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Summary

Deposited dielectrics with low loss at millimeter-submillimeter (mm-submm)
wavelengths are beneficial for the development of superconducting integrated
circuits (ICs) for astronomy, such as filter banks, on-chip Fourier-transform
spectrometers, and kinetic inductance parametric amplifiers. Although it is
possible to fabricate microstrip lines using crystalline Si extracted from a
silicon-on-insulator wafer by a flip-bonding process, deposited dielectrics al-
low for simpler and more flexible chip designs and fabrication routes. In the
∼10–100 THz frequency range, dielectric losses are typically dominated by
infrared absorption due to vibrational modes, whereas in the microwave fre-
quency band (∼1–10 GHz) and at sub-Kelvin temperatures the dielectric loss
is typically dominated by absorption due to two-level systems (TLSs). How-
ever, the origin of the mm-submm (∼0.1–1 THz) loss in deposited dielectrics
was unknown. In this dissertation we show that the mm-submm loss in de-
posited dielectrics can be explained by the absorption tail of vibrational modes
which are located above 10 THz. Furthermore, we found that hydrogenated
amorphous silicon carbide (a-SiC:H) has a very low mm-submm loss tangent of
1.3×10−4 at 350 GHz, which makes it a promising low-loss deposited dielectric
for mm-submm superconducting integrated circuits.

Based on a literature study we identified a-SiC:H and hydrogenated amor-
phous silicon (a-Si:H) as potentially promising low-loss dielectrics. In order
to find the origin of the mm-submm loss, and to describe which materials
we investigated in this PhD project, we characterized the dielectrics’ mate-
rial properties at room temperature prior to performing the cryogenic loss
measurements. We deposited a-SiC:H at a substrate temperature Tsub of
400◦C using plasma-enhanced chemical vapor deposition (PECVD), and we
deposited the a-Si:H films at Tsub of 100◦C, 250◦C, and 350◦C. We charac-
terized the films’ material properties using Fourier-transform infrared spec-
troscopy (FTIR), Raman spectroscopy and ellipsometry. For the a-Si:H we
determined the hydrogen content and the microstructure parameter from the
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FTIR data, the bond-angle disorder from the Raman data, and the void vol-
ume fraction from the ellipsometry data. For both the a-Si:H and the a-SiC:H
we determined the band gap and optical refractive index from the ellipsometry
data, and the infrared refractive index from the FTIR data. From the Raman
spectra we observed that the a-SiC:H and the a-Si:H films were amorphous.
Furthermore, we performed electron diffraction spectroscopy to determine the
Si to C ratio of the a-SiC:H. For the a-Si:H we found that the all the material
properties depend monotonically on Tsub. Additionally, we measured the cryo-
genic microwave loss of the a-Si:H films, but we found no correlation between
the microwave loss and Tsub.

No cryogenic mm-submm and microwave loss data was available for a-
SiC:H. We measured the low-power and cryogenic microwave loss of the a-
SiC:H and found that the microwave loss tangent (tan δ ∼ 10−5) is compa-
rable to the loss of a-Si:H. Furthermore, we measured the mm-submm loss
in the range of 270–385 GHz using an on-chip Fabry-Pérot experiment. The
observed mm-submm losss value of 1.2 × 10−4 at 350 GHz was significantly
lower than what was reported for a-Si:H, which previously exhibited the low-
est reported microwave and mm-subm wave loss values among the deposited
dielectrics which are commonly used in superconducting ICs. Furthermore, we
found that the mm-submm loss of the a-SiC:H increases monotonically with
frequency. This was surprising in the framework of TLSs and led us to the
hypothesis that another loss mechanism than TLSs might be dominant at mm-
submm wavelengths. In addition to the low losses, the a-SiC:H was found to
be beneficial thanks to its very low stress, lack of blisters, and the possibility
to fabricate a membrane from the a-SiC:H on a c-Si wafer.

To study the origin of the frequency dependent mm-submm loss in the a-
SiC:H, we extended the on-chip Fabry-Pérot experiment to the 270–600 GHz
range by making use of a wideband leaky antenna. Additionally, we measured
the complex dielectric constant of the a-SiC:H in the 3–100 THz range using
Fourier-transform spectroscopy (FTS). We modeled the FTS data using the
Maxwell-Helmholtz-Drude (MHD) dispersion model and obtained the complex
dielectric constant in the 3-100 THz range. Finally, we modeled the combined
on-chip loss data from the Fabry-Pérot experiments and the FTS data by
fitting the MHD dispersion model in the frequency range of 0.27–100 THz. Our
model demonstrates that the mm-submm loss in the a-SiC:H above 200 GHz
can be explained by the absorption tail of vibrational modes which are located
above 10 THz. These results pave the way for a thorough understanding of
the mm-submm loss in deposited dielectrics.

The low losses of the a-SiC:H allow for integrated superconducting spec-
trometers with a large frequency bandwidth and relatively high resolving pow-
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ers without sacrificing too much optical efficiency. This has led to the applica-
tion of the a-SiC:H in the DESHIMA 2.0 filter bank, which has seen first light
in 2023 at the ASTE telescope in the Atacama Desert.





Samenvatting

Gedeponeerde diëlektrica met lage verliezen bij millimeter-submillimeter (mm-
submm) golflengtes zijn gunstig voor de ontwikkeling van supergeleidende geïn-
tegreerde schakelingen (ICs) voor sterrenkunde, zoals filterbanken, on-chip
Fourier-transformspectrometers en kinetische inductie parametrische versterk-
ers. Hoewel het mogelijk is om microstriplijnen te vervaardigen met behulp
van kristallijn Si (c-Si), verkregen uit een silicium-op-isolator wafer via een flip-
bonding proces, maken gedeponeerde diëlektrica eenvoudigere en flexibelere
chipontwerpen en fabricageroutes mogelijk. In het frequentiebereik van ∼10–
100 THz worden diëlektrische verliezen typisch gedomineerd door infrarood-
absorptie als gevolg van vibratiemodi, terwijl in de microgolffrequentieband
(∼1–10 GHz) en bij sub-Kelvin temperaturen het diëlektrisch verlies typisch
wordt gedomineerd door absorptie door twee-niveau-systemen (TLSs). De oor-
sprong van het mm-submm verlies (∼0.1–1 THz) in gedeponeerde diëlektrica
was echter onbekend. In dit proefschrift tonen we aan dat het mm-submm ver-
lies in gedeponeerde diëlektrica kan worden verklaard door de absorptiestaart
van vibratiemodi die zich boven 10 THz bevinden. Bovendien ontdekten we
dat gehydrogeneerd amorf siliciumcarbide (a-SiC:H) een zeer lage mm-submm
verliestangens tan δ heeft van 1.3×10−4 bij 350 GHz, wat het een veelbelovend
diëlektricum met lage verliezen maakt voor mm-submm supergeleidende geïn-
tegreerde schakelingen.

Op basis van een literatuurstudie hebben we a-SiC:H en gehydrogeneerd
amorf silicium (a-Si:H) geïdentificeerd als potentieel veelbelovende diëlektrica
met lage verliezen. Om de oorsprong van het mm-submm verlies te achter-
halen en om te beschrijven welke materialen we in dit promotieonderzoek
hebben onderzocht, hebben we de materiaaleigenschappen van de diëlektrica
bij kamertemperatuur gekarakteriseerd voorafgaand aan het uitvoeren van de
cryogene verliesmetingen. We hebben a-SiC:H gedeponeerd bij een substraat-
temperatuur Tsub van 400◦C met behulp van plasma-geïnduceerde chemis-
che dampdepositie (PECVD), en we hebben de a-Si:H lagen gedeponeerd bij
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Tsub van 100◦C, 250◦C en 350◦C. We hebben de materiaaleigenschappen van
de films gekarakteriseerd met Fourier-transformspectroscopie in het infrarood
(FTIR), Ramanspectroscopie en ellipsometrie. Voor de a-Si:H hebben we
het waterstofgehalte en de microstructuurparameter bepaald uit de FTIR-
gegevens, de bindingshoekwanorde uit de Raman-gegevens, en het volumeper-
centage van lege ruimten uit de ellipsometriegegevens. Voor zowel de a-Si:H als
de a-SiC:H hebben we de bandkloof en de optische brekingsindex bepaald uit
de ellipsometriegegevens, en de infraroodbrekingsindex uit de FTIR-gegevens.
Uit de Raman-spectra observeerden we dat de a-SiC:H en de a-Si:H lagen amorf
waren. Verder hebben we elektronenverstrooiingsspectroscopie uitgevoerd om
de Si tot C verhouding van de a-SiC:H te bepalen. Voor de a-Si:H ontdekten
we dat alle materiaaleigenschappen monotoon afhangen van Tsub. Daarnaast
hebben we het cryogene microgolfverlies van de a-Si:H lagen gemeten, maar
we vonden geen correlatie tussen het microgolfverlies en Tsub.

Er waren geen cryogene mm-submm en microgolfverliesgegevens beschik-
baar voor a-SiC:H. We hebben het laag-vermogen en cryogene microgolfverlies
van de a-SiC:H gemeten en ontdekten dat de microgolfverliestangens (tan δ ∼
10−5) vergelijkbaar is met het verlies van a-Si:H. Bovendien hebben we het
mm-submm verlies gemeten in het bereik van 270–385 GHz met behulp van een
on-chip Fabry-Pérot experiment. De waargenomen mm-submm verlieswaarde
van 1.2 × 10−4 bij 350 GHz was significant lager dan wat werd gerapporteerd
voor a-Si:H, dat voorheen de laagst gerapporteerde microgolf- en mm-submm
verlieswaarden vertoonde onder de gedeponeerde diëlektrica die vaak worden
gebruikt in supergeleidende IC’s. Verder ontdekten we dat het mm-submm
verlies van de a-SiC:H monotoon toeneemt met de frequentie. Dit was ver-
rassend binnen het kader van TLSs en leidde ons tot de hypothese dat een
ander verliesmechanisme dan TLSs dominant zou kunnen zijn bij mm-submm
golflengtes. Naast de lage verliezen bleek de a-SiC:H ook gunstig te zijn van-
wege de zeer lage spanning, het ontbreken van blaren, en de mogelijkheid om
een membraan te maken van de a-SiC:H op een c-Si wafer.

Om de oorsprong van het frequentie-afhankelijke mm-submm verlies in
de a-SiC:H te bestuderen, hebben we het on-chip Fabry-Pérot experiment
uitgebreid tot het bereik van 270–600 GHz door gebruik te maken van een
breedbandige lekkende antenne. Daarnaast hebben we de complexe diëlek-
trische constante van de a-SiC:H gemeten in het bereik van 3–100 THz met be-
hulp van Fourier-transformspectroscopie (FTS). We hebben de FTS-gegevens
gemodelleerd met behulp van het Maxwell-Helmholtz-Drude (MHD) disper-
siemodel en de complexe diëlektrische constante verkregen in het bereik van
3–100 THz. Ten slotte hebben we de gecombineerde on-chip verliesgegevens
van de Fabry-Pérot experimenten en de FTS-gegevens gemodelleerd door het
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MHD dispersiemodel te fitten in het frequentiebereik van 0.27–100 THz. Ons
model toont aan dat het mm-submm verlies in de a-SiC:H boven 200 GHz kan
worden verklaard door de absorptiestaart van vibratiemodi die zich boven 10
THz bevinden. Deze resultaten banen de weg voor een grondig begrip van het
mm-submm verlies in gedeponeerde diëlektrica.

De lage verliezen van de a-SiC:H maken geïntegreerde supergeleidende
spectrometers mogelijk met een grote frequentiebandbreedte en relatief hoge
oplossende vermogens zonder al te veel optische efficiëntie in te leveren. Dit
heeft geleid tot de toepassing van de a-SiC:H in de DESHIMA 2.0 filterbank,
die first light zag in 2023 op de ASTE-telescoop in de Atacama-woestijn.





Chapter 1

Introduction

1.1. Cosmos to nano, past to present

The kosmos (κóσµoς) was what the ancient Greek Pythagoreans called the
ordered Universe. It was believed to be governed by logos (λóγoς): A universal
and divine logic which permeates all reality, and which is analogous to the
human power of reasoning. The ancient Greeks were not far from the truth,
since we now use the mathematical system of reasoning to formalize physics,
and since it seems that the physics which holds true on Earth also holds true for
galaxies located billions of light years away from us. This universality means
that astronomy allows us to gain a deep understanding of the Universe. For
example, gas inside the interstellar medium of distant galaxies emits light at
specific frequencies which can be predicted from physical principles and which
can be reproduced in our laboratories. Therefore, by performing spectrometry
we gain valuable information on distant galaxies, such as on their distance to
Earth and on the abundance, kinematics, and physical condition of specific
gasses inside those galaxies.

It turns out that to increase our understanding of the cosmos, we first
need to understand the nano. Nanotechnology allows us to create the ex-
tremely sensitive astronomical detectors that are necessary to detect the faint
millimeter-submillimeter (mm-submm) signal from distant galaxies. Since the
light from these galaxies has travelled for billions of years—from cosmos to
nano, from past to present—we are developing technology which can literally
look into the past and uncover what is perhaps one of the greatest mysteries:
how the Universe came to be as it is.
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2 1. Introduction

1.2. Creating a three-dimensional map of the early
Universe

Stars in dusty star-forming galaxies (DSFGs) in the early Universe were en-
shrouded by dust and therefore invisible at optical wavelengths. However,
the cool interstellar gas which provides the fuel for star formation emits elec-
tromagnetic radiation at specific frequencies (emission lines) which can be
observed from Earth by looking at mm-submm (∼0.1–1 THz) wavelengths.
The light waves that reach Earth are stretched out due to the expansion of
the Universe, and the resulting reduction in frequency is called the redshift z:

z = femitted − fobserved

fobserved
, (1.1)

where f denotes the emitted or observed frequency of the light. The ob-
served redshift becomes larger with increased distance between the astronom-
ical source and the observer. By measuring the redshifts of DSFGs we can
determine their distances to Earth, and therefore we can also determine how
far we are looking into the past.

To create a three-dimensional map of the early Universe we need an in-
strument which can measure a large range of possible redshifts, which means
that the instrument needs to instantaneously cover a very large mm-submm
frequency bandwidth. Additionally, the instrument needs sufficient resolving
power R = f

df ∼ 500 (where f is the measured frequency and df is the
smallest distinguishable frequency difference at a frequency f) to be able to
distinguish the frequencies of individual gas emission lines. The requirement
for R matches the expected line widths of the gas emission lines, which are
broadened by a local Doppler shift due to the rotation of the DSFGs around
their own center of mass. Finally, a third requirement is that the instrument
needs to have a very high sensitivity to be able to measure the very faint signal
from the DSFGs.

The integrated superconducting spectrometer DESHIMA 2.0 [1, 2] is the
first wideband mm-submm spectrometer. With its ultra-wide bandwidth of
220–440 GHz we are able to measure the [CII] emission line (with a rest fre-
quency of 1.9 THz) in the redshift range z = 3.3–7.6. This corresponds to
looking 11.8–13.0 billion years into the past, compared to the current age of
the Universe of 13.7 billion years. Therefore, this instrument enables us to
create a three-dimensional map of the early Universe.

In Fig. 1.1 we present a schematic of the DESHIMA 2.0 chip, which has
a footprint of a few cm2. The astronomical mm-submm radiation is focused
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Figure 1.1: Schematic [1] of the DESHIMA 2.0 integrated superconducting spectrometer,
which is a chip with a footprint of a few cm2. The radiation couples to a wideband leaky lens
antenna and travels through the coplanar waveguide (CPW) sky signal line before it reaches
the microstrip filter bank which includes the deposited dielectric. The band-pass filters are
half-wave mm-submm resonators and have a resolving power R ∼ 500. Behind each filter is
a microwave kinetic inductance detector (MKID), which detects the mm-submm radiation.
The MKIDs are simultaneously read out by frequency multiplexing using microwave elec-
tronics.

by the telescope on a wideband leaky lens antenna. The light travels through
the sky signal line and subsequently through a filter bank with 347 spectral
channels that together cover the full octave 220–440 GHz bandwidth (Fig. 1.1
shows only 5 of the channels). Each spectral channel consists of a band-pass
filter (shown in Fig. 1.2) which is coupled to a microwave kinetic inductance
detector (MKID) to detect the filtered radiation. The MKIDs are simultane-
ously read out by frequency multiplexing using microwave electronics.

Both the sky signal line and filters are made from superconducting mi-
crostrip lines (shown in Fig 1.2), where two NbTiN superconducting films are
separated by a deposited dielectric. Although it is possible to fabricate mi-
crostrip lines using crystalline Si (c-Si) extracted from a silicon-on-insulator
wafer by a flip-bonding process [10], deposited dielectrics allow for simpler
and more flexible chip designs and fabrication routes. However, deposited di-
electrics typically exhibit higher losses than crystalline dielectrics, which means
that a relatively large fraction of the mm-submm radiation will be dissipated
inside the deposited dielectric before reaching the detectors.



1

4 1. Introduction

Figure 1.2: A scanning-electron micrograph [3] of a DESHIMA 2.0 filter, with the deposited
dielectric colored in purple, and the NbTiN superconductor colored in gold. The annotation
shows a schematic (not to scale) of the cross-section of the microstrip line. The dielectric in
this micrograph is the a-Si:H (deposited at a substrate temperature Tsub of 250◦C) which
was developed in this PhD project (Chapter 2). Later versions of DESHIMA 2.0 (Fig.
5.1 in Chapter 5) have incorporated the a-SiC:H which was developed in this PhD project
(Chapters 3 and 4).

1.3. Transparent dielectrics for cosmology

The maximum achievable frequency bandwidth and resolving power R are lim-
ited by dielectric losses because an increase in either of these two quantities
increases the distance that the radiation has to travel through the dielectric,
and therefore leads to increased transmission losses and reduced sensitivity.
For the bandwidth, this is simply the case because a larger bandwidth (as-
suming equal R) requires a longer filter bank. For R this is the case because
an increase in R leads to a proportional increase in the number of times that
the radiation bounces around inside a band-pass filter before reaching the de-
tector.

The peak transmission |S31|2norm through a single isolated band-pass filter
from the sky signal line (Fig. 1.1) into the MKID detector, normalized to the
value obtained for a loss-free filter, can be expressed as:

|S31|2norm =
(

1 − R

Qi

)2
, (1.2)
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where Qi is the internal quality factor of the band-pass filter, which is equal1
to 1/ tan δ, where tan δ is the dielectric loss tangent. Therefore, a high Qi
implies low dielectric loss.
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Figure 1.3: Plot of the peak transmission |S31|2norm through a single isolated band-pass
filter from the sky signal line (Fig. 1.1) into the MKID detector, normalized to the value
obtained for a loss-free filter. The horizontal axis represents the internal quality factor Qi
of the band-pass filter. The filter has a resolving power R = 500.

In Fig. 1.3 we plotted |S31|2norm versus Qi for R = 500. The radiation
coupled to the detector decreases sharply for Qi < 2000. At the start of
this PhD project, the only loss data in the DESHIMA 2.0 frequency band for
deposited dielectrics was for silicon nitride (SiNx), which corresponded with a
Qi ∼ 1440 [7], implying a normalized filter transmission of 43% for R = 500.
In other words, more than a factor 2 increase in sensitivity can be achieved by
developing low-loss dielectrics, and the effect is even greater if higher R values
are desired for future instruments.

In addition to being beneficial for DESHIMA 2.0, deposited dielectrics with
low loss at mm-submm wavelengths are beneficial for the development of su-
perconducting integrated circuits for astronomy in general [4], such as filter
banks [1, 5–7], on-chip Fourier-transform spectrometers [8], and kinetic induc-
tance parametric amplifiers [9]. Furthermore, low-loss deposited dielectrics are
important for the TIFUUN instrument, which will scale the DESHIMA 2.0
technology to multiple spatial pixels. Even though there are many technolo-
gies that would greatly benefit from low-loss deposited dielectrics, the origin
1Qi = 1/(p tan δ), where p is the filling fraction of the dielectric, which is close to unity for
microstrip resonators.
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of the mm-submm loss in deposited dielectrics was unknown at the start of
this PhD project.

1.4. What is the origin of the mm-submm loss in
deposited dielectrics?

In the ∼10–100 THz frequency range, dielectric losses are typically dominated
by infrared absorption due to vibrational modes [11–20], whereas in the mi-
crowave frequency range (∼1–10 GHz) and at sub-Kelvin temperatures the
dielectric loss is typically dominated by absorption due to two-level systems
(TLSs) [21–23]. The mechanism behind the loss in the intermediate mm-
submm (∼0.1–1 THz) frequency range was unknown at the start of this PhD
project. Therefore, we investigated if the loss in the mm-submm frequency
range is explained by the absorption tail of infrared vibrational modes, by
TLS loss, or by a combination of these two loss mechanisms.

The infrared absorption in a-Si:H and a-SiC:H can be attributed to specific
vibrational modes that are directly related to the composition and microstruc-
ture of the dielectric [11–17, 17–20, 24, 25]. In contrast, the microscopic origin
of the TLSs in these materials remains unknown [22]. However, TLSs are suc-
cessfully modeled by the standard tunneling model (STM) [21] and relations
between TLSs and various material properties have been reported in literature
(Section 2.1.1).

In Fig. 1.4 we plotted an overview of the cryogenic loss tangent versus
frequency data which had been reported in literature at the start of this PhD
project. We observed that: (1) Hydrogenated amorphous silicon (a-Si:H) had
the lowest reported microwave losses, and significantly lower microwave losses
than a-Si (evaporated and hydrogen-free). This is in agremeent with a reported
correlation between TLS-loss and dangling bond density [26], since hydrogen
atoms passivate dangling bonds; (2) The mm-submm loss of SiNx is higher
than its microwave loss, suggesting that the mm-submm loss is dominated
by a loss mechanism other than TLSs (since the TLS density is expected to
be frequency-independent [21]). However, the comparison of the microwave
loss data and mm-submm loss data of the SiNx is difficult since no material
characterization was provided; (3) The loss of SiO2 at 100 GHz is comparable
to the microwave loss, suggesting that the loss in SiO2 at 100 GHz is dominated
by TLSs [29].

In this PhD project we initially focused on a-Si:H (Chapter 2) due to the
reported low microwave losses (tan δ ∼ 10−5). However, during the course
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Figure 1.4: An overview of the mm-submm wave and microwave cryogenic dielectric loss
tangent data, which had been reported in literature at the start of this PhD project for
various deposited dielectrics. Data sources: (1) Ref. [23], PPC; (2): Ref. [23], CPW; (3)
Ref. [23], PPC; (4) Ref. [7], microstrip; (5) Ref. [28], CPW; (6) Ref. [23], CPW, thermal
SiO2; (7) Ref. [23], CPW, sputtered SiO2; (8) Ref. [29], microstrip; (9) Ref. [23], CPW;
(10): Ref. [26], Tsub = 50◦C; (11): Ref. [26], Tsub = 225◦C; (12): Ref. [26], Tsub = 425◦C.

of the PhD project we measured very low mm-submm losses in hydrogenated
amorphous silicon carbide a-SiC:H (Chapter 3), which has led us to transition
our focus to a-SiC:H. The cryogenic mm-submm and microwave losses of a-
SiC:H had not yet been measured at the start of this PhD project. However,
the suggested relations in literature between TLS-loss and various material
properties made it promising that a-SiC:H is a four-fold coordinated and hy-
drogenated material, similar to a-Si:H. Furthermore, it was reported that
low-stress a-SiC:H films can be deposited by PECVD, even at a high Tsub of
400◦C [30]. Additionally, the a-SiC:H films do not exhibit blisters, which are a
common issue with a-Si:H [31, 32]. Furthermore, a-SiC:H has high wet etching
selectivity with Si [30], enabling an a-SiC:H film to be used as a membrane,
for example in superconducting photon detectors [33]. These properties sug-
gested that a-SiC:H would be a promising alternative to a-Si:H and SiNx for
superconducting devices.

During the course of this PhD project there have been mutiple reports on
low-loss deposited dielectrics. In 2021 I co-authored an article [34] where the
6 GHz and 350 GHz cryogenic losses were measured of the 250◦C a-Si:H film
which we present in this dissertation. This provided the first cryogenic mm-
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submm loss measurements of a-Si:H, and it was found that the a-Si:H exhibited
significantly lower mm-submm losses (tan δ = 2.1 × 10−4) than SiNx and SiO2
(Fig. 1.4). The low-power microwave loss (tan δ ∼ 10−5) was comparable
to previous reports on a-Si:H. Furthermore, in 2021 it was reported that an
evaporated amorphous germanium film had a very low low-power microwave
loss tangent of 5 × 10−6 [35]. Additionally, in 2024 there has been a report
of a-Si:H films in parallel plate capacitors deposited at a Tsub of 350◦C [36].
The authors reported a PECVD a-Si:H film with a low-power microwave loss
tangent of 1×10−5, and a film deposited by inductively coupled plasma chem-
ical vapor deposition (ICPCVD) with a low-power microwave loss tangent of
7 × 10−6.

1.5. Research questions

This PhD project had two research questions:

• Can we deposit dielectrics that have significantly lower mm-submm loss
than the state of the art?

• What is the origin of the mm-submm loss in deposited dielectrics?

The steps that we took to answer the two research questions are presented in
the outline of the dissertation (Section 1.6).

1.6. Outline of this dissertation

Chapter 2 focuses on the material characterization at room temperature of a-
Si:H and a-SiC:H deposited by PECVD, and on the cryogenic microwave loss
measurements of a-Si:H. We deposited the a-Si:H at Tsub of 100◦C, 250◦C and
350◦C and we deposited the a-SiC:H at a Tsub of 400◦C. The measured Ra-
man spectra confirmed that the films were fully amorphous. We obtained the
films’ infrared refractive indices from the measured Fourier-transform infrared
(FTIR) spectra, and from the FTIR spectra we observed that the infrared ab-
sorption of the a-Si:H films was dominated by the Si-Hx absorption band near
640 cm−1 (19 THz), whereas the infrared absorption of the a-SiC:H film was
dominated by Si-C stretching modes near 750 cm−1 (22 THz). We observed
that the intensity of the Si-Hx absorption band near 640 cm−1 decreased with



1.6. Outline of this dissertation

1

9

increasing Tsub. Additionally, we obtained the 1–4 eV (242–967 THz) com-
plex dielectric constant and band gap values of the a-Si:H and a-SiC:H films
from ellipsometry measurements. Furthermore, we measured the cryogenic
microwave loss of the a-Si:H films and we found that all three a-Si:H films
exhibited a tan δ < 10−5 at 120 mK and at an average photon number of
105, equivalent to –55 dBm internal resonator power. Finally, for the a-Si:H
films we obtained the hydrogen content and microstructure parameter from the
FTIR spectra, the bond-angle disorder from the Raman spectra and the void
volume fraction from the ellipsometry spectra. We observed that the hydrogen
content, microstructure parameter, bond-angle disorder and void volume frac-
tion of the a-Si:H decreased with increasing Tsub and that the refractive index
increased with increasing Tsub. We did not observe a correlation of the room
temperature properties of the a-Si:H with its measured cryogenic microwave
loss. The observation that the intensity of the Si-Hx absorption band near
640 cm−1 decreased with increasing Tsub was interesting under the hypoth-
esis that the mm-submm loss of the a-Si:H and a-SiC:H could be caused by
the absorption tail of infrared vibrational modes, suggesting that the a-Si:H
could be optimized for low mm-submm loss by depositing films at elevated
Tsub. However, for the a-Si:H film that was deposited at 350◦C we measured
high compressive stress values and observed blistering defects, which made it
impractical to fabricate devices with this material. In contrast, the a-SiC:H
film exhibited a low stress value and no blistering defects even at a high Tsub
of 400◦C.

Chapter 3 introduces a-SiC:H as a novel low-loss deposited dielectric. We
measured the low-power microwave loss and show that it is comparable to the
microwave loss of the a-Si:H. Furthermore, we measured the loss in the 270–
385 GHz frequency range using an on-chip Fabry-Pérot experiment. We show
that the mm-submm losses are significantly lower than that of other deposited
dielectrics such as a-Si:H, SiNx and SiOx. For this reason we transitioned our
focus from a-Si:H to a-SiC:H. Furthermore, we observed that the mm-submm
loss is strongly frequency-dependent, which is surprising in the framework of
the STM for TLSs. This led us to the hypothesis that the mm-submm loss is
caused by the absorption tail of infrared vibrational modes and not by TLSs.

Chapter 4 focuses on the origin of the mm-submm loss in the a-SiC:H.
We extended the on-chip Fabry-Pérot measurements to the 270–600 GHz fre-
quency range by replacing the narrow-band twin slot antenna of the Fabry-
Pérot chip with a wideband leaky antenna. Furthermore, we performed Fourier-
transform spectroscopy of the a-SiC:H in the 3–100 THz frequency range. We
modeled the combined on-chip mm-submm loss data and the FTS data using
a Maxwell-Helmholtz-Drude dispersion model, demonstrating that the losses
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of the a-SiC:H in the 0.27–100 THz frequency range can be explained by the
absorption tail of infrared vibrational modes. In addition to the TU Delft /
SRON collaboration which I belonged to, this part of the work was done in
collaboration with researchers from NASA Goddard Space Flight Center.

Chapter 5 gives the conclusions of this dissertation, and discusses the ap-
plications of the a-SiC:H in on-chip mm-submm superconducting astronomical
instruments. We discuss the impact of the work, and finally we give an outlook
for future research and applications.
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Chapter 2

Material characterization

2.1. Introduction

The origin of the loss in the mm-submm frequency range (∼0.1–1 THz) was
unknown at the start of this PhD project (Section 1.4). Therefore, in this dis-
sertation we investigated if the mm-submm loss was caused by TLSs, by the
absorption tail of infrared vibrational modes, or by some other loss mechanism.
In this chapter we present characterization measurements of the material prop-
erties of a-Si:H deposited by PECVD at Tsub of 100◦C, 250◦C and 350◦C, and
of a-SiC:H deposited by PECVD at a Tsub of 400◦C. Thereby we aim to:

• Describe which materials were investigated in this dissertation, which
is necessary due to the many degrees of freedom of the compositional
and microstructural properties of a-Si:H and a-SiC:H. We measured the
infrared absorption spectra, Raman spectra, film stress and band gap of
the a-Si:H and a-SiC:H (Sections 2.3–2.6).

• Investigate if the microwave TLS loss and the compositional and mi-
crostructural material properties of a-Si:H can be tuned by changing the
Tsub during the PECVD deposition process, and if there is a correlation
between the TLS loss and the material properties of a-Si:H. In addi-
tion to the room temperature characterizations (Sections 2.3–2.6), we
measured the cryogenic microwave loss of a-Si:H (Section 2.7).

• Investigate which infrared vibrational modes are present in a-Si:H and
a-SiC:H (Section 2.4).

This chapter was based on a published article [1].
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To put this chapter into the context of the subsequent chapters of this disserta-
tion, we note that the detailed investigation of a-Si:H which we present in this
chapter was motivated by the reported low microwave losses (tan δ ∼ 10−5)
of this material [2, 3]. In Chapter 3 we present the microwave loss and mm-
submm loss of a-SiC:H, where we observed that although the microwave loss
of a-SiC:H was comparable to the microwave loss of a-Si:H, the mm-submm
loss was significantly lower than what has been reported for other deposited
dielectrics. This motivated us to focus our subsequent research on a-SiC:H
and to investigate in Chapter 4 how the infrared vibrational modes of a-SiC:H
are related to its mm-submm loss. Furthermore, in Section 4.2, we provide
additional characterization by measuring the Si/C ratio of the a-SiC:H.

2.1.1. Relation between the TLS loss and the material
properties of a-Si:H

Although the origin of the TLS loss is unknown [4], there have been multiple
reports on the relations between the material properties and the TLS density
in a-Si and a-Si:H. Interestingly, a relation has been reported between the TLS
density and dangling bond density [5], and the dangling bond density in a-Si
has been reported to be related to voids in the dielectric [6]. These findings
suggest that there could be a relationship between the TLS density and the
microstructure of a-Si:H. The microstructure of a-Si:H is known to be largely
governed by the occurrence of SiH and SiH2 configurations in the material
[7–9]. The SiH configurations reside mostly in small vacancies, corresponding
to up to three missing Si atoms [8] per vacancy. This is in contrast to the
SiH2 configurations that exist mostly on the surface of voids with a radius
of 1–4 nm, corresponding to 102 to 104 missing Si atoms [8] per void. The
fraction of Si atoms that are bonded as SiH3 is negligible below hydrogen
concentrations of 40% [10]. Furthermore, it has been suggested that a higher
coordination number (the average number of bonds per atom) leads to lower
TLS loss [2], due to the observation that the fourfold-coordinated material a-
Si:H has relatively low TLS loss compared to materials such as SiNx and SiOx

with lower coordination numbers. Finally, for a-Si it has been found that
deposition at elevated Tsub leads to increased film density, decreased dangling
bond density, and decreased TLS density.

Even if we assume that the TLS density in a-Si:H is related to the dan-
gling bond density, the relation between the TLS density and the material
properties of a-Si:H is not obvious. On the one hand, a large concentration
of SiH2 bonds suggests a large void volume fraction that could potentially
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Figure 2.1: Illustration of a-SiC:H, or equivalently an illustration of a-Si:H in the case
where all carbon atoms are replaced by silicon atoms. The light grey circles represent silicon
atoms, the dark grey circles represent carbon atoms, and the blue circles represent hydrogen
atoms. The schematic a monovacancy with a SiH defect, and a small void with SiH and
SiH2 defects and dangling bonds.

host dangling bonds. On the other hand, the incorporation of hydrogen leads
to passivation of dangling bonds, and this is a potential explanation of why
a-Si:H has lower TLS loss than a-Si. Based on our literature study, we hy-
pothesized that depositing a-Si:H at elevated Tsub leads to a denser material
with less disorder and a decrease in the TLS loss. Furthermore, we expected
that we can control the following material properties by changing Tsub, and
we investigated if the following material properties of a-Si:H are correlated to
the TLS density:

• The infrared refractive index n3000 at 3000 cm−1, measured using Fourier-
transform infrared spectroscopy (FTIR). We expect that the n3000 in-
creases with Tsub due to a decrease in void volume fraction [11].

• The hydrogen content CH, measured using FTIR by integrating the SiHx

absorption peak at 640 cm−1 [7, 12]. We expect that CH decreases with
Tsub due to a decrease in void volume fraction and corresponding decrease
in the amount of SiH2 bonds [7–9].

• The microstructure parameter R∗, measured using FTIR, which quan-
tifies the relative amount of SiH and SiH2 bonds [7]. A large R∗ points
to a relatively large amount of SiH2 bonds, which reside mostly on the
surface of voids. Therefore, we expect that R∗ decreases with increasing
Tsub.
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• The bond-angle disorder ∆θ, measured by determining the position of
the transverse optical (TO) phonon mode at roughly 480 cm−1 using
Raman spectroscopy [13]. We expect that ∆θ decreases with increasing
Tsub due to a decreased disorder of the silicon network.

• The void volume fraction fv, measured using ellipsometry [11]. We ex-
pect that fv decreases with increasing Tsub [6].

2.1.2. Infrared vibrational modes in a-Si:H and a-SiC:H

The infrared vibrational modes of a-Si:H and a-SiC:H played a fundamental
role in this dissertation. We hypothesized that the absorption tail of infrared
vibrational modes could potentially cause significant mm-submm losses. Fur-
thermore, we hypothesized that TLS loss could contribute to the mm-submm
loss, and in Subsection 2.1.1 we pointed towards literature that suggests that
the TLS density could be related to the occurrence of specific infrared vi-
brational modes. We used two complementary methods to measure the vi-
brational modes in a-Si:H and a-SiC:H: FTIR spectroscopy and Raman spec-
troscopy. Whereas the infrared absorption measured using FTIR is a direct
measurement of dielectric loss at infrared wavelengths, the measured Raman
scattering intensity provides us with the bond-angle disorder and can show us
if the films are amorphous or polycrystalline.

These two measurement methods are complementary because not all infrared-
active modes are Raman-active and vice versa. Infrared absorption (measured
by FTIR) only occurs if the excitation induces an oscillating dipole moment.
Raman spectroscopy, on the other hand, measures inelastic scattering at visi-
ble wavelengths that is caused by the excitation of infrared vibrational modes,
and the Raman scattering only occurs if the excitation induces an oscillat-
ing polarizability. This means that vibrations involving polar bonds, such as
Si-H and Si-C, exhibit infrared absorption. In contrast, the vibration of the
Si-Si bond exhibits no oscillating dipole moment and no infrared absorption,
but it is strongly Raman active due to an induced change in polarizability.
The vibrational modes in a-Si:H and a-SiC:H that we measured using FTIR
and Raman spectroscopy can be divided into two categories: phonon modes
caused by oscillations of the atomic network, and local vibrational modes that
are similar to molecular vibrational modes.

Despite the lack of long-range order in amorphous dielectrics such as a-Si:H
and a-SiC:H, these materials typically retain some of the vibrational charac-
teristics of their crystalline counterparts by exhibiting vibrational modes that
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can propagate over some small distance through the disordered network, and
that are commonly referred to as phonon modes. These semi-localized phonon
modes are typically broadened, caused by the averaging of many vibrational
frequencies due to the heterogeneity of the disordered network. Furthermore,
the disordered network is generally less stiff than the crystal lattice, which
causes a reduced resonance frequency. For example, c-Si exhibits a transverse-
optical (TO) phonon mode at 520 cm−1 and a-Si, a-Si:H and a-SiC:H exhibit a
broadened TO phonon mode at roughly 480 cm−1. Here, the label transverse
refers to atomic oscillations that are perpendicular to the direction of prop-
agation, in contrast to longitudinal modes where the atomic oscillations are
parallel to the direction of propagation. The label “optical” refers to a type
of mode where neighboring atoms move out of phase with each other, and
this term historically comes from research on ionic crystals where the out of
phase oscillations generate oscillating electric dipoles that couple strongly to
electromagnetic waves. In contrast, in acoustic phonon modes the atoms move
in phase with each other, resembling sound waves, hence the name “acoustic”.

The local vibrational modes are tied to specific chemical bonds in impurities
such as Si-Hx groups, in contrast to the phonon modes which are related
to vibrations of the atomic network. The local vibrational modes are very
similar to molecular vibrations, since they arise from the oscillating relative
motion of small groups of atoms that are bonded together. For example,
the polar Si-H bond exhibits an oscillation of the Si-H distance (stretching
mode) which causes an oscillating dipole moment that couples to the EM-field
and thereby causes infrared absorption. Other types of modes are rocking,
wagging, twisting, and bending (scissoring) modes. In this chapter we were
mainly interested in the following vibrational modes that were known to be
present in a-Si:H and a-SiC:H:

• 480 cm−1 (14 THz): The TO phonon mode of the Si network [13],
measured using Raman spectroscopy. From its center frequency we cal-
culated the ∆θ of the a-Si:H films (Subsection 2.5.3).

• 640 cm−1 (19 THz): The Si-Hx absorption band, measured using FTIR.
From its integrated absorption we calculated the CH of the a-Si:H films
[7, 12] (Subsection 2.4.5).

• 750 cm−1 (22 THz): The Si-C stretching modes, measured using FTIR
[14] (Subsection 2.4.4).

• 980 cm−1 (29 THz): The Si-CH2-Si wagging modes, measured using
FTIR [14] (Subsection 2.4.4).
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• 2000 cm−1 (60 THz): The Si-H stretching mode [7], measured using
FTIR. From its intensity we calculated the R∗ of the a-Si:H films (Sub-
section 2.4.5).

• 2100 cm−1 (63 THz): The Si-H2 stretching mode [7], measured using
FTIR. From its intensity we calculated the R∗ of the a-Si:H films (Sub-
section 2.4.5) [7].

2.2. Plasma-enhanced chemical vapor deposition
of the a-Si:H and a-SiC:H

We deposited the a-Si:H films by PECVD with an Oxford Plasmalab 80 Plus.
The a-SiC:H film was deposited by PECVD using a Novellus Concept One
[15]. In Fig. 2.2 we present a schematic of the PECVD deposition process.
The Tsub was the only parameter that was varied among the a-Si:H samples.
The a-Si:H films have an estimated thickness of 250 nm, and the a-SiC:H
film has an estimated thickness of 260 nm. The thicknesses were estimated
based on the previously recorded deposition rates for these deposition recipes.
The deposition parameters and deposition rates are listed in Table 2.1. We
deposited the films on crystalline silicon (c-Si) substrates with (100) crystal
orientation. Further substrate details depend on the subsequent experiment,
and are described in the methods of each experiment.

Table 2.1: The PECVD deposition parameters and the deposition rates for the films which
we investigated in this chapter.

Material a-Si:H 100◦C / 250◦C / 350◦C a-SiC:H
Tsub (◦C) 100 / 250 / 350 400
RF power (W) 15 450
LF Power (W) - 150
SiH4 flow (sccm) 25 25
Ar flow (sccm) 475 -
CH4 flow (sccm) - 411
Pressure (Torr) 1 2
Deposition rate (nm/s) 0.42 / 0.58 / 0.60 1.43
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Figure 2.2: Schematic of a PECVD deposition tool. The gas inlet allows various precursor
gasses, with controlled gas flows, to flow into the deposition chamber. An RF voltage is
applied to the top electrode, thereby ionizing the gas inside the deposition chamber and
creating a reactive plasma. The plasma reacts with the substrate, which causes film growth
on top of the substrate. The substrate temperature Tsub can be controlled using a substrate
heater.

2.3. Residual film stress

The film stress is an important film property for device fabrication, since
stress can cause peeling of the deposited films. We measured the residual
stress of the films using a laser deflection stress measurement system (FLX
Flexus). The system moves a laser beam over the wafer along an axis parallel
to the wafer surface. A position-sensitive photo diode is used to measure the
deflection of the laser beam by the wafer. In this way the system determines the
radius of curvature of the wafer along this axis. We performed the deflection
measurement before and after the deposition of the films, and we calculated
the stress σ using the Stoney equation [16]:

σ = Es

6(1 − νs)
t2s
tf

(
1
R

− 1
R0

)
, (2.1)

where the subscripts s and f denote the substrate and the deposited film re-
spectively, E is the Young’s modulus (Es = 130 GPa), v is the Poisson’s ratio
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(νs = 0.28), t is the thickness, R0 is the radius of curvature before deposition
and R is the radius of curvature after deposition.

The resulting stress values are listed in Table 2.2. For the a-Si:H, we
observe a decrease in σ from positive (tensile) to negative (compressive) with
increasing Tsub. The a-Si:H film that was deposited at a Tsub of 350◦C had
a large residual stress of -379 MPa and exhibited many blistering defects,
making this film impractical for fabrication (Fig. 2.3). Interestingly, the a-
SiC:H exhibits a low stress value and no blistering defects even when depositing
at a high Tsub of 400◦C.

Figure 2.3: The micrograph shows blistering defects which were present in the a-Si:H film
that was deposited at a Tsub of 350◦C, making this film impractical for fabrication.

Table 2.2: The measured residual stress σ of the a-SiH films and of the a-SiC:H film (a
positive number means tensile stress).

Material a-Si:H 100◦C a-Si:H 250◦C a-Si:H 350◦C a-SiC:H
σ (MPa) 129 3 -379 -20
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2.4. Fourier-transform infrared spectroscopy

2.4.1. Experimental method

We measured the Fourier-transform infrared (FTIR) transmission of the three
a-Si:H films and of the a-SiC:H film (Section 2.2) in the wavenumber range of
500–3000 cm−1 (15–90 THz). The FTIR measurement provides us with the
complex infrared refractive index n̂ of the deposited dielectrics:

n̂ ≡ n+ ik, (2.2)

where the real part n is the refractive index and the imaginary part k is the
extinction coefficient. In Fig. 2.4 we present a schematic which explains the
FTIR instrument’s working principle.

We performed the measurements using a Thermo Fischer Nicolet FTIR
system with a resolution of 4 cm−1. The sample chamber was continuously
purged with nitrogen prior to and during the measurements. We performed
measurements with the sample as well as reference measurements without a
sample. We determined The FTIR transmission by dividing the measured
intensity of the sample measurements by the measured intensity of a reference
measurement without a sample. To be able to interpret the data we modeled
the FTIR transmission using the transfer-matrix method (TMM) (Appendix
A), thereby allowing us to extract the n̂ of the deposited dielectrics. The
TMM models of the samples include the deposited dielectric film and the
c-Si substrate. Prior to the sample measurements we performed an FTIR
measurement of a blank c-Si substrate (Appendix B) to obtain the substrate’s
n̂ that we included in the model.

For the fabrication of the FTIR samples we used 500-µm-thick double-
side-polished (DSP) p-type c-Si substrates with resistivity ρ > 1 kΩ cm. The
substrates were dipped in 1% hydrofluoric acid for one minute prior to film
deposition. The deposition details are presented in Section 2.2.

2.4.2. Film transmission spectra

In Fig. 2.5 we present the measured FTIR transmission of the a-SiC:H sample
and of the three a-Si:H samples. The decrease in transmission of the a-Si:H
samples with increasing Tsub in the wavenumber ranges without absorption
modes (e.g. around 2500 cm−1) can be explained by an increase in reflection
due to a monotonic increase in n (and a relatively small n for the a-SiC:H
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Figure 2.4: Illustration of an FTIR spectrometer. The moving mirror changes the path
length of one of the two split beams. Therefore, the recombined beam which goes through the
sample and which reaches the detector has an altered intensity, depending on the wavelength
and the mirror displacement. The intensity versus displacement data is Fourier-transformed
to obtain the intensity versus wavenumber data, thereby generating the FTIR intensity
spectrum. A measurement without a sample in place is used as a reference measurement.
Finally, the FTIR transmission is calculated by dividing the sample measurement by the
reference measurement.

compared to the a-Si:H). The absorption features of the c-Si substrate (Fig.
B.2 in Appendix B) have a strong effect on the transmission spectrum in the
wavenumber range of roughly 500–1500 cm−1. In Fig. 2.6 we plotted the
FTIR sample transmission divided by the FTIR transmission of the substrate,
to show the absorption features of the deposited dielectrics. In Fig. 2.6,
for the a-Si:H we observe a temperature dependence of the absorption features
near 640 cm−1 and near 2000–2100 cm−1. The implications of this observation
in the context of TLS loss are discussed in Section 2.4.5. Furthermore, in Fig.
2.6 we observe for the a-SiC:H that the infrared absorption is dominated by
the Si-C stretching modes near 750 cm−1, compared to the absorption of the
a-Si:H films which is dominated by the Si-Hx modes near 640 cm−1.

Implications for the mm-submm loss of a-Si:H and a-SiC:H

The FTIR transmission spectra are interesting in the context of the mm-
submm loss, since we hypothesized that the absorption tail of the infrared
vibrational modes causes the mm-submm loss in the a-Si:H and a-SiC:H. The
dependence of the intensity of the Si-Hx absorption band near 640 cm−1 on
Tsub suggests that the a-Si:H could be optimized for low mm-submm loss by
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Figure 2.5: The measured FTIR transmission of the a-Si:H samples and of the a-SiC:H
sample. The legend indicates the Tsub value during deposition. The absorption features of
the substrate are visible in the transmission spectrum. In Fig. 2.6 we plotted the sample
transmission divided by the substrate transmission.
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Figure 2.6: FTIR transmission of the a-Si:H films and of the a-SiC:H film, divided by the
substrate transmission. The legend indicates the Tsub value during deposition.
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depositing films at high Tsub. However, for our films the deposition at elevated
Tsub resulted in blistering defects and high compressive stress values (Section
2.3) which makes it difficult to fabricate devices with the 350◦C a-Si:H.

For the a-SiC:H, it is interesting that the infrared absorption is dominated
by the Si-C stretching modes near 750 cm−1, instead of by the Si-Hx absorption
band near 640 cm−1. We note that the absorption band near 640 cm−1 in the
a-SiC:H was expected to be small in comparison with the 100◦C a-Si:H and
250◦C a-Si:H samples for two reasons: (1) The very high Tsub of 400◦C of
the a-SiC:H, while achieving a low stress value and no blistering defects, was
expected to lead to a small void volume fraction and therefore a low hydrogen
content; (2) In a-SiC:H only a fraction of the hydrogen bonds contributes to the
Si-Hx absorption near 640 cm−1, since a fraction of the hydrogen in a-SiC:H is
bonded to C atoms. This suggests that for a-SiC:H we could expect relatively
low mm-submm losses due to a relatively weak Si-Hx absorption band. The
absorption band near 750 cm−1 due to Si-C stretching modes is further away in
frequency from the mm-submm frequency range, and therefore at mm-submm
frequencies the absorption tail of this band is expected to be attenuated more
in comparison with the absorption tail of the Si-Hx absorption band near 640
cm−1. These observations suggest the a-SiC:H could be optimized for lower
mm-submm losses by decreasing the intensity of the Si-C stretching modes, for
example by increasing the Si/C ratio (measured in Section 4.2) of the a-SiC:H.
This could be achieved by decreasing the LF power [15] or by increasing the
SiH4/CH4 gas flow ratio during the deposition. However, it is not yet clear if
this would produce the desired effect since the higher Si/C ratio could lead to
an increased intensity of the Si-Hx absorption band near 640 cm−1.

2.4.3. Kramers-Kronig-consistent infrared optical constants

We determined the infrared optical constants n and k of the a-Si:H and the
a-SiC:H from the FTIR spectra. For the a-Si:H, subsequent analysis (Sub-
section 2.4.5) allowed us to determine the CH and the R∗ from the optical
constants. While determining the optical constants, we took into account that
n is related to k (and vice versa) through the Kramers-Kronig (KK) relations.
The KK relations imply that n cannot be assumed to be constant over the
measured wavelength range. Here we note that for the c-Si substrate the k
is much smaller (Fig. B.2 in Appendix B) than in the case of the deposited
dielectrics, and therefore in the case of the substrate the constant n was a
valid approximation. The KK relations for the complex electric susceptibility
χ̂ ≡ χ

′ + iχ
′′ are equivalent to a Hilbert transform, and are given by the set



2.4. Fourier-transform infrared spectroscopy

2

27

of equations:

χ
′
(ω) = 1

π
p.v.

∫ ∞

−∞

χ
′′(ω′)
ω′ − ω

dω
′
, χ

′′
(ω) = − 1

π
p.v.

∫ ∞

−∞

χ
′(ω′)

ω′ − ω
dω

′
,

(2.3)
where the integrals are calculated using the Cauchy principle value (p.v.).
Here, the χ̂ = ε̂r − 1 and ε̂r = (n+ ik)2, where ε̂r is the complex dielectric
constant.

We ensured KK consistency of the optical constants by performing an it-
erative fitting procedure. First, we assumed a constant refractive index value
n0 and we obtained k0(ω) by doing a point-by-point fit of a TMM model to
the measured FTIR transmission. Subsequently, we determined n1(ω) from
k0(ω) using the KK relations and we did another point-by-point fit to obtain
k1(ω). We then repeated this procedure until the optical constants converged.
We plotted the results of this procedure for the a-SiC:H film in Fig. 2.7 and
for the 250◦C a-Si:H film in Fig. 2.8.
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Figure 2.7: Imaginary part k and real part n of the complex refractive index n̂ of the a-SiC:H
film, obtained from the FTIR measurements by an iterative fitting of the TMM model. The
iterative fitting procedure ensures Kramers-Kronig consistency of n and k. Iteration 5 was
the final iteration.

In Fig. 2.9 we plotted the infrared refractive index at 3000 cm−1 (n3000)
of the three a-Si:H films and of the a-SiC:H film. We observe that the n3000
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Figure 2.8: Imaginary part k and real part n of the complex refractive index n̂ of the
250◦C a-Si:H film, obtained from the FTIR measurements by an iterative fitting of the
TMM model. The iterative fitting procedure ensures Kramers-Kronig consistency of n and
k. Iteration 5 was the final iteration.

of the a-Si:H increases monotonically with increasing Tsub and approaches the
infrared refractive index of c-Si.

2.4.4. Absorption spectra and fitting of absorption modes

In Fig. 2.10 we plotted the absorption coefficients α = 4πk/λ of the a-Si:H
films in two wavenumber ranges, together with Gaussian fits of the absorp-
tion modes. The α values were calculated from the KK-consistent k values of
Subsection 2.4.3. The first plotted wavenumber range in Fig. 2.10 contains
a Si-Hx absorption peak near 640 cm−1, from which we calculated the hy-
drogen content CH of the a-Si:H films (Subsection 2.4.5) [7, 12]. The second
wavenumber range in Fig. 2.10 contains the SiH and SiH2 stretching modes
near 2000 cm−1 and 2100 cm−1 respectively, [7], from which we calculated the
microstructure parameter R∗ of the a-Si:H films (Subsection 2.4.5) [7]. We
observe a decrease in the intensity of the absorption peak near 640 cm−1 and
a decrease in intensity of the stretching mode near 2100 cm−1 with increasing
Tsub. These observations are quantified, and discussed in the context of TLS
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Figure 2.9: The infrared refractive index at 3000 cm−1 (n3000) of the three a-Si:H films and
of the a-SiC:H film, which we derived from the KK-consistent FTIR analysis. We observe
that the n3000 of the a-Si:H increases monotonically with increasing Tsub and approaches
the infrared refractive index of c-Si.

loss, in the subsequent Subsection 2.4.5. In Subsection 2.4.2 we discussed the
observed vibrational modes in the context of the mm-submm loss.

In Fig. 2.11 we plotted the absorption spectrum of the a-SiC:H film in fre-
quency bands around 800 cm−1 and 2070 cm−1, together with Gaussian fits of
the absorption modes. In contrast to a-Si:H, the absorption spectrum of the a-
SiC:H below 1000 cm−1 is not dominated by the Si-Hx absorption peak around
640 cm−1 [14]. In Fig. 2.11 we fitted the spectrum with two Si-C stretching
modes near 750 cm−1 and a Si-CH2-Si wagging mode near 980 cm−1. We note
that more absorption modes [14], including Si-Hx absorption modes, including
the Si-Hx absorption peak near 640 cm−1 could be attributed to the a-SiC:H
spectrum. However, in our measurements it was not possible to distinguish
the Si-Hx absorption peak from the Si-C stretching modes. We observed that
the a-SiC:H only exhibits a single SiHx absorption mode around 2070 cm−1,
in contrast to the a-Si:H which exhibits two absorption modes around this
wavenumber. In Subsection 2.4.2 we discussed the observed vibrational modes
in the context of the mm-submm loss.
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Figure 2.10: The absorption coefficient α of the a-Si:H films, obtained from the FTIR
measurements. The different columns show the results for the films that were deposited at
Tsub of 100◦C, 250◦C and 350◦. The decrease of the intensities of the Si-Hx mode near 640
cm−1 and the Si-H2 stretch mode near 2100 cm−1 with increasing Tsub corresponds with
a decrease in the hydrogen content CH and the microstructure parameter R∗ respectively
(Fig. 2.12).

2.4.5. Hydrogen content and microstructure parameter of
a-Si:H

We calculated the hydrogen content CH and the microstructure parameter
R∗ of the a-Si:H films from the absorption spectra which we presented in
Subsection 2.4.4. For this purpose we numerically calculated the integrated
absorptions Ix of the absorption modes which we plotted in Fig. 2.10:

Ix =
∫
αx(ν̃)
ν̃

dν̃, (2.4)

where x denotes the center wavenumber of the Gaussian absorption peak that
is integrated.
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Figure 2.11: Fit of absorption modes to the FTIR absorption spectrum of the a-SiC:H film.
We fitted two Si-C stretching modes near 750 cm−1, a Si-CH2-Si wagging mode near 980
cm−1, and a SiHx stretching mode near 2070 cm−1.

From the integrated absorption I640 of the absorption peak around 640
cm−1 we calculated CH in atomic percent (at. %) [7, 8, 12, 17]:

CH = A640I640

A640I640 +NSi
, (2.5)

whereA640 is a proportionality constant that is an inverse cross-section for pho-
ton absorption at this wavenumber. We used the value A640 = 2.1 · 1019 cm−2

[12]. For NSi, the atomic density of silicon, we used the value 5 · 1022 cm−3.
The microstructure parameter R∗ is defined as [7]:

R∗ ≡ I2100

I2100 + I2000
. (2.6)

We plotted the results for the CH and R∗ of the three a-Si:H films in Fig.
2.12. We observe that both CH and R∗ decrease monotonically with increasing
Tsub. The decrease of CH with Tsub is interesting in the context of mm-submm
loss caused by infrared absorption, since it is expected that the decrease of the
intensity of the absorption peak around 640 cm−1 will lead to a decrease in
the corresponding absorption tail in the mm-submm wavelength range. The
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decrease in R∗ indicates a decrease in the fraction of the hydrogen that is
bonded in SiH2 configurations, which suggests a decrease in the number of
voids [8]. This is interesting in the context of TLS loss, which can contribute
to the microwave as well as mm-submm loss in deposited dielectrics, since it
has been suggested in literature that TLSs are related to voids in the dielectric
[6].
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Figure 2.12: The hydrogen content CH (Eq. (2.5)) and microstructure parameter R∗ (Eq.
(2.6)) of the a-Si:H films, which we derived from the FTIR analysis. We observe that the
CH and the R∗ are monotonically dependent on the substrate temperature Tsub.

2.5. Raman spectroscopy

2.5.1. Experimental method

The Raman active modes can be probed by shining visible light on a sample,
and measuring the frequency of the inelastically scattered light. In Fig. 2.13
we present a schematic which explains the Raman measurement’s working
principle.
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We performed the Raman measurements using a Renishaw inVia, with a
514-nm (green) laser. We deposited the a-Si:H films and the a-SiC:H film on
single side polished (SSP) n-type substrates with a resistivity ρ of 1–5 Ω cm,
and with a 101-nm thick thermal oxide layer between the deposited films and
the c-Si.

Spectrometer

Laser

Sample stage

Sample

Objective lens

Figure 2.13: Illustration of the Raman spectroscopic instrument. The sample stage can be
moved in three dimensions via an external controller. By moving the stage in the vertical
direction, the laser can be focused on the sample. The light is inelastically scattered due to
Raman scattering, and the difference in wavelength is measured. The wavelength difference
corresponds to the excitation energy of an infrared vibrational mode.

2.5.2. Raman spectra and identification of modes

In Fig. 2.14 we plotted the measured Raman spectrum of the a-Si:H film
deposited at 250◦C, and the Gaussian fits. In addition to the transverse-
optical (TO) mode near 480 cm−1 (TO 480), we observe a transverse-acoustic
(TA) mode near 170 cm−1 (TA 170) [18], a longitudinal-acoustic mode near
300 cm−1 (LA 300) [19], a longitudinal-optical mode near 425 cm−1 (LO 425),
and at 520 cm−1 the TO mode of the c-Si substrate, fitted with a Lorentzian
[13, 20]. The peak near 620 cm−1 can be attributed to a variety of modes [19–
22], such as the second order 2LA mode and the Si-Hx rocking and wagging
modes [22]. In our fitting we fixed the peak position of the LA 300 mode at
300 cm−1.
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Figure 2.14: Raman spectrum of the 250◦C a-Si:H film. We observe a TO mode near 480
cm−1, TA mode near 170 cm−1, LA mode near 300 cm−1, LO mode near 425 cm−1, and at
520 cm−1 the TO mode of the c-Si substrate. The spectrum is typical for a fully amorphous
film. We note that the intensity is in arbitrary units (a.u.), and therefore only comparisons
of relative peak heights can be made within the same spectrum.

In Fig. 2.15 we show the fitted Raman spectrum of the a-SiC:H film. The
a-SiC:H exhibits the Raman modes that are also present in the a-Si:H films
[22], and we used the same fitting procedure as we used for the a-Si:H films.
We observe that the TO 480 mode of the a-Si:H is much more prominent than
for the a-SiC:H, relative to the other Raman modes. The Raman spectra of the
three a-Si:H films as well as of the a-SiC:H film are typical for fully amorphous
materials [13, 22].

2.5.3. Bond-angle disorder of a-Si:H

We calculated the bond-angle disorder ∆θ of the a-Si:H films from the Ra-
man spectra. The ∆θ is defined as the root mean square deviation from the
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Figure 2.15: Raman spectrum of the a-SiC:H film. We observe a TO mode at near 480
cm−1, TA mode near 170 cm−1, LA mode near 300 cm−1, and the LO mode near 425
cm−1. The spectrum is typical for a fully amorphous film. We note that the intensity is in
arbitrary units (a.u.), and therefore only comparisons of relative peak heights can be made
within the same spectrum.

tetrahedral bond angle of 109.5◦ within the silicon network [13]:

∆θ = 505.5 − ν̃TO

2.5 , (2.7)

where ν̃TO is the center wavenumber of the TO 480 mode. We plotted the
measured ∆θ of the three films in Fig. 2.16. We observe a monotonic decrease
of ∆θ with increasing Tsub.

2.6. Ellipsometry

2.6.1. Experimental method

We determined the films’ complex dielectric constants ε̂ and band gaps Eg
using variable-angle spectroscopic ellipsometry in the frequency range of 242–
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Figure 2.16: The bond-angle disorder ∆θ of the three a-Si:H films that we derived from the
Raman spectroscopy measurements. The films were deposited at the substrate temperature
Tsub. The error bars represent the standard deviations of ∆θ that we estimated from the
least-squares fit.

967 THz (energy range of 1–4 eV). Ellipsometry measures the change of the
polarization of the light beam which is reflected off the sample, and it can
be used to measure the ε̂ if the film thickness is known, or vice versa. In
Fig. 2.17 we show a schematic that demonstrates the working principle of the
ellipsometer. The ellipsometry measurement data is commonly given as the
parameters ψ and ∆, which are defined as:

ψ ≡ tan−1 (|rp/rs|) , ∆ ≡ phase (−rp/rs) , (2.8)

where the r are the complex Fresnel reflection coefficients and where the sub-
scripts denote the polarization. We measured ψ and ∆ at angles of incidence
θ (Fig. 2.17) in the range of 45◦–75◦ in increments of 5◦. The ellipsometry
parameters can be calculated using the TMM, which is described in Appendix
A. We fitted the measured change in polarization to an optical model that
includes a native oxide layer, the a-Si:H or a-SiC:H film, a thermal oxide
layer, and the c-Si substrate. We performed the analysis using the commercial
software CompleteEASE [23]. We fitted the ψ and ∆ curves for all θ values
together in a single fitting procedure.

We deposited the a-Si:H films and the a-SiC:H films that we used for the el-
lipsometry measurements on single-side-polished (SSP) n-type substrates with
a ρ of 1–5 Ω cm, with a 101-nm thick thermal oxide layer between the deposited
films and the c-Si for increased reflection.
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Figure 2.17: Illustration of an ellipsometry setup. The measurement is taken at multiple
wavelengths and angles of incidence θ. The reflected beam has undergone a change in
intensity and polarization, which can be modeled using the TMM in combination with
dispersion models to obtain the film properties.

2.6.2. Fitting of Tauc-Lorentz model to determine the com-
plex dielectric constant and the band gap of the a-
SiC:H and a-Si:H

We fitted the ellipsometry data of the a-Si:H films and of the a-SiC:H film
using the Tauc-Lorentz dispersion model to obtain the band Eg and the n of
the a-Si:H and of the a-SiC:H. To give an indication of the small fitting errors,
we plotted the fits to the raw ψ and ∆ data in Appendix C. The ε′′ in the
Tauc-Lorentz dispersion model equals [24]:

ε
′′

= AE0B (E − Eg)2

(E2 − E2
0)2 +B2E2

1
E
, E > Eg, (2.9)

ε
′′

= 0, E < Eg, (2.10)

where A is the amplitude parameter, B is the broadening parameter, and E0
is the resonant frequency of the oscillator. The real part ε′ is also defined by
Eq. (2.9), since the Tauc-Lorentz model is Kramers-Kronig consistent [24].

We present the resulting complex dielectric constant ε̂ in Fig. 2.18. The
band gaps of the a-SiC:H and the a-Si:H films all are in the 1.7–1.8 eV range.
Here we note that the relatively high band gap of the a-Si:H compared to the
c-Si band gap of 1.1 eV is expected [25]. We observe that the ε′ of the a-Si:H
below the band gap increases with increasing Tsub, and that below the band
gap the a-SiC:H has a relatively small ε′ compared to the a-Si:H.
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Figure 2.18: The complex dielectric constants ε̂ = ε
′ + iε

′′ of the a-Si:H films and of the
a-SiC:H film resulting from the fitting of the Tauc-Lorentz model to the ellipsometry data.
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2.6.3. Void volume fraction of a-Si:H

We obtained the void volume fraction fv of the a-Si:H films by using the
Bruggeman effective medium approximation to model the a-Si:H film as a
composite material consisting of a-Si and spherical voids [11]. We plotted
the results for fv in Fig. 2.19. We observe that fv decreases monotonically
with increasing Tsub. A decrease in fv is expected to lead to a decrease in
the amount of SiH2 bonds [8] and therefore a decrease in CH [7, 17]. This is
consistent with the observations in Subsection 2.4.5. It is expected that the
decrease in CH leads to a decrease in the fraction of the mm-submm loss that is
caused by the absorption tail due to infrared vibrational modes. Furthermore,
the decrease in fv is expected to lead to decreased TLS loss [6].

Figure 2.19: The void volume fractions fv of the three a-Si:H films, that we derived from the
ellipsometry data by modeling the a-Si:H layer as a composite material of a-Si and spherical
voids using the Bruggeman effective medium approximation. The films were deposited at
the substrate temperature Tsub.

2.7. Cryogenic microwave loss of a-Si:H

2.7.1. Experimental method

To measure the cryogenic microwave loss of the a-Si:H films, we fabricated
superconducting chips with 109 nm thick aluminum (Al) quarter-wavelength
CPW resonators on top of the 250 nm thick a-Si:H films. To estimate the losses
other than the losses due to the a-Si:H we also fabricated a chip directly on top
of a c-Si substrate. The Al layer was patterned using photolithography. We
deposited the a-Si:H films on DSP intrinsic c-Si substrates with ρ > 10 kΩ cm.



2

40 2. Material characterization

Figure 2.20: a) Micrograph of the superconducting chip. There are three groups of five
quarter-wavelength CPW resonators, each group has a different CPW geometry (listed in
Table 2.4). Within each group, the resonators vary in the coupling quality factor Qc. b)
Zoomed-in micrograph of the bottom-right resonator in Fig. 2.20a.

The substrates were dipped in 1% hydrofluoric acid for one minute prior to
film deposition, with the result that the native oxide of the c-Si was completely
removed.

A micrograph of the chip with the 250◦C a-Si:H is shown in Fig. 2.20a.
The chips feature a CPW readout line with a slot width s of 8 µm and a
center line width c of 20 µm. The readout line is coupled to 15 resonators.
The resonators are divided into three geometry groups with different s and c.
The five resonators within each group have different coupling quality factors
Qc.

CPW s-c-s (µm)
Material 2-3-2 6-9-6 18-27-18
c-Si 2.83 ± 0.04 × 105 2.65 ± 0.09 × 105 1.96 ± 0.03 × 105

a-Si 100◦C 1.67 ± 0.01 × 105 2.06 ± 0.05 × 105 2.00 ± 0.06 × 105

a-Si 250◦C 1.76 ± 0.02 × 105 3.05 ± 0.07 × 105 3.13 ± 0.11 × 105

a-Si 350◦C 3.32 ± 0.04 × 105 2.06 ± 0.05 × 105 2.98 ± 0.10 × 105

Table 2.3: The measured coupling quality factors Qc of the resonators, averaged over all
readout powers. The listed uncertainties are the standard deviations in Qc. In the heading,
s is the CPW slot width and c is the CPW center line width.

We obtained the loss tangents tan δ of the a-Si:H films at 4–7 GHz and
at 120 mK. The cryogenic setup which uses an adiabatic demagnetization
refrigerator includes a 35 dB gain low noise (noise temperature of 3-4 K) high-
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electron-mobility transistor amplifier at the cryostat’s 3-K stage, as well as two
amplifiers at room temperature. The 120-mK stage is shielded from magnetic
fields using a superconducting lead-tin coated shield that is surrounded by
a Cryoperm shield. Further details on the cryogenic setup are given in De
Visser’s PhD thesis [26]. To derive tan δ, we measured the S-parameter S21(f)
as a function of frequency using a vector network analyzer (VNA). We then
obtained tan δ from S21(f) by fitting the squared magnitude of the measured
S21(f) to a Lorentzian:

|S21(f)|2 = 1 −
1 − S2

21,min

1 +
(

2Q f−fr
fr

)2 . (2.11)

Here Q is the loaded quality factor, S21,min is the minimum of the resonance
dip, and fr is the resonance frequency. The internal quality factor Qi is deter-
mined from the equality [26]

Qi = Q/S21,min. (2.12)

For each geometry group we used the data of the resonator that was designed
for the largest Qc,design = 3 × 105, since these have the smallest fitting errors
when fitting Eq. 2.11. The measured Qc values vary between the different
resonators in the range of Qc = 1.7–3.3×105 and the values are listed in Table
2.3.

The 1/Qi can be expressed as:

1
Qi

(g) = p(g) tan δ + b(g), (2.13)

where g makes it explicit that these quantities are dependent on the CPW
geometry. The p(g) is the filling fraction of the a-Si:H film (or the c-Si substrate
in the case of the c-Si reference chip), which is the fraction of the resonator’s
electric energy that is stored inside the dielectric [27]. The b(g) term in Eq.
2.13 represent the sum of all loss mechanisms other than the tan δ of the
dielectric film.

We calculated the p(g) using the EM-solver Sonnet [28], where we used the
εmw listed in Table 2.4. The resulting p(g) are visible in Table 2.4.

From the standard tunneling model (STM) it follows that the TLS-induced
tan δ is dependent on power, frequency, and temperature [5, 27]:

tan δ = tan δ0 tanh ℏω
2kBT

(
1 + N

N0

)−β/2
, (2.14)
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CPW s-c-s (µm)
Material 2-3-2 6-9-6 18-27-18
c-Si (εmw = 11.44) 0.920 0.920 0.920
a-Si 100◦C (εmw ≈ 9.5) 0.208 0.101 0.044
a-Si 250◦C (εmw ≈ 10.1) 0.197 0.095 0.042
a-Si 350◦C (εmw ≈ 11.2) 0.214 0.103 0.045

Table 2.4: The filling fractions p of the a-Si:H films that we calculated using the EM-solver
Sonnet[28]. In the case of c-Si, the p is calculated for the substrate. The εmw of the a-
Si:H films were estimated from their infrared values as εmw ≈

(
nir/ncSi,ir

)2
εcSi,mw. In the

heading s is the CPW slot width and c is the CPW center line width.

where tan δ0 is the TLS-induced loss tangent at zero temperature and low inter-
nal resonator power, N is the average number of photons inside the resonator,
N0 is the critical photon number above which the TLSs start to saturate, and β
is equal to 1 in the STM, but has experimentally been found to range between
0.3 to 0.7 [5]. The frequency ω, the temperature T , and the photon number
N are controlled by the experiment. We defined N as the average number of
photons per quarter-wavelength, which is equal to N = Pint/

(
2hf2), where

Pint is the internal resonator power, which can be calculated from the readout
power [27].

By equating the losses b(g) from Eq. (2.13) to zero when deriving tan δ
from 1/Qi we calculated an upper bound of the tan δ of the dielectric under
consideration. Additionally, we estimated the tan δ of the a-Si:H films by
equating b(g) to the 1/Qi of the c-Si reference chip.

2.7.2. Loss tangent results

In Fig. 2.21a we plotted the measured Qi versus N of the resonators. We
observe that Qi increases with increasing N and that it is dependent on the
CPW geometry, even for the c-Si where the filling fraction of the c-Si substrate
does not depend on the CPW geometry. The filling fractions of the dielectrics
are listed in Table 2.4.

In Fig. 2.21b we show the upper bounds of the tan δ of the three a-Si:H
films and of the c-Si substrate. The plotted tan δ take the filling fractions of
the dielectrics into account (Eq. 2.13). We observe that the a-Si:H films have
an order of magnitude higher upper bound of tan δ than the c-Si substrate. We
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Figure 2.21: a) The measured internal quality factors Qi of the resonators. The horizontal
axis shows the average number of photons in the resonator per quarter-wavelength N =
Pint/

(
2hf2

)
, where Pint is the internal resonator power. b) The upper bounds of tan δ,

which we calculated by equating b(g) in Eq. 2.13 to zero. The lines show the overall upper
bounds of the tan δ of each material and are fits to a power law. c) The estimates of tan δ
which were calculated by equating b(g) in Eq. 2.13 to the 1/Qi of the c-Si reference chip
which has resonators directly on top of the c-Si substrate.

did not observe a correlation between Tsub and the upper bound of tan δ. The
upper bounds of tan δ vary with the CPW geometry. For each material, the
lowest values for the upper bound of tan δ represent the overall upper bound,
since tan δ is independent of geometry. We plotted the overall upper bounds
as lines in Fig. 2.21b. These lines are fits to a power law. From the fits we
observe that the upper bound of the tan δ of the a-Si:H film that was deposited
with a Tsub of 100 ◦C has a steeper slope than the other two a-Si:H films.

The estimates of tan δ which we calculated by using the 1/Qi of the c-Si
chip as an estimate for the losses other than the a-Si:H loss are plotted in Fig.
2.21c. We do not observe a correlation between Tsub and the estimate of tan δ.
The estimate of tan δ for each material varies with the CPW geometry.

2.7.3. Discussion on the loss tangent results

We did not observe a correlation between tan δ and the room temperature
properties or Tsub. At the powers at which we measured, a variation in the
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low-power TLS-induced loss tangent tan δ0 cannot be distinguished from a
variation in the critical photon number N0, above which the TLSs start to
saturate. However, if we assume that the three a-Si:H films have identical
N0, then the upper bounds of tan δ point to a low-power tan δ0 that decreases
monotonically with increasing Tsub.

For the resonators with a-Si:H, it is expected that the Qi is dependent on
the CPW geometry due to differences in the dielectrics’ filling fractions (Table
2.4). We observe that the Qi of the c-Si resonators is also dependent on the
CPW geometry even though the filling fraction of the c-Si substrate is equal for
these resonators. We suggest that this is an effect due to TLS-hosting interface
layers [29–32], whose filling fractions and therefore effect on the measured tan δ
are dependent on the CPW geometry. Furthermore, we suggest that the same
effect causes the upper bound and the estimate of tan δ to be dependent on
the CPW geometry, even though here the filling fractions of the dielectrics
have been taken into account. Finally, we note that in reality the c-Si chip is
not a perfect reference for the b(g) term in Eq. 2.13, which results in some
estimates being higher than the overall upper bound of tan δ (the lines in
Fig. 2.21b). This discrepancy can be explained by a different metal-dielectric
surface, different dielectric-air surface, and an additional surface between the
a-Si:H film and the substrate that is not present on the c-Si chip.

The power and frequency range in which we measured is directly applicable
to MKIDs, which operate at relatively high powers in comparison with the
mm-submm filters that operate at single photon energies. The a-Si:H films
are promising for MKID detectors because all three films exhibit an excellent
tan δ < 10−5 at a resonator energy of 105 photons per quarter-wavelength, or
at –55 dBm internal resonator power.

2.8. Conclusion

We presented extensive material characterization of the a-SiC:H and a-Si:H.
From the Raman measurements we observed that the a-Si:H and the a-SiC:H
are fully amorphous. A practical benefit of the a-SiC:H film and of the a-Si:H
film that was deposited at 250◦C is that these films exhibited very low residual
stress values. For the a-Si:H we observed that an increase in Tsub results in
films with less hydrogen, less voids, smaller microstructure parameter, less
bond-angle disorder, and higher refractive index. Even though the structural
and compositional properties at room temperature of the a-Si:H exhibited a
monotonic dependence on Tsub, we did not observe a correlation of the room
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temperature properties with the cryogenic microwave tan δ. All three a-Si:H
films exhibited a tan δ < 10−5 at 120 mK and at an average photon number
N of 105, equivalent to –55 dBm internal resonator power. This makes these
a-Si:H films promising for MKID detectors.

The dependence of the intensity of the Si-Hx absorption band near 640
cm−1 (19 THz) on Tsub suggests that the a-Si:H could be optimized for low
mm-submm loss by depositing films at elevated Tsub. However, the high com-
pressive stress values and blistering defects of the a-Si:H film that was de-
posited at a Tsub of 350◦C make it impractical to fabricate devices with this
material. In contrast, the a-SiC:H was deposited at a Tsub of 400◦C and exhib-
ited a low stress value and no blistering defects. The infrared absorption of the
a-SiC:H is mainly caused by Si-C stretching modes near 750 cm−1 (22 THz),
and the relatively high frequency of these modes is expected to lead to rel-
atively strong attenuation of the absorption tail at mm-submm wavelengths.
These findings suggest that a-SiC:H could potentially be optimized for low
mm-submm loss by decreasing the intensity of the Si-C absorption band near
750 cm−1. This could be achieved by increasing the Si/C ratio (measured in
Section 4.2), by decreasing the LF power [15] or by increasing the SiH4/CH4
gas flow ratio during deposition. However, it is not yet clear if this would pro-
duce the desired effect since the higher Si/C ratio could lead to an increased
intensity of the Si-Hx absorption band near 640 cm−1.

To put this chapter into the context of the most recent literature, we remark
that in 2024 there have been reports of low-power microwave losses of a-Si:H
films deposited at 350◦C: tan δ = 1.2×10−5 and tan δ = 7×10−6 were reported
for films deposited by PECVD and ICPCVD respectively [33]. For future work
we recommend to measure the mm-submm and low-power microwave loss of
the three a-Si:H films, to investigate if there is a dependence on Tsub. In the
rest of this dissertation we focus on the a-SiC:H, guided by our measurements
of its very low mm-submm losses (Chapter 3).
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Chapter 3

a-SiC:H as a low-loss deposited
dielectric for mm-submm super-
conducting circuits

3.1. Introduction

In this chapter we present measurements of the sub-kelvin and low-power di-
electric loss of a-SiC:H at microwave (7 GHz) and mm-submm (270–385 GHz)
frequencies. Although we identified a-Si:H and a-SiC:H as two promising can-
didates for low-loss dielectrics (Chapter 2), the cryogenic mm-submm loss and
microwave loss of a-SiC:H had not yet been measured. This is in contrast to
a-Si:H, for which the work in Chapter 2 has led to co-authorship of an article
[2] on a-Si:H film (deposited at Tsub of 250◦C), where the low-power cryogenic
microwave loss (tan δ=4×10−5) and the cryogenic mm-submm loss at 350 GHz
(tan δ=2.1 ± 0.1 × 10−4 ) were measured [2].

3.2. Device fabrication

The losses were measured on chips with superconducting NbTiN/a-SiC:H/NbTiN
microstrip resonators, with an identical design for each chip. Fig. 3.1a shows
a photograph of one of the chips. The fabrication details for an equivalent chip

This chapter was based on a published article [1].
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with a-Si:H instead of a-SiC:H have previously been reported [2]. The NbTiN
films were sputter deposited using a Nordiko 2000 [3]. The NbTiN ground
plane under the a-SiC:H is 135 nm thick and the NbTiN line on top of the
a-SiC:H is 150 nm thick, measured using step profilometry and tilted scanning
electron microscopy at the position of the Fabry-Pérot resonators (FP1–4 in
Fig. 3.1a).

The 295 nm thick a-SiC:H film was deposited by PECVD using a Novellus
Concept One [4, 5]. The deposition parameters are listed in Table 2.1. We
patterned the a-SiC:H layer using reactive ion etching with an SF6 and O2
plasma at a rate of approximately 0.8 nm/s.

3.3. Dielectric loss measurements

3.3.1. Method for mm-submm loss measurements

The loss measurement device and experimental setup are equivalent to what
has been reported for earlier work on a-Si:H [2]. We measured the mm-submm
loss at 120 mK by analyzing the transmission through four in-line Fabry-Pérot
NbTiN/a-SiC:H/NbTiN microstrip resonators (FP1–4) with 2 µm line width.
Each FP is coupled to a NbTiN CPW feed line on one end, and to a hybrid
NbTiN-Al microwave kinetic inductance detector (MKID) [6] on the other
end, as shown for FP2 in the micrograph in Fig. 3.1b. The FPs’ couplers all
have an identical design. Fig. 3.1c shows a scanning electron micrograph of the
coupling of FP2 to an MKID. Each feed line is connected to a twin slot antenna
with a center frequency of 350 GHz, which is located in the focus of a Si-lens
glued to the backside of the chip. The antennas receive mm-submm radiation
from a Toptica Photonics TeraBeam 1550 continuous-wave photomixer source.
The MKIDs are coupled to a shared NbTiN CPW microwave readout line
which we read out using a frequency-multiplexed readout system [7].

A schematic of the mm-submm experiment is given in Fig. 1d. The dif-
ferent lengths of the FPs result in different fundamental resonance frequencies
f0. The FPs have transmission peaks at integer multiples (mode numbers n)
of f0. The power that is transmitted through an FP breaks Cooper pairs in
the Al section of the MKID, resulting in a change in the MKID’s resonance
frequency (frequency response) [8]. The frequency response was corrected for
stray light by dividing by the response of an MKID that is not connected to
an FP (blind MKID in Fig. 3.1a).
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Figure 3.1: a) Photograph of chip 2. The four Fabry-Pérot resonators (FP1–4) receive
the mm-submm signal from antennas which receive radiation from a Toptica TeraBeam
1550 photomixer source. Each FP is coupled to an MKID. The four shunted microstrip
microwave resonators (µWR1–4) are coupled to the readout line. b) Micrograph of Fabry-
Pérot resonator 2 (FP2). The purple area is a-SiC:H. The feed line is visible on the left
of the image and the MKID is visible on the right. c) Tilted scanning electron micrograph
of the coupling of FP2 to the MKID, with false coloring. d) Schematic of an antenna–FP–
MKID circuit. The FPs have a length of an integer (mode number n) multiple of half the
mm-submm wavelength λ, and have transmission peaks at nf0, where f0 is the fundamental
resonance frequency. The mm-submm signal is absorbed in the Al section of the MKID,
resulting in a change of resonance frequency (frequency response) of the MKID.
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Figure 3.2: The measured frequency response in the 330–370 GHz band for chip 1. The
response is measured by the MKIDs that are coupled to the FP1–4. The response is corrected
for stray light by dividing by the response of an MKID that is not coupled to an FP (blind
MKID in Fig. 3.1a). The green dots represent the measured response, and the black curves
are Lorentzian fits to the peaks, from which we obtain the average Q for each FP. The same
analysis is performed for each of the four frequency bands. The right plot shows the same
data zoomed in to 349–351 GHz.

Since the MKIDs’ frequency responses are linear in power1, they trace
the |S21(f)|2 transmission curves of the FPs. The transmission of the mm-
submm power through an FP is a sum of Lorentzian peaks [9] and therefore
we can obtain the FP’s loaded quality factor Q from the transmission peaks
as Q = fpeak/∆f , where fpeak is the peak’s center frequency and ∆f is the
peak’s full-width at half-maximum.

The frequency response was measured in the 250–400 GHz frequency range
by sweeping the photomixer source in steps of 20 MHz. We separated the
frequency response data into four bands centered around 270, 310, 350 and
385 GHz to determined the loss of the a-SiC:H at these four frequencies. The
frequency bands are shown by the vertical dashed lines in Fig. 3.4.

In each band and for each FP we obtained the average n and the average
Q, from which we obtained the internal quality factors Qi by fitting to the
equation [2]:

Q = nQc,1Qi

nQc,1 +Qi
, (3.1)

where Qc = nQc,1 is the FP’s coupling quality factor. Here Qc,1 = π/|tc|2,
with tc the coupler’s transmission coefficient. The tan δ is obtained from Qi

1The measured Fabry-Pérot peaks differ in intensity, corresponding to different mm-submm
powers being received by the MKIDs. We observe that the measured Q factors are inde-
pendent from the powers received by the MKIDs, indicating that the MKIDs’ responses
are linear within the range of powers in which we performed our measurements.
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as:
tan δ = 1/(pQi), (3.2)

where p is the filling fraction [10] of the dielectric, which we determined to be
0.97 in our microstrip resonators using the EM-field solver Sonnet [11].

3.3.2. Mm-submm loss results and discussion

We measured the mm-submm loss of the a-SiC:H on two chips (chips 1 and 2)
fabricated on the same wafer. To illustrate the response, we give in Fig. 4.3
the response in the 330–370 GHz band of the four MKIDs behind the four FPs
of chip 1. The measured Q versus n and the fits to Eq. 3.1 of chip 1 are shown
in Fig. 3.3. An equivalent plot for chip 2 is shown in Fig. F.1 in Appendix
F. In the fits of Eq. (3.1) the standard errors in the average Q were used as



3

56
3. a-SiC:H as a low-loss deposited dielectric for mm-submm superconducting

circuits

5.15

1.72

1.03

0.74

0.57

0.47

0.40

In
te

rn
al

 q
ua

lit
y 

fa
ct

or
 Q

i

250 270 290 310 330 350 370 390 410
f (GHz)

0.20

0.60

1.00

1.40

1.80

2.20

2.60

ta
n

a-SiC:H chip 1
a-SiC:H chip 2
a-Si:H, Ref. [15]

×10 4 ×104

Figure 3.4: The mm-submm tan δ = 1/ (pQi) versus frequency for chips 1 and 2. The error
bars represent one standard deviation (±σ). The frequency bands over which Q and n were
averaged are displayed by the vertical dashed lines. The a-Si:H loss value at 350 GHz was
reported in earlier work and was measured using the same experimental method [2].



3.3. Dielectric loss measurements

3

57

fitting weights. In addition to obtaining the Qi values, from this fit we also
obtained the Qc,1 values of chips 1 and 2. The measured Qc,1 values are given
in Fig. F.2 in Appendix F.

The resulting tan δ values of chips 1 and 2 are plotted in Fig. 3.4. The mm-
submm tan δ of the a-SiC:H ranges from 0.9 × 10−4 at 270 GHz to 1.5 × 10−4

at 385 GHz, averaged over chips 1 and 2. These losses are significantly lower
than what has been reported for other dielectrics such as a-Si:H [2] and SiNx

[12, 13]. At 350 GHz the a-SiC:H exhibits a tan δ of 1.3 × 10−4, compared
with a tan δ of 2.1 × 10−4 for a-Si:H, which was measured using the same
experimental method [2].

We calculated that the internal mm-submm power Pint,FP circulating in-
side the FPs is below 1 pW, corresponding to an average number of photons
per half-wavelength N < 1. We do not observe a significant correlation be-
tween Pint,FP and the loss tangent tan δ of the a-SiC:H, suggesting that TLS
saturation [10, 14] does not affect the mm-submm loss measurements. More
information on this calculation is given in Appendix E.

3.3.3. Method for microwave loss measurements

We measured the microwave loss of the of the a-SiC:H on two chips (chips 1
and 3) fabricated on the same wafer, where chip 1 is the same chip as discussed
for the mm-submm loss measurements. On each chip, the microwave losses
were measured using four NbTiN/a-SiC:H/NbTiN half-wavelength microstrip
microwave resonators (µWR1–4 in Fig. 3.1a.) with 2 µm line width, at a
temperature of 60 mK. We used a vector network analyzer to measure the
S21-parameter of the NbTiN coplanar waveguide (CPW) readout line, which is
coupled to the four shunted µWRs. We measured tan δ in a range of microwave
internal resonator powers Pint, corresponding to an average number of photons
per half-wavelength in the resonators N of roughly 10−1–108. In Appendix
D we described the design of a microwave readout chain which allows for
measurements at single photon energies. N is equal to:

N = Pint/
(
hf2) . (3.3)

We fitted the |S21| dips of the four µWRs using the model described in Ref.
[15] to obtain the resonators’ Qi, from which we calculated tan δ (Eq. 3.2).
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3.3.4. Microwave loss results and discussion
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Figure 3.5: Measured microwave tan δ = 1/ (pQi) versus average number of photons in the
resonators µWR1–4 of chip 1. The curves are fits to Eq. 4.2. The inset illustrates how tan δ
is obtained at each power, by fitting the |S21| dips using the model in Ref. [15]. The tan δ0
are obtained by fitting the tan δ versus N curves to Eq. 4.2.

From Fig. 3.5 we observe that the microwave tan δ follows the power
dependence predicted by the standard tunneling model (STM) [10, 14]:

tan δ = tan δ0 tanh hf

2kBT

(
1 + N

N0

)−β/2
+ tan δHP, (3.4)

where f is the frequency, T is the temperature, N0 is the critical photon
number above which the TLSs saturate, and β is equal to 1 in the STM, but
it has previously been observed in the range of 0.3–0.7 [2, 16, 17]. The tan δHP
term represents losses other than TLS loss which dominate at high internal
resonator power. The tan δ0 is the TLS-induced tan δ in the low-power limit
and at 0 K.
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We obtained the microwave tan δ0 and β by fitting Eq. 4.2 to the measured
tan δ versus N . The fits for chip 1 are shown in Fig. 3.5 and the fits for chip
3 are shown in Fig. F.3 in Appendix F. The µWRs of chips 1 and 3 exhibit
an average tan δ0 of 3.1 ± 0.4 × 10−5. This is comparable to what has been
reported for a-Si:H [2, 18, 19]. We measured β values in the range of 0.5–0.8.
We confirm that the low-power loss is dominated by the a-SiC:H and not by the
NbTiN by measuring a shunted NbTiN CPW quarter-wavelength microwave
resonator (CPWR) with a 6 µm center line width and a 16 µm gap width,
which was fabricated directly on top of the c-Si substrate (ρ > 10 kΩ cm), i.e.
without a-SiC:H. The low-power 1/Qi of 4.1 ± 0.1 × 10−6 of the CPWR is
significantly smaller than that of the µWRs.

3.3.5. Discussion on the physical origin of the loss
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Figure 3.6: Overview of the mm-submm tan δ = 1/ (pQi) values of chips 1 and 2, together
with the microwave tan δ0 values of chips 1 and 3. The tan δ0 values were obtained from
Eq. (4.2). The a-Si:H loss value at 350 GHz was reported in earlier work and was measured
using the same experimental method [2].
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The physical origin of the loss is not yet fully understood. We give an
overview of the measured losses in Fig. 3.6, together with data from Ref. [2]
on a-Si:H. The microwave loss of the a-SiC:H is well described by the STM for
TLSs. However, the significantly larger mm-submm loss than microwave loss
as well as the frequency dependence of the mm-submm loss are surprising in the
framework of the STM which assumes a frequency independent TLS density
of states [14]. We note that a larger mm-submm than microwave loss was
also reported for SiNx [12, 18] and a-Si:H [2, 18]. Although a generalized TLS
model with a frequency dependent TLS density of states has been reported
[20], from Fig. 3.6 we observe that the mm-submm loss follows a power law
dependence which does not extrapolate to the microwave loss value. This
leads us to the hypothesis that the mm-submm loss has a different origin
than the microwave loss: We suggest that the microwave loss of the a-SiC:H
is dominated by TLS loss, whereas the mm-submm loss is dominated by the
absorption tail of vibrational modes at far-infrared wavelengths [2, 21, 22].

3.4. Dielectric constant, film uniformity and resid-
ual stress

We estimated the sub-kelvin dielectric constant εr of the a-SiC:H by comparing
the measured resonance frequencies of µWR1–4 and FP1–4 to Sonnet [11]
simulations of the microstrips. We find an εr of 7.8±0.7, where the uncertainty
is due to the non-uniformity and uncertainty in the NbTiN properties across
the wafer [3]. Within this uncertainty the microwave and mm-submm εr are
indistinguishable.

We used ellipsometry to measure a room temperature εr of 7.5 at 250 THz
(1200 nm) at the wafer’s center, with a non-uniformity in εr < 1 % within a
3.5 cm radius around the wafer’s center. Furthermore, from the ellipsometry
measurement we determined the film thickness to be 295 nm at the wafer’s
center, with a non-uniformity in thickness < 1 %. The excellent uniformity
in thickness and dielectric constant suggests that the deposition process of
the a-SiC:H is highly uniform across the wafer. From the same ellipsometry
measurement, we observe a band gap of 1.8 eV, which we obtained by fitting
the Tauc-Lorentz dispersion model to the ellipsometry data in the range of
0.8–2.7 eV.

We determined the residual stress of the a-SiC:H films from the wafer bow
before and after deposition on bare c-Si substrates, using the Stoney equation.
The wafer bow was measured using a Flexus 2320-S. The a-SiC:H films exhibit
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low stress: −20 MPa compressive at 200 nm thickness to 60 MPa tensile at
1000 nm thickness.

3.5. Conclusion

To conclude, PECVD a-SiC:H exhibits the lowest low-power sub-kelvin mm-
submm dielectric loss that has been reported to date for microstrip resonators.
The microwave loss is comparable to the best values that have been reported
for microstrip resonators [2, 19]. In addition to the low loss, the a-SiC:H
films are free of blisters, exhibit low stress and have excellent uniformity in
terms of the thickness and dielectric constant measured by ellipsometry. These
properties make a-SiC:H a promising dielectric for microwave to submm wave
superconducting circuits in many applications. However, the origin of the mm-
submm loss in the a-SiC:H remains unknown, which is what we investigate in
Chapter 4.
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Chapter 4

Origin of the mm-submm loss
in a-SiC:H

4.1. Introduction

In this chapter we present loss measurements of a-SiC:H films in the 0.27–100
THz range, where in the 270–600 GHz range we used superconducting mi-
crostrip resonators, and above 3 THz we used Fourier-transform spectroscopy
(FTS). The agreement between the loss data and a Maxwell-Helmholtz-Drude
(MHD) dispersion model suggests that vibrational modes above 10 THz dom-
inate the loss in the a-SiC:H above 200 GHz.

Although the very low mm-submm loss of the a-SiC:H (Chapter 3) was
promising for integrated superconducting astronomical instruments, we had
not yet uncovered the origin of the mm-submm loss in the a-SiC:H. In Chat-
per 3 we observed that the mm-submm loss increases monotonically with fre-
quency. The frequency dependence of the loss is surprising in the framework
of the standard tunneling model (STM) for two-level systems (TLSs) [2, 3],
which led us to the hypthesis that infrared absorption modes are responsible
for the mm-submm loss in a-SiC:H.

This chapter was based on a published article [1].
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4.2. Deposition details and material characteri-
zation of the a-SiC:H

We deposited the 2.1-µm-thick a-SiC:H films by plasma-enhanced chemical
vapor deposition (PECVD) using a Novellus Concept One [4]. All the a-SiC:H
films which we measured for this work were deposited together on a total of four
c-Si wafers (W1–4). We fabricated the microstrip resonators on W1, and on
this wafer we deposited the a-SiC:H on a NbTiN ground layer that was sputter-
deposited on the c-Si substrate. On W2–4 we deposited the a-SiC:H directly
on the c-Si substrates. Prior to the deposition of the a-SiC:H we removed any
native oxide on each wafer with a 10-s 10% HF dip. The deposition parameters
are listed in Table 2.1.

2.1 μm

Figure 4.1: Raman spectrum of a 2.1-µm-thick a-SiC:H film on a c-Si substrate. The
Raman spectrum is typical for fully amorphous a-SiC:H. The inset shows a scanning electron
micrograph of a cleaved c-Si wafer with an a-SiC:H film, from which we determined the film
thickness.
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We performed several characterization measurements on W2 to determine
the material properties of the a-SiC:H films. We verified that the a-SiC:H
is fully amorphous by performing Raman spectroscopy with a 514-nm laser.
We plotted the Raman spectrum in Fig. 4.1. The spectrum’s broadened
features are typical for fully amorphous a-SiC:H [5–7]. We determined that
the a-SiC:H has an atomic Si/C ratio of 0.8 using energy-dispersive X-ray
spectroscopy (EDS). We measured a 2.1-µm film thickness from a scanning-
electron micrograph of the cross section of the wafer, as shown in the inset
of Fig. 4.1. Finally, we measured a relative dielectric constant ε′

r of 7.6 at
250 THz and a band gap of 1.8 eV by performing ellipsometry and fitting a
Tauc-Lorentz dispersion model [8].

4.3. Far infrared loss, measured in superconduct-
ing microstrip resonators

4.3.1. Device design and fabrication

To measure the 270–600 GHz loss of the a-SiC:H we used a lab-on-chip ex-
periment based upon superconducting Fabry-Pérot (FP) resonators fabricated
from a-SiC:H and NbTiN. The design of the loss measurement device (Fig.
4.2a) is similar to the one reported in Chapter 3 and in Refs. [9, 10], with
the exception that we enabled wide-band measurements by using leaky-wave
antennas (Fig. 4.2b) fabricated on 1-µm-thick SiNx membranes [11, 12]. The
signal from each antenna is coupled to a FP via a NbTiN coplanar waveguide
(CPW) with 2-µm center line width and 2-µm gap width, designed to elimi-
nate radiation loss [13]. The four FPs (FP1–4) have a NbTiN/a-SiC:H/NbTiN
microstrip geometry with 2.1-µm-thick a-SiC:H and 14-µm line width. The
power transmitted through the FPs is measured using CPW NbTiN-Al hybrid
MKIDs [14]. The couplings between the FPs and the input/output CPW lines
are made at the ends of each FP, with a 22-µm-long overlap between the FP
microstrip lines and the center lines of the NbTiN CPWs (Fig. 4.2d). The
galvanic connections between the NbTiN center lines, which are coupled to
the FPs and the Al center lines of the CPW NbTiN-Al hybrid MKIDs, are
made on a layer of SiNx (Fig. 4.2d) to avoid enhanced erosion of the Al at the
Si-NbTiN interfaces [15].

We optimized the FP resonator and FP coupler design to cover the wide
bandwidth of 270–600 GHz (Appendix G). We limited the maximum value of
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the FP resonators’ coupling quality factor Qc such that (1) the FP peaks do not
become too sharp to measure with the 20 MHz resolution of the photomixer
source that generates the 270–600 GHz radiation, and (2) there is sufficient
transmission at higher frequencies where the losses are high. Furthermore, we
limited the minimum value of Qc so that the FP transmission peaks do not
have too much overlap to be individually resolved. Taking these limitations
into consideration, we chose resonator lengths of 3.00 mm, 4.50 mm, 6.75 mm
and 10.13 mm and a coupler overlap length of 22 µm (Fig. 4.2d), resulting in
Qc values in the range of 0.4 × 103 to 24 × 103 in the range of 600–270 GHz
for all four FPs.

We fabricated the device on a high-resistivity c-Si wafer (W1). We coated
the wafer with 1 µm of SiNx on the front side and on the back side, us-
ing low pressure chemical vapor deposition. We removed the SiNx front side
everywhere except at the antennas and at the Al lines of the MKIDs. We
sputter-deposited the 300-nm-thick NbTiN ground layer (under the a-SiC:H),
the 100-nm thick NbTiN top layer (on top of the a-SiC:H), and the 100-nm
thick Al layer using an Evatec LLS 801. We deposited the a-SiC:H on top of
the NbTiN ground layer, as discussed in Section 4.2. We etched the a-SiC:H
using reactive ion etching (RIE) with an SF6 and O2 plasma. We patterned
the leaky-wave antennas, CPW mm-submm feed lines, MKIDs and CPW mi-
crowave readout lines into the NbTiN ground plane using RIE. We wet-etched
the Al center lines of the MKIDs. We patterned the SiNx on the back side
using RIE to define KOH etching windows behind the four antennas, and we
removed the c-Si substrate below the antennas by KOH etching, such that each
antenna sits on top of a SiNx membrane. For stray light absorption we covered
the back side of the chip with a β–Ta mesh [16], which we sputter-deposited
using an Evatec LLS 801. We removed the β–Ta below the SiNx membranes
using RIE.

4.3.2. Measurement

We measured the loss at 20 mK on the chip that is described in Subsection
4.3.1 and shown in Fig. 4.2a. The experimental setup was similar to the one
reported in Chapter 3 and in Refs. [9, 10]. The radiation from a continous-
wave photomixer source (Toptica Photonics Terascan 780) was swept from
270 to 600 GHz in frequency steps of 20 MHz. The broad beam from the
photomixer source was weakly coupled to all four antennas. The loss of the
a-SiC:H was determined from the power that was transmitted through the
FPs, measured by the response of the MKIDs as a function of frequency. The
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Figure 4.2: a) Photograph of the loss measurement device. The FPs receive the mm-
submm signal from antennas, which receive radiation from a Toptica Photonics TeraScan 780
photomixer source. Each FP is coupled to an MKID, which detects the power transmitted
through the FP. b) Micrograph of one of the leaky-wave antennas. c) Micrograph of FP3.
The feed line is visible on the left side of the image and the MKID is visible on the right side
of the image. d) Tilted scanning electron micrograph of the coupling of FP3 to the MKID,
with false coloring.
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Figure 4.3: a–d) The measured MKID frequency response of FP1–4 in the 310–380 GHz
band. The blue and green points represent the measurement data. The data represented
as green points were used in the fitting. The black curves are Lorentzian fits to the FP
transmission peaks, from which we obtained the loaded quality factor Q of each FP peak.
The same analysis was performed for each of the seven frequency bands centered around
270, 310, 350, 400, 455, 520 and 600 GHz. e) Close-up of a single FP transmission peak of
FP2.

transmitted power versus frequency is a sum of Lorentzian peaks located at
fpeak = nf0, where n is the mode number and f0 is the fundamental resonance
frequency. In Fig. 4.3a–d we plotted the measured MKID response in a
frequency band around 350 GHz. Each peak corresponds to a loaded quality
factor Q = fpeak/∆f , where ∆f is the peak’s full width at half maximum
(FWHM).

4.3.3. Results

We determined the 270–600 GHz loss by fitting Lorentzian peaks to the MKID
response data. We plotted the measured MKID response in the 310–380 GHz
frequency band in Fig. 4.3. The variation in the peak heights in Fig. 4.3 is
caused by a variation in the mm-submm power that enters the FPs, due to a
frequency-dependence of the power output of the photomixer source and due to
standing waves between the antennas and the FPs. We determined the Q value
of each peak from a Lorentzian fit (Fig. 4.3e), where the fitting parameter Q
is independent from the peak height. For the next steps in the analysis we
separated the frequency response data into frequency bands centered around
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Figure 4.4: Average loaded quality factor Q versus average mode number n of the Fabry-
Perot resonators (FP1–4) The curves are fits of Eq. (4.1). The vertical error bars represent
the standard deviation (±σ) in Q. The horizontal bars represent the range of mode numbers
used in computing the average.

270, 310, 350, 400, 455, 520 and 600 GHz. We determined the Q and n values
at the center frequencies of each band from the average values computed over
all peaks within each band. We present the average Q versus average n data
in Fig. 4.4.

We determined the Qi from the Q versus n data by fitting the equation:

Q = nQc,1Qi

nQc,1 +Qi
, (4.1)

where Qc = nQc,1 is the FP’s coupling quality factor. Here, the Qc,1 = π/|tc|2,
where tc the transmission coefficient of the FPs’ couplers. The FPs have
identical couplers and therefore share a single Qc,1 (and hence tc) value, which
is obtained together with Qi from the fit (Fig. 4.4) of Eq. (4.1). Finally, from
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[10]

Figure 4.5: The mm-submm tan δ = 1/ (pQi) versus frequency, which we obtained by fitting
Eq. (4.1) to the data in Fig. 4.4. The points represent the measured tan δ values from this
work, and the error bars represent one standard deviation (±σ) uncertainty in tan δ. The
squares show the a-SiC:H losses reported in Ref. [10] (Chapter 3).

the FP resonators’ internal quality factor Qi we obtained the loss tangent
tan δ:

tan δ = (pQi)−1
, (4.2)

where p is the filling fraction of the a-SiC:H, which we determined to be 0.97
in our FPs using the EM-field solver Sonnet [17]. We present the resulting loss
versus frequency data in the 270–600 GHz range in Fig. 4.5. We observe that
the loss increases monotonically with frequency and that it is in agreement
with the loss reported in Ref. [10] (Chapter 3).
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4.4. Mid infrared loss measured by
Fourier-transform spectroscopy

4.4.1. Sample fabrication

To measure the 3–100 THz loss of the a-SiC:H we fabricated three kinds of
a-SiC:H samples for FTS measurements. Sample 1 (S1): A single a-SiC:H
membrane with 2.1 µm thickness and 2 cm × 2 cm surface area, supported
by a 400-µm-thick c-Si frame. Sample 2 (S2): A stack of two units that are
equivalent to S1, as shown in Fig. 4.6b. Sample 3 (S3): A 2.1-µm-thick
a-SiC:H film (not a membrane) on a double side polished c-Si substrate. We
fabricated S1 and S2 from W3 and S3 from W4. The a-SiC:H films that were
fabricated into membranes were deposited on the front side of the substrates,
and were deposited simultaneously with the other a-SiC:H samples that are
described in this work. Separately, we deposited an a-SiC:H layer on the back
side of W3. This back side layer was removed using RIE below the membrane
positions, thereby creating square-shaped etching windows. The membranes
were then created by removing the c-Si substrate using KOH etching from the
back side of the wafer.

4.4.2. Measurement

To obtain the 3–100 THz loss, we measured the FTS transmisison of S1–3 at
room temperature. Furthermore, we measured the FTS transmission of an
additional a-SiC:H membrane at 5 K to investigate if there is a temperature
dependence of the complex dielectric constant, and we observed a fractional
decrease of 1% in the ε

′

r upon cooling. For further details we refer to the
Supplemental Material. The FTS transmission is defined as T ≡ Is/Ibg. The
Is is the measured intensity when the sample is in the path from the source to
the detector (Fig. 4.6a), and Ibg is the measured intensity without a sample
in place. We measured the transmission through S1 and S2 in the ranges of
3–10 THz and 18–30 THz using a BioRad FTS system, at a resolution of 2.0
cm−1 and 0.5 cm−1 for S1 and S2 respectively. In Fig. 4.6a we present a
photograph of S2 inside the BioRad FTS. Here we used a room temperature
deuterated triglycine sulfate (DTGS) detector for frequencies above 4 THz
and a cryogenic bolometer detector for frequencies below 4 THz. The sample
chamber of the BioRad FTS was continously purged with dry air prior to and
during the measurement. Furthermore, we measured the transmission through



4

74
4. Origin of the mm-submm loss

in a-SiC:H

Source

Detector

2.1 μm a-SiC:H membrane
400 μm etched substrate

a)

b)

Figure 4.6: a) Photograph of S2 in the BioRad FTS system. b) Schematic of S2, which
consists of two stacked a-SiC:H membranes.

S3 in the range of 18–100 THz using a Thermo Fischer Nicolet FTS system at
a resolution of 4.0 cm−1, where the sample chamber was continuously purged
with nitrogen prior to and during the measurement.

4.4.3. Results

We determined the 3–100 THz loss by fitting transfer matrix method (TMM)
[18] models to the FTS transmission data of S1–3. The transmission data
and the best-fit transmission curves are presented in Fig. 4.7a and a close-
up of the data in the 3–10 THz range is presented in Fig. 4.8. Here the
complex permittivity ε̂r ≡ ε

′

r + iε
′′

r (and therefore the loss) of the a-SiC:H was
a model parameter which we obtained from the fitting. We combined the FTS
transmission data of S1–3 in a single fitting procedure, where we normalized
the fitting residuals by the number of data points in each data set. In the
case of S3, we measured the bare c-Si substrate prior to the deposition of the
a-SiC:H and we included the substrate properties in the TMM model. We
note that the periodicity in the transmission of S2 (Fig. 4.7a ) is dictated by
the inter-membrane distance.
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Figure 4.7: a) The points show the transmission through the a-SiC:H samples measured
using FTS in the range of 3–100 THz, for S1–3. The solid grey curves show the best-fit
results of TMM models where the ε̂r is parameterized using the MHD dispersion model
(Eq. (4.3)). A close-up of the 3–10 THz range is presented in Fig. 4.8. The plotted data
of S3 was divided by the measured transmission of the bare c-Si substrate to clearly show
the absorption features of the a-SiC:H. b) The real (ε′

r) and imaginary (ε′′
r ) parts of the

complex permittivity ε̂r resulting from the fitting to the transmission data in Fig. 4.7a. The
thin curves show the fitting results in the range of 3-100 THz, and the thick curves show
the ranges where measurement data was available. The annotations identify the modes that
are present in the absorption spectrum, which are detailed in Table H.1 in Appendix H.
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Figure 4.8: The points show the transmission data of S1 and S2. The solid grey curve
shows the best-fit result of the TMM model. The data and fit result are a close-up of the
data presented in Fig. 4.7a.
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Figure 4.9: Loss tangent tan δ versus frequency of the a-SiC:H. The solid grey curve
represents the tan δ which we obtained by fitting the MHD dispersion model to the combined
FTS-measured transmission data (Fig. 4.7a) and FP-measured loss data (Fig. 4.5), as
described in Section 4.5. The purple curve represents the tan δ which we obtained by fitting
the MHD dispersion model (Eq. (4.3)) to only the FTS data (Fig. 4.7a). The blue points
represent the FP-measured loss data from this work (Fig. 4.5). The green points represent
the a-SiC:H loss data reported from Chapter 3 (Ref. [10]). The intersection of the solid
grey curve and the horizontal dashed line illustrates the crossover between the low-power
cryogenic TLS loss and the loss due to vibrational modes.

In the fitting of the TMM models to the transmission data we parameter-
ized the ε̂r of the a-SiC:H using the MHD dispersion model [19, 20]:

ε̂r = ε̂∞ +
M∑

j=1

∆ε̂j · ω2
Tj

ω2
Tj

− ω2 − iωΓ′
j (ω)

, (4.3)
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where the ε̂r consists of a sum of M modes (oscillators). Here, the broadening
Γ′

j equals:

Γ
′

j = Γjexp

−αj

(
ω2

Tj
− ω2

ωΓj

)2
 , (4.4)

where the broadening is purely Lorentzian if αj equals zero, and is an interpo-
lation between Lorentzian and Gaussian if αj is greater than zero [19, 21, 22].
The Γj is the Lorentzian damping coefficient, ωTj is the center frequency of a
mode, and ∆ε̂j is defined as ∆ε̂j ≡ ε̂j − ε̂j+1. The modes are ordered such
that ωTj+1 > ωTj

. The ε̂∞ ≡ ε̂M+1 is the contribution from modes at higher
frequencies.

In Fig. 4.7b we present the ε̂r of the a-SiC:H resulting from the best-
fit parameters, which are listed in Table H.1 in Appendix H. The observed
vibrational modes have previously been reported in literature [23]: The Si–C
stretch absorption band (∼18–30 THz), the Si–CH2–Si wagging mode (∼30–
31 THz), the Si–CH2–Si scissor and bending modes (∼40 THz) and the C–H3
symmetric (∼37 THz) and asymmetric (∼42 THz) bending bands, the Si–Hx

stretch band (∼60–69 THz) and the C–Hx stretch band (∼84–93 THz). The
purple curve of Fig. 4.9 represents the tan δ = ε

′′

r /ε
′

r corresponding to the ε̂r
(purple curve) plotted in Fig. 4.7b.

4.5. Model of dielectric loss from microwave to
mid-infrared

Finally, we examined whether the loss measured with the FPs at 270–600 GHz
and at 20 mK (Fig. 4.5) and the loss measured by FTS in the range of 3–100
THz and at room temperature (fig. 4.7b) can be consistently explained with
a common MHD dispersion model. Here we note that amorphous dielectrics
typically exhibit negligible temperature dependence of the dielectric loss at
infrared wavelengths [24]. We searched for a set of parameters in Eq. (4.3)
using a numerical optimization algorithm that simultaneously minimizes the
differences between (1) the calculated tan δ and the FP-measured tan δ, and
(2) the calculated transmission and the FTS-measured transmission. In the
fitting (Fig. 4.5) we included the FP-measured tan δ values from Ref. [10]
(Chapter 3). The 520 GHz and 600 GHz points in Fig. 4.5 had to be excluded
because they could not be reproduced by our current model. The resulting
best-fit parameter values are listed in Table H.2 in Appendix H. In Fig. 4.9
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we co-plotted the tan δ resulting from the combined fitting to the FTS and FP
measurements (grey curve), and the tan δ corresponding to Fig. 4.7b resulting
from FTS measurements alone (purple curve). Except for the points at 520 and
at 600 GHz (which will be discussed in the next section), the modeled frequency
dependence of tan δ agrees well with both the FP and FTS measurements over
the entire frequency range that was covered.

4.6. Discussion on the origin of the loss in de-
posited dielectrics

Our results show that the absorption tail of vibrational modes located at fre-
quencies above 10 THz can explain the measured losses in the range of 270–455
GHz. Above a frequency of roughly 200 GHz the losses are anticipated to be
dominated by vibrational modes, and below a frequency of roughly 200 GHz
and at cryogenic temperatures and low power the loss is expected to be dom-
inated by TLSs. At 520 GHz and at 600 GHz the on-chip loss data is not
reproducible by the MHD dispersion model with the modes that have been
reported in literature. For an overview of the modes in amorphous and crys-
talline SiC we refer to Refs. [23, 25]. The excess loss at 520 GHz and at
600 GHz is not expected to originate from the bulk of the superconductor
since the NbTiN has an energy gap of roughly 1.1 THz. However, it is pos-
sible that the excess loss is caused by a small fraction of the superconductor
which behaves differently than the bulk of the superconductor [26–28]. We
recommend additional experiments, e.g. using narrow CPW resonators [13],
to clarify this discrepancy between the model and our data at 520 GHz and at
600 GHz. Furthermore, we recommend additional measurements in the ∼0.1–
20 THz frequency range with improved signal-to-noise ratio, e.g. using MKID
detectors, to investigate if additional and relatively weak vibrational modes
[29] which were not included in our model contribute to the mm-submm loss.

Our results pave the way for a thorough understanding of the dielectric
loss in deposited dielectrics from microwave to near-infrared wavelengths. We
emphasize that strong vibrational modes in the 10–30 THz range are present
not only in a-SiC:H, but have also been reported for other commonly used
deposited dielectrics such as a-Si:H [30, 31], SiNx [19] and SiOx [20]. Further-
more, the TLS loss tangent values at cryogenic temperatures and low electric
field strengths tan δTLS reported at microwave frequencies of a-Si:H (∼10−5)
[9, 32, 33], SiNx (∼10−4) [32] and SiOx (∼10−4–10−3) [32, 34] lead us to an-
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ticipate a similar crossover for these materials from loss dominated by TLSs
to loss dominated by vibrational modes.

We note that in our model we have not taken into account a possible loss
contribution from Debye relaxation, since at sub-Kelvin temperatures the De-
bye loss is expected to be negligible due to a very large relaxation time at
these temperatures. Furthermore, the room temperature FTS measurements
were performed at frequencies above 3 THz, and at those frequencies the De-
bye loss is expected to be insignificant in comparison with the loss wings of
the infrared vibrational modes, due to the F−1/2 scaling of the Debye loss
[20, 22]. However, if room temperature FTS measurements are performed at
frequencies below ∼100 GHz the Debye loss could start to become a dominant
loss contribution relative to the loss wings of the infrared vibrational modes,
which scale proportionally to F in the case of a Lorentzian absorption peak
and at frequencies well below the mode’s resonance frequency [35].

4.7. Conclusion

We demonstrated that the dielectric loss of a-SiC:H above 200 GHz is domi-
nated by the absorption tail of vibrational modes which are located at frequen-
cies above 10 THz. Our results pave the way for a thorough understanding
of the dielectric loss in deposited dielectrics from microwave to near infrared
wavelengths, and will be beneficial for mm-submm astronomical instrumenta-
tion. In Chapter 5 we present how the a-SiC:H has been applied in mm-submm
astronomical instruments.
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Chapter 5

Conclusions and outlook

5.1. Conclusions

We demonstrated that the mm-submm loss in deposited dielectrics can be
explained by the absorption tail of infrared vibrational modes which are located
above 10 THz. These results pave the way for a thorough understanding of
the dielectric loss in deposited dielectrics from microwave to near infrared
wavelengths. Furthermore, we found that a-SiC:H has a very low mm-submm
loss tangent of 1.3 × 10−4 at 350 GHz, which makes it a promising low-loss
deposited dielectric for mm-submm superconducting integrated circuits.

Additionally, we performed material characterization of the a-SiC:H and
a-Si:H. From the Raman measurements we observed that the a-Si:H and the
a-SiC:H are fully amorphous. For the a-Si:H we observed that an increase
in the substrate temperature during deposition Tsub results in films with less
hydrogen, less voids, smaller microstructure parameter, less bond-angle dis-
order, and higher refractive index. Even though the structural and compo-
sitional properties at room temperature of the a-Si:H exhibited a monotonic
dependence on Tsub, we did not observe a correlation of the room temperature
properties with the cryogenic microwave tan δ.
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5.2. Applications of the a-SiC:H in on-chip mm-
submm superconducting astronomical instru-
ments

a-SiC:H

Figure 5.1: Photograph of the part of the DESHIMA 2.0 chip with the filter bank and
detectors. The DESHIMA 2.0 chip has seen first light at the ASTE telescope in the Atacama
Desert in 2023. The area of the microstrip filter bank with the a-SiC:H is highlighted by
the white edges.

The a-SiC:H has transmitted light from distant galaxies: The dielectric
was applied in the DESHIMA 2.0 filter bank (Fig. 5.1), which has seen first
light in 2023 at the ASTE telescope in the Atacama Desert. Furthermore, the
upcoming DESHIMA 2.1 design will incorporate the a-SiC:H in a novel type of
filter with increased filter transmission, which was designed by Louis Marting
and will be fabricated by Leon Olde Scholtenhuis, during the course of their
PhD projects.

Furthermore, the a-SiC:H was applied in a novel compact KID (CKID)
design, in the M.Sc. thesis project [2] of Sietse de Boer which was super-
vised within the context of this PhD project. Here, the capacitive part of
the MKID exists of a parallel plate capacitor with a-SiC:H, thereby drasti-
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cally decreasing the detector’s footprint. Although the detectors did not reach
generation-recombination noise limited performance under dark conditions,
the small footprint of this novel detector is promising. Since it was found
that the noise equivalent power (NEP) decreased when decreasing the width
of the inductive, coplanar waveguide (CPW) part of the MKID due to the
relatively large kinetic inductance fraction, it was suggested to use electron
beam lithography to fabricate narrower CPW lines. Furthermore, it was sug-
gested to study the effect of the thickness of the a-SiC:H and of the parallel
plate capacitor area on the noise properties of the detector. Here we note
that recently it has been reported that a-Si:H films deposited by ICPCVD [3],
and evaporated amorphous germanium films [4], have low TLS density and
therefore potentially can be used to fabricate CKIDs with low noise.

Another type of MKID which incorporates a parallel plate capacitor with
a-SiC:H was studied by Kevin Kouwenhoven as part of his PhD project. Here,
the effect of the capacitive area and of the thickness of the a-SiC:H on the loss
and noise properties of the MKID were studied. The capacitive area was varied
by a factor 44 and the a-SiC:H thickness was varied by a factor 4. A thickness
dependence of the microwave loss was found, which can be explained by excess
losses originating from surface layers, which have a relatively large contribution
for thinner dielectrics. However, the frequency noise did not demonstrate this
effect. It was observed that the frequency noise decreased with decreasing
PPC area.

5.3. Impact of the work

The a-SiC:H has the lowest mm-submm losses for deposited dielectrics so far
reported in literature (Fig. 5.2). This means that the a-SiC:H currently is the
most promising deposited dielectric for on-chip filter banks. The low losses
allow for larger filter resolutions (resolving powers) without sacrificing too
much optical efficiency. This enables a wide range of integrated field unit
(IFU) designs with relatively large resolving powers, and therefore the a-SiC:H
is a good building block for the TIFUUN project.

The application of the Maxwell-Helmholtz-Drude dispersion model to ex-
plain the losses in the 0.1–1 THz range is novel in the field of mm-submm
astronomical instrumentation. The model paves the way for a solid under-
standing of the mm-submm loss in deposited dielectrics. This will be beneficial
for the further development of low-loss deposited dielectrics for mm-submm
astronomy.
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Figure 5.2: An overview of the mm-submm wave and microwave cryogenic dielectric loss
tangent data, which had been reported in literature at the start of this PhD project for
various deposited dielectrics. Data sources: (1) Chapter 3 (Ref. [5]), microstrip; (2) Chapter
4 (Ref. [6]), microstrip; (3) Ref. [7], microstrip; (4) Ref. [3], PPC; (5) Ref. [8], PPC; (6):
Ref. [8], CPW; (7) Ref. [8], PPC; (8) Ref. [4], CPW; (9) Ref. [8]; (10) Ref. [9], microstrip;
(11) Ref. [10], CPW; (12) Ref. [8], CPW, thermal SiO2; (13) Ref. [8], CPW, sputtered
SiO2; (14) Ref. [11], microstrip; (15) Ref. [8], CPW; (16): Ref. [12], Tsub = 50◦C; (17):
Ref. [12], Tsub = 225◦C; (18): Ref. [12], Tsub = 425◦C.

5.4. Output of this PhD project

This PhD project has resulted in:

• Three first-authored journal papers.

• Four co-authored journal papers, where the results of this PhD project
were implemented in follow-up experiments or applications.

• Four first-authored contributions to scientific conferences.

• Five co-authored contributions to scientific conferences.
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• Contributions to multiple papers which are currently in preparation in
the context of the lab and on-sky measurements of DESHIMA 2.0 and
DESHIMA 2.1.

• The supervision of a M.Sc. thesis project [2].

• A patent on high-frequency cryogenic applications of a-SiC:H [13].

5.5. Recommendations

We recommend to test the effect of Tsub on the infrared absorption spectrum
and the mm-submm loss of a-SiC:H and a-Si:H. Here we note that we cur-
rently only have mm-submm loss data for a-SiC:H deposited at a relatively
high Tsub of 400◦C and for a-Si:H deposited at a relatively low Tsub of 250◦C.
It is possible that depositing the a-Si:H at higher Tsub will result in decreased
mm-submm loss due to a reduction in hydrogen content and a resulting re-
duction in the intensity of the absorption peak near 640 cm−1. However, it
is impractical that the a-Si:H deposited by PECVD exhibits high stress when
deposited at a Tsub of 350◦C (Section 2.3), in contrast to the a-SiC:H which
exhibits a low stress value (Section 2.3) when deposited at a Tsub of 400◦C.
Therefore, we recommend to investigate if low stress a-Si:H and a-SiC:H films
with low hydrogen content and potentially lower losses can be deposited by
ICPCVD [3]. Furthermore, we recommend to investigate if the a-SiC:H can
be optimized by decreasing the intensity of the Si-C absorption band near 750
cm−1 . This could be achieved by decreasing the Si/C ratio of the a-SiC:H,
for example by decreasing the LF power [1] or by increasing the SiH4/CH4 gas
flow ratio during the deposition. However, it is not yet clear if this would pro-
duce the desired effect since the higher Si/C ratio could lead to an increased
intensity of the Si-Hx absorption band near 19 THz. Additionally, we rec-
ommend to perform measurements on a wider range of deposited dielectrics.
For example, the mm-submm loss values of hydrogen-free amorphous silicon
(carbide) and of amorphous germanium [4] have not yet been measured. In
addition to measuring these other novel dielectrics, we recommend additional
FTS measurements in the 1–20 THz frequency range to investigate if addi-
tional infrared vibrational modes, including phonon modes, are present in the
a-SiC:H and a-Si:H [14]. For increased sensitivity in the FTS measurements
we recommend to investigate if even thicker membranes than 2 µm can be
fabricated.
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Appendix A

Transfer-matrix method

We used the transfer-matrix method (TMM) to model the Fourier-transform
(infrared) spectroscopy transmission through our samples. Furthermore, the
TMM was used for the analysis of the ellipsometry data. The TMM is a
popular method to determine the transmission (or reflection) resulting from
the interaction of an incoming light wave with an arbitrary stack of dielectrics
[1, 2]. The TMM is based on the Fresnel equations:

rs = n1 cos θ1 − n2 cos θ2

n1 cos θ1 + n2 cos θ2
, rp = n2 cos θ1 − n1 cos θ2

n2 cos θ1 + n1 cos θ2

ts = 2n1 cos θ1

n1 cos θ1 + n2 cos θ2
, tp = 2n1 cos θ1

n2 cos θ1 + n1 cos θ2

, (A.1)

where r is the reflection coefficient of the total layer stack, t is the trans-
mission coefficient of the total layer stack, and the subscripts s and t stand
for S-polarized and P-polarized respectively. The θ1 and θ2 are the angles
with respect to the normal of the interface, of the incoming and outgoing
rays respectively. The r and t coefficients are also referred to as the Fresnel
coefficients.

In general there are N layers, including the semi-infinitely thick vacuum
layers on both sides of the FTIR sample. This means that a thin film on a
substrate is modeled with four layers in the TMM, as we show in Fig. A.1.
Here, af,n is the amplitude of the forward traveling wave, and ab,n is the
amplitude of the backward traveling wave, at the interface between the layers
n and n−1, at the side of layer n of the interface. In a typical FTIR experiment
the light enters the sample from only one direction, and the light which is
transmitted through the sample is not reflected back towards the sample. In
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Layer 1

Layer 2

Layer 3

Layer 0 af,0= 1 ab,0= r

af,1 ab,1

af,2 ab,2

af,3= t ab,3= 0

Figure A.1: Schematic of the TMM method for a four-layer stack, as is the case for a
deposited dielectric film on a substrate. Here, layers 0 and 3 are the air inside the sample
chamber.

this case:

af,N−1 ≡ t, ab,N−1 = 0, af,0 ≡ 1, ab,0 ≡ r. (A.2)

The af,n+1 and the ab,n are related to the af,n and ab,n+1 through the Fresnel
coefficients:

af,n+1 =
(
af,ne

iδn
)
tn,n+1 + ab,n+1rn+1,n

ab,ne
−iδn = ab,n+1tn+1,n +

(
af,ne

iδn
)
rn,n+1

, (A.3)

where δn = dnk̂n, with dn the thickness of layer n and k̂n the complex wave
number of the forward traveling wave in layer n, and ri,j and ti,j are the
reflection and transmission coefficients respectively, at the interface of layers i
and j, when traveling in the direction of i to j. If the incoming light is pointed
perfectly normal with respect to the sample interface, the k̂n = 2πn̂

λ , with λ
the wavelength in vacuum and n̂ the complex refractive index:

n̂ = n+ ik, (A.4)

where n is the refractive index and k is the extinction coefficient. We can
write: (

af,n

ab,n

)
= Mn

(
af,n+1
ab,n+1

)
, (A.5)
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where the identities ra,b = −rb,a and ta,btb,a − ra,brb,a = 1 (resulting from Eq.
(A.1)) need to be used. The Mn are defined as:

Mn ≡
(
e−iδn 0

0 eiδn

)(
1 rn,n+1

rn,n+1 1

)
1

tn,n+1
. (A.6)

The transfer matrix M̄ is defined as:(
1
r

)
= M̄

(
t
0

)
, (A.7)

and is given by the equation:

M̄ = 1
t0,1

(
1 r0,1
r0,1 1

)
M1M2 . . .MN−2. (A.8)

Finally the transmission coefficient t and the reflection coefficient r can be
determined from the transfer matrix:

t = 1/M̄0,0, r = M̄1,0/M̄0,0. (A.9)
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Appendix B

FTIR analysis of c-Si substrate

We used the methodology described in Subsection 2.4.1 to measure the n̂ of a
blank c-Si wafer, which came from the same wafer box as the substrates which
were used to fabricate the a-Si:H and a-SiC:H samples described in Section
2.4. This allowed us to model the samples including the substrates using the
transfer-matrix method (TMM), thereby allowing us to isolate substrate and
film data in the subsequent FTIR experiments of Section 2.4. For the c-Si
substrate we assumed a frequency-independent infrared refractive index value
n = 3.42 [1]. In Fig. B.1 we present the measured substrate transmission.

We observed that the measured substrate transmission decreases with in-
creasing frequency. This effect could not be reproduced by our TMM model,
even when a small frequency-dependence [2, 3] of the substrate n would be
included in the model. Therefore, we performed a baseline correction to ac-
count for unknown optical effects which are not included in the model. For this
purpose we fitted a linear slope (red dashed line in Fig. B.1) to the measured
substrate transmission (orange curve in Fig. B.1) in the wavelength range de-
noted by the black vertical dashed lines in Fig. B.1. Since the baseline fit was
only possible in a wavelength range without absorption features, we extrapo-
lated the baseline fit to the frequencies outside the fitting range. Subsequently,
we divided the substrate transmission data (orange curve in Fig. B.1) by the
quotient of the baseline fit (red dashed line in Fig. B.1) and the calculated
substrate transmission (blue line in Fig. B.1, where we used n = 3.42 and
k = 0) to obtain the baseline adjusted substrate measurement data (green
curve in Fig. B.1) which we used for the subsequent analysis of the substrate.

Finally, we determined the substrate’s extinction coefficient k as a function
of wavelength by performing a point-by-point fit of the TMM model to the
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Figure B.1: FTIR transmission of the c-Si substrate. A baseline adjustment was applied to
the transmission data to account for optical effects which are not included in our transfer-
matrix method (TMM) model. Here, the measured transmission was corrected by a linear
slope which was determined within the wavenumber range denoted by the vertical dashed
lines.
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Figure B.2: Extinction coefficient k of the c-Si substrate, determined from a point-by-point
fit of the TMM model to the measured FTIR transmission of the substrate. Based on
literature [1] we assumed a constant infrared refractive n = 3.42 for the c-Si substrate.

baseline-corrected transmission data. The resulting substrate k (presented in
Fig. B.2) together with the substrate n = 3.42 were used in Section 2.4 for
the TMM modeling of the FTIR samples with the deposited dielectrics.
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Appendix C

Additional ellipsometry data

In this appendix we present the ψ and ∆ (Eq. (2.8)) values measured by
ellipsometry for the a-Si:H film deposited with Tsub = 250◦C and for the
a-SiC:H film. The analysis and results are presented in Section 2.6). We
plotted the measurement performed at an angle of incidence θ = 60◦ in the
1–4 eV range (242–967 THz). In addition tot the measurement for θ = 60◦, we
measured at θ values of at 45◦, 55◦, 65◦, 70◦ and 75◦. The data of all θ values
were fitted together in a single fitting procedure. The mean squared errors of
the models to the measured ψ and ∆ for θ values other than 60◦ were similar
to that of θ = 60◦.
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Figure C.1: The measured ψ (red curve) and ∆ (green curve) of the a-Si:H film deposited
with Tsub = 250◦C which we analyzed in Section 2.6, measured at an angle of incidence
θ = 60◦. The black dashed curve represents the model calculation.

Figure C.2: The measured ψ (red curve) and ∆ (green curve) of the a-SiC:H film which we
analyzed in Section 2.6, measured at an angle of incidence θ = 60◦. The black dashed curve
represents the model calculation.



Appendix D

Low-power microwave loss mea-
surement setup design

To measure the microwave loss tangent at very low readout powers, it is neces-
sary to optimize the signal to noise ratio of the measurement setup by adding
low-noise amplifiers (LNAs) at room temperature before the vector network
analyzer (VNA). Furthermore, a variable attenuator (VA) is needed to prevent
the LNAs from reaching the P1dB compression point (with 10 dBm margin)
where the LNA’s become nonlinear. Additionally, a switch can be used to by-
pass some of the LNAs, to prevent subsequent LNAs from reaching the P1dB
compression point when the VA has reached its maximum attenuation. In Fig.
D.1 we show a schematic of the Hydra setup in Delft, which includes the VNA,
the dilution refrigerator and the cabling.

We searched for the optimal configuration for the number of LNAs n1
before the VA, and the number of if LNAs n2 after the VA. Furthermore, since
the VA has a maximum attenuation of 62 dB we checked if it is necessary
to use a switch to bypass the LNAs before the VA when using high VNA
powers, to prevent reaching the P1dB compression point. To compare different
configurations we compared the signal-to-noise ratios (SNRs):

SNR = Psource

kBTN

√
τ

B
, (D.1)

where Psource is the source power, which is equal to the readout power, and
where B is the VNA’s IF bandwidth and τ is the VNAs integration time.
For B we assumed a value of 750 Hz and for 1/τ we assumed a value of
1 kHz. We emphasize that the comparative analysis holds independently of
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Figure D.1: Schematic of the Hydra cryostat in the Cryo Lab in Delft. In addition to the
standard setup, we have added a variable attenuator (VA) and low-noise amplifiers (LNAs)
at room temperature. The variable attenuator can be programmed to change with the
vector network analyzer (VNA) power. In this appendix we describe how the number n1 of
amplifiers before the VA and the number n2 of amplifiers after the VA were determined to
achieve optimal performance. We determined that the optimum equals n1 = 2 and n2 = 2.
Additionally, we checked if it would be beneficial to add a switch to the LNAs before the
VA, so that these amplifiers can be bypassed for higher VNA powers. We concluded that
the switch is not necessary in this setup. In this diagram the orange lines represent CuNi
coax cables, and the brown lines represent Cu coax cables.
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Figure D.2: Comparison of configurations with a total number of 0, 1, or 2 LNAs.

Figure D.3: Comparison of configurations with a total number of 2 or 3 LNAs.

these numbers, since one can choose to compare the total (cascaded) noise
temperature TN. The noise temperature TN of a cascade of n elements, each
with their own noise temperature and gain, can be calculated using the Friis
equation:

TN = TN,1 + TN,2

G1
+ TN,3

G1G2
+ · · · + TN,n

G1G2 · · ·Gn−1
, (D.2)

where TN,i is the noise temperature of element i and where Gi is the gain
of element i. In the situation as drawn in Fig. D.1 the first element is de 1
dB attenuator after the sample, and the last element is the last LNA before
the signal reaches port 2 of the VNA. The effective noise temperature of an
attenuator TN,att can be calculates as:

TN,att = T (L− 1) , (D.3)

where T is the physical temperature of the attenuator and where L is the linear
attenuation factor.

In Fig. D.2 we plotted the comparison of the configurations with a total
number of 0, 1 or 2 LNAs. Out of these three options, the best SNR is achieved
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Figure D.4: Comparison of configurations with a total number of 3 or 4 LNAs.

Figure D.5: Comparison of configurations with a total number of 5 LNAs.

Figure D.6: Comparison of configuration (n1 = 2, n2 = 3) with (n1 = 2, n2 = 2).
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with 2 LNAs. In Fig. D.3 we compared configurations with a total number
of 2 or 3 LNAs. where we concluded that we can achieve a better SNR with
3 LNAs than with 2 LNAs. The (n1 = 3, n2 = 0) configuration is the only
configuration that triggers the switch. In Fig. D.4 we compared configurations
with a total number of 3 or 4 LNAs. We conclude that the best SNR can be
achieved with a total number of 4 LNAs., and here the best configuration is
(n1 = 2, n2 = 2) . In Fig. D.5 we compare the possible configurations with
a total number of 5 LNAs, where we concluded that the (n1 = 2, n2 = 3) is
the best configuration when using 5 LNAs. Finally, in Fig. D.6 we compare
the (n1 = 2, n2 = 3) with the (n1 = 2, n2 = 2) configuration. We note
that the switch is not necessary in both configurations. We conclude that the
(n1 = 2, n2 = 3) configuration provides no benefit over the (n1 = 2, n2 = 2)
configuration, and therefore the optimal configuration is (n1 = 2, n2 = 2).





Appendix E

Internal mm-submm power in
Fabry-Pérot resonators

To rule out that the observed frequency dependence of the mm-submm loss
tangent that is presented in Chapter 3 is a result of the saturation of two-level
systems (TLSs), we determined the correlation between the internal quality
factors Qi of the Fabry-Pérot (FP) resonators and the mm-submm internal
powers Pint,FP circulating inside the FP resonators. TLS saturation would
lead to a positive correlation between Qi and Pint,FP [1].

We determined the Qi of each FP peak as:

1
Qi

= 1
Q

− 1
Qc

, (E.1)

where Q is the loaded quality factor, which we determined from the full-width
at half-maxima of the FP peaks. Qc is the coupling quality factor (accounting
for power leaking out of both couplers), which equals Qc = nQc,1. Here n is
the mode number of the FP peak and Qc,1 = π/|tc|2, with tc the transmission
coefficient of a single coupler [2]. We measured the Qc,1 values at the center
frequencies of each of the four frequency bands, according to the method that
is explained in the main text. The frequency bands are visible in the legend of
Fig. 1. The Qc,1 is frequency dependent and therefore we approximated the
Qc,1 values of the individual peaks by fitting a polynomial to the four measured
Qc,1 values versus frequency f . The Qi versus f for all four FPs combined is
shown in Fig. 1a. Each point represents a single FP peak and the different
colors (and markers) denote the frequency bands that were used in the main
text to partition the data set. We calculated the Pearson correlation coefficient
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for all frequency bands combined. Since the TLS-induced loss tangent has a
power law dependence on power [1], we calculated all correlation coefficients in
this supplemental text on a log-log scale. We observe a correlation (|ρ| > 0.46)
of ln (Qi) with ln (f).

Due to internal losses in the FPs, the circulating internal power Pint,FP of
the FPs is not equal over the length of the resonator [3]. We define Pint,FP as
the power that flows inside the FP in the direction of the microwave kinetic
inductance detector (MKID), at the MKID end of the FP. The Pint,FP is com-
posed of power coming from the mm-submm photomixer source, plus thermal
power Pint,thermal from the 300-K black-body radiation seen by the antenna:
Pint,FP = Pint,source + Pint,thermal. The relation between Pint,FP and the power
PMKID that flows out of the FP towards the MKID is [3]:

Pint,FP = PMKID
Qc,1

π
. (E.2)

We can use Eq. E.2 to determine Pint,source, since the MKID measures the
frequency response relative to the thermal base load and therefore only mea-
sures the power PMKID,source at the MKID that comes from the photomixer
source. We corrected the MKID’s frequency response for stray light by sub-
tracting the frequency response of an MKID which is not connected to an FP
resonator. We find that the MKID frequency responses df0,MKID

f0,MKID
corresponding

to the intensities of the FP peaks approximately have a log-normal distribution
with a geometric mean of 10−5. To estimate the responsivity of our MKIDs
we used a previously performed calibration measurement on similar Al-NbTiN
MKIDs [4], accounting for a factor 0.7 difference in responsivity due to differ-
ences in the Al volume and the kinetic inductance fraction. We estimate that
our MKIDs have a responsivity df0,MKID

f0,MKID
/dP of 1.7×108 (W−1), corresponding

to a geometric mean of PKID,source on the order of 0.1 pW.
In Fig. 1b we show the Qi versus Pint,source. The positive correlation

|ρ| < 0.10 between ln (Qi) and ln (Pint,source), This correlation is significantly
smaller than the observed correlation between ln (Qi) and ln (f).

To determine the thermal power that is incident at the FP, we calculated
the power spectral density (PSD) using a radiation transfer calculation that ac-
counts for the optical efficiency of the full optics stack and for reflections in the
cryostat window. The resulting thermal power incident at the FP Pinc,thermal
is roughly 0.1 pW integrated over a FP peak. On-resonance, the relation be-
tween the power that is incident at the FP resonator Pinc to the Pint,FP is
[3]:
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Pint,FP = Pinc
( π

Qc,1
)e− nπ

Qi

(1 − (1 − π
Qc,1

)e− nπ
Qi )2

. (E.3)

We used Eq. E.3 to calculate the Pint,thermal from the Pinc,thermal. Then
we calculated Pint,FP = Pint,source + Pint,thermal. In Fig. 1c we show the Qi
versus Pint,FP. We find a small and positive correlation coefficient |ρ| < 0.13
between ln (Qi) and ln (Pint,FP). We note that a small positive correlation
between ln (Qi) and ln (Pint,FP) as well as between ln (Qi) and ln (Pint,source)
is expected if the dielectric loss increases with frequency. This is because the
higher frequencies in this experiment correspond with lower powers due to the
400 GHz low-pass filter present in the optical stack.

To conclude, we find a significant negative Pearson correlation coefficient
|ρ| > 0.46 between Qi and f . We rule out that the observed frequency depen-
dence of the mm-submm loss tangent is due to saturation of TLSs, since we
observe a significantly smaller correlation coefficient between Qi and Pint,FP.
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a)

b)

c)

Figure E.1: a) Qi versus f . The title shows the correlation coefficient of ln (Qi) and ln (f). b)
Qi versus Pint,source. The title shows the correlation coefficient of ln (Qi) and ln (Pint,source).
c) Qi versus Pint,FP. The title shows the correlation coefficient of ln (Qi) and ln

(
Pint,FP

)
.



Appendix F

Additional mm-submm quality fac-
tor data and microwave loss data

In this appendix we present the additional measurement data of Chapter 3.
In Fig. F.1 we show the mm-submm Q versus n data of chip 2, which was
fabricated on the same wafer as chip 1. In Fig. F.2 we plot the Qc,1 values of
chips 1 and 2, which we obtained from the fits of Eq. (3.1) to the Q versus n
data. In Fig. F.3 we plot the microwave tan δ versus N data of chip 3, which
was fabricated on the same wafer as chip 1.
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Figure F.1: Loaded quality factor Q versus mode number n of the Fabry-Pérot resonators
(FP1–4) of chip 2. The curves are fits of Eq. 3.1 to the average Q and average n values. The
error bars represent 30 standard errors (±30 SE) in Q and the 1/SE were used as fitting
weights.
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Figure F.2: The FP coupler’s Qc,1 versus frequency for chips 1 and 2, obtained from the fit
of the Q versus n data to Eq. (3.1). The error bars represent one standard deviation (±σ).
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Appendix G

Wide-band Fabry-Pérot design

The Fabry-Pérot (FP) chip which we used to measure the loss of the a-SiC:H
in the 270–385 GHz range (Chapter 3) made use of twin-slot antennas centered
around 350 GHz. To study the origin of the mm-submm loss (Chapter 4) we
aimed for a measurement range of 225–900 GHz. To extend the measurable
frequency range, we replaced the twin-slot antennas by leaky-wave antennas.
In the wide frequency band of 225–900 GHz it is not trivial that the mea-
surement method will work with a single chip design (i.e. that the method
will return the correct Qi values). This is because (1) The FP peaks need to
be wide enough to be measurable using the photomixer source, which has a
minimum frequency resolution of 20 MHz. (2) The peak transmission scales
with Q/Qc and therefore we want the Qc not to be too large in comparison
with Qi to prevent very weak peaks. (3) The peak spacing f0 should be large
enough compared to the FWHM to be able to fit the individual FP peaks. In
the rest of this appendix we elaborate on how these three issues were taken
into account in the design of the FP resonators, and we show the results of a
simulation that we used to validate the design. We note that since the Qc is
dependent on the coupler geometry as well as on the FP resonator lengths, we
first chose a coupler geometry and then determined the FP resonator lengths
that satisfy our design requirements. For the coupler overlap length we chose
22 µm, which is the same length as in previous designs.

(1) The FP peaks need to be wide enough to be measurable using
the photomixer source, which has a minimum frequency resolution
of 20 MHz. The fitted Lorentzian function (which includes a baseline signal
value, for example due to stray light) has four fitting parameters. Therefore we
would theoretically need at least 5 data points to be able to fit this function.
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Figure G.1: Simulated data and fitting in the 776–900 GHz range for FP1–4. In the legend,
Qi,fit refers to the value obtained from the fitting and Qi refers to the value which was
entered into the simulation.
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However, we decided to place a requirement of at least 10 data points above the
noise floor. From previous measurements on Fabry-Pérot chips we estimated
that the noise floor due to stray light is roughly 30 dB below the average peak
intensity. Therefore, we expect that we are unable to measure peaks which are
narrower than 180 MHz at −30 dB. This corresponds to γ = 180/2√

1000−1 = 2.85
MHz, which means that the maximum Q at 225 GHz equals 4 × 104. Based
on previous measurements we estimate the Qi at 225 GHz to be 1.6 × 104.
Therefore, within the frequency band of 225–900 GHz it is expected that the
20 MHz frequency resolution of the photomixer source does not pose a problem
for our measurements.

(2) The peak transmission scales with Q/Qc and therefore we want
the Qc not to be too large in comparison with Qi. We have chosen to
demand that Qc < 9Qi, such that we get at least 10% of the maxium peak
transmission. Based on previous measurements we estimated the Qi of the
a-SiC:H to be 1.4 × 103 at 900 GHz. This means that at 900 GHz we need to
have Qc < 1.3 × 104 and at 225 GHz we need to have Qc < 1.4 × 105 .

(3) The peak spacing f0 should be large enough compared to the
FWHM to be able to fit the individual FP peaks. Fundamentally, the
limit for this is called the Taylor criterion: f0 ≥ FWHM. This concern is only
relevant at the high frequency end of the measurement bandwidth, where the
Qi is expected to be the lowest. Furthermore this concern is only relevant for
FP4 which has the smallest resonator length and therefore the smallest peak
spacing. The Q at 900 GHz will be smaller than the estimated Qi at 900
GHz of 1.4 × 103. Based on Sonnet simulations of the FP coupler we estimate
that Qc,1 = 5 at 900 GHz. Choosing a mode number n = 200 at 900 GHz,
corresponding with a peak spacing of 4.5 GHz, we have a Qc of 1000 at 900
GHz. This corresponds with a Q of 6 × 102 at 900 GHz, and a FWHM of 1.5
GHz. Therefore, in this configuration the Taylor criterion is satisfied, with a
safety margin of a factor 3.

Taking these three design considerations into account, we have chosen a
design where the coupler has an overlap length of 22 µm and where the FP
resonators have lengths of 3.00 mm, 4.50 mm, 6.75 mm and 10.13 mm. This
design satisfies the requirements for Qc and for the peak spacing f0. Finally,
we verified the design by fitting a a simulated dataset. The simulated data was
generated using the ABCD matrix formalism. The S-parameter matrix of the
FP couplers and the transmission line properties were calculated using Sonnet
simulations. We plotted the simulated data in the 772–900 GHz frequency
range in Fig. G.1. Over the entire frequency range of 225–900 GHz we found
that the resulting errors in the fitted Qi,fit were below 8% relative to the Qi
values that we entered into the simulation.





Appendix H

FTS fitting parameters

In this appendix we present the best-fit values for the fitting parameters of
the Maxwell-Helmholtz-Drude (MHD) dispersion model. The measurements,
fitting procedure, and results are described in Chapter 4.

j Vibrational mode ωT,j/2π (THz) ∆ε′

j Γj(THz) αj

1 Si–C stretch 20.7 5.5 ×10−1 4.6 0
2 Si–C stretch 22.8 9.8 ×10−2 1.7 3.8 ×10−2

3 Si–C stretch 23.9 5.8 ×10−2 1.9 0
4 Si–CH2–Si wag 28.3 9.0 ×10−3 1.7 4.2 ×10−1

5 Si–CH2–Si wag 29.8 2.5 ×10−2 1.8 0
6 C–H3 symmetric bend 37.4 5.0 × 10−3 1.5 2.6 × 10−6

7 Si–CH2–Si scissor or symmetric bend 40.3 3.0 × 10−3 1.5 0
8 C–H3 asymmetric bend 42.1 3.0 × 10−3 1.5 0
9 Si–Hx stretch 62.3 2.2 ×10−2 4.0 0
10 C–Hx stretch 87.0 1.1 ×10−2 10.0 0

Table H.1: Best-fit values corresponding to the results in Fig. 4.7b, of the MHD dispersion
model paramaters (Eq. 4.3). The MHD dispersion model was fitted to only the FTS-
measured transmission data (Fig. 4.7a). The ε∞ resulting from the fit equals 6.8. The
values shown in bold were constrained to the listed values to reduce the number of free
fitting parameters.
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j Vibrational mode ωT,j/2π (THz) ∆ε′

j Γj(THz) αj

1 Si–C stretch 19.6 1.9 ×10−1 3.1 0
2 Si–C stretch 22.1 4.8 ×10−1 4.2 1.5 × 10−5

3 Si–C stretch 23.5 3.3 ×10−2 1.2 0
4 Si–CH2–Si wag 28.5 9.3 ×10−3 1.5 5.2 × 10−1

5 Si–CH2–Si wag 29.8 1.6 ×10−2 1.2 0
6 C–H3 symmetric bend 37.4 5.0 × 10−3 1.5 6.2 × 10−7

7 Si–CH2–Si scissor or symmetric bend 40.2 3.0 × 10−3 1.5 0
8 C–H3 asymmetric bend 42.1 3.0 × 10−3 1.5 0
9 Si–Hx stretch 62.3 2.3 ×10−2 4.0 0
10 C–Hx stretch 87.0 1.1 ×10−2 10.0 0

Table H.2: Best-fit values corresponding to the solid grey curve in Fig. 4.9, of the MHD
dispersion model parameters (Eq. 4.3). The MHD dispersion model was fitted to the
combined FTS-measured transmission data (Fig. 4.7a) and the FP-measured loss data (Fig.
4.5). The ε∞ resulting from the fit equals 6.8. The values shown in bold were constrained
to the listed values to reduce the number of free fitting parameters.
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