6 pm.



F2. Absorber Design with 21 nm thick Aluminium and a line width of 1.3 um 97

F.2. Absorber Design with 21 nm thick Aluminium and a line width
of 1.3 yum

Parameter name ‘ JSON fieldname ‘ Value [ pm]

gapi,r gap_l_and_r 2.4
gapt.b gap_t_and_b 3
gape gap_c 0.63
Hp horz_t_and_b 22
H, horz_c 14.33
\% vert_1 17.985
V. vert_r 28
V. vert_c 0.63
w W 1.3
dy N/A 28.73
dy N/A 36.6
w array_width 258.57
H array_height 256.2
W feed feed_w 10
Istub feed_stub 20
Gabs, feed gap_abs_feed 60
Gfeed,gnd gap_feed_gnd 35

Tab. F.2: Dimension values for each parameter in the complete absorber design, including the feeding lines, for the absorber
design made with 21 nm thick Aluminium and a line width of 1.3 pm.



F.3. Absorber Design with 28 nm thick Aluminium and a line width of 0.6 um 98

F.3. Absorber Design with 28 nm thick Aluminium and a line width
of 0.6 ym

Parameter name ‘ JSON fieldname ‘ Value [ pm]

gapyr gap_l_and_r 2.6
gaps b gap_t_and_b 2.8
gap. gap_c 0.63
Hp horz_t_and_b 21.23
H, horz_c 14.33
Vi vert_1 18.25
V. vert_r 30.33
V. vert_c 0.63
w W 0.6
dy N/A 27.66
dy N/A 37.13
w array_width 248.94
H array_height 259.91
Wieed feed_w 10
Lstub feed_stub 20
Gabs, feed gap_abs_feed 60
Gfeed,gnd gap_feed_gnd 35

Tab. F.3: Dimension values for each parameter in the complete absorber design, including the feeding lines, for the absorber
design made with 28 nm thick Aluminium and a line width of 0.6 pm.



F.4. Absorber Design with 28 nm thick Aluminium and a line width of 1.3 ym 99

F.4. Absorber Design with 28 nm thick Aluminium and a line width

of 1.3 ym
Parameter name ‘ JSON fieldname ‘ Value [ pm]
gapy,r gap_l_and_r 2
gaps b gap_t_and_b 3.5
gape gap_c 0.63
Hp horz_t_and_b 22
H, horz_c 14.33
Vi vert_1 18.485
V. vert_r 28
V. vert_c 0.63
w W 1.3
dy N/A 27.93
dy N/A 37.6
w array_width 251.37
H array_height 263.2
Wfeed feed_w 10
Lstub feed_stub 20
Jabs, feed gap_abs_feed 60
Jfeed,gnd gap_feed_gnd 35

Tab. F.4: Dimension values for each parameter in the complete absorber design, including the feeding lines, for the absorber
design made with 28 nm thick Aluminium and a line width of 1.3 pm.



High Frequency Absorber Designs

Two high-frequency absorber designs designed for a wavelength of 18.5 ym (16.2 THz) and 8.5 ym
(35.3 THz). These designs are limited by two fabrication parameters: a minimum feature size of 250
nm, and a minimum gap size between features of 250 nm. The designs serve as a proof of concept of
the design strategy presented in Ch. 2 for higher frequencies.

3.55um
Q,Qéym 2.30um

4.20pm
wrlg'g

(a) (b)

Fig. G.1: Absorber design for a wavelength of Ao = 18.5pum. Shown is the (a) unit cell design, and (b) the absorption efficiency
for broadside incidence.
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Fig. G.2: Absorber design for a wavelength of Ao = 8.5um. Shown is the (a) unit cell design, and (b) the absorption efficiency
for broadside incidence.
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JSON Absorber Definition File Format

id: string,

description: string | undefined,

// Absorber unit-cell dimensions (in microns)
gap_l_and_r: number,

gap_t_and_b: number,

gap_c: number,

horz_t_and_b: number,

horz_c: number,

vert_1l: number,

vert_r: number,

vert_c: number,

w: number,

// Absorber structure dimensions (in microns)
array_width: number,

array_height: number,

feed_w: number,

feed_stub: number,

gap_abs_feed: number,

gap_feed_gnd: number,

feed_overlap: number,

// Settings for inverted masks

inverted: boolean, // Defines if mask should be inverted
invert_offset: number, // 0ffset added to certain parts (in microns)
// Relative path to previously simulated Sonnet data
sonnet_data: string,

// Material data for the absorber and MKID
absorber_material: {

Tc: number, // Critical temperature in Kelvin
rho: number, // Resistivity in Ohm*m
d: number // Thickness in m

},

mkid_material: {
Tc: number,
rho: number,
d: number
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