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This thesis focuses on the development and characterization of superconducting detectors,
known as kinetic inductance detectors (KIDs), for mid- to far-infrared (IR) observatories. KIDs
are a form of cryogenic superconducting detector that are easy to multiplex into large arrays and
offer equal or better sensitivity than other cryogenic detectors [64]. They can detect a range of
wavelengths and are very popular in submillimeter (submm) and millimeter (mm) astronomy. I will
present work on three different KID prototype arrays for the proposed observatories The Balloon
Experiment for Galactic INfrared Science (BEGINS), The Galaxy Evolution Probe (GEP), and
The PRobe far-Infrared Mission for Astrophysics (PRIMA). I will discuss their dark and optical
performance and sensitivities. I will also present the design and characterization of a prototype mid-
to far-IR linear variable filter (LVF), which will define the bandpasses of the detectors for the lower
wavelength ranges of BEGINS and PRIMA. LVFs are filters with bandpasses that vary linearly
along one direction. This work is necessary to increase the technology readiness of lens-coupled

KIDs and LVFs that enable compact instruments for space-based observatories.
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[[.1 Model spectrum of a protoplanetary disk taken from [62]. The mid-IR and submm |

| regions have spectral coverage by JWST’s MIRI instrument and ALMA, respectively. |

| However, there is a lack of coverage in the far-IR region where water molecule emis- |

| sion features may be tfound to help identity the differences between habitable and |

| liteless planets. The proposed observatory, PRIMA, discussed in Sec. [1.3.2] will be |

| capable of resolving these emission features.| . . . . . . . . . ... ... ... 3

1.2 Comparisons between images produced by the Spitzer IRAC instrument and the |

| JWST NIRCam and MIRI instruments [87]. This figure shows the capabilities and |

| 1mportance of observatories with improved technologies such as detectors and optical |

| filters developed throughout the years. Top: Images of the galaxy cluster SMACS |

| J0723.3-7327. Bottom: Images of the planetary nebula NGC 3132 . . . .. ... .. 6

1.3 Cygnus molecular cloud complex centered on the DR 21 high-mass star-forming |

| region imaged at different wavelengths |41]. BEGINS will detect everything within |

| the red contours at 5o with 10 hours of on source observing time.|. . . . . . . . . .. 8

1.4 Left: Conceptual BEGINS gondola with major components labeled. Right: A zoom |

| in of the 50-cm diameter Cassegrain telescope with its surrounding tube and the |

| instrument cryostat. 41, . . .. ..o 10
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Schematic demonstration of multispectral and hyperspectral imaging [1]. In multi-

spectral 1maging many images are collected over the same spatial area at different

wavelengths to produce a discrete spectrum. In hyperspectral imaging, many im-

ages are collected over the same spatial area at different wavelengths to create a

continuous spectrum. The BEGINS instrument will perform both types of imaging.|.

10

16

Left: A schematic showing how a continuous LVF is placed in an imaging optical

system to create a spectral mapper. The LVFE 1s placed directly in front of the

focal plane array. Right: A schematic ot the spectral transmission for the LVF. The

bandpass central wavelength A9 varies continuously and smoothly along the filter

Bl

An illustration of the detection principle [70, I35]. Top Left: When photons with

energy greater than the gap energy of the superconductor (hv > 2A) are absorbed

into the superconductor they can break apart one or more Cooper pairs. Bottom

Left: Equivalent circuit representation of a KID. The upper capacitor is the coupling

capacitor to the transmission line. Top Right: When the KID is probed with a

signal of many frequencies, there will be an absorption feature in the transmission

readout that corresponds to fp of the superconducting resonator (solid line). When

Ly; increases from the absorption of photons and creation ot quasiparticles f, shifts

to lower frequencies and its quality factor degrades (dashed line). Bottom Right:

Depicts how the relative phase of the signal transmitted through the line with respect

to the input signal changes after the KID absorbs photons.| . . . .. .. .. ... ..

R.2

Left: Quarter-wave CPW resonator [57]. Right: The antenna absorbs radiation

that gets transmitted through a superconducting micro-strip. The micro-strip has

gap energy higher than the energy of the photons absorbed so no Cooper pairs will

break. It i1s over laid on a low energy gap superconducting CPW, where the photons

absorbed now have high enough energy to break apart the Cooper pairs [70].| . . . .

21
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2.3 Tmterdigitated capacitor (IDC) KID[93[] . . . . . ... ... ... .. ... ... ... 22

2.4 Left: A single LEKID with the inductive meander as the direct absorber, coupled |

to a transmission line[28|. Right: Cross-sectional view showing how horn-antenna |

directs radiation towards inductor [72]. | . . . . . ... o oL 22
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[2.6 Image of Theta! Orionis B taken by MEC at the Subaru Telescope in 2019 with |

3.1 A diagram displaying the interdependence of parameters that arises when we do |

account for quasiparticle generation due to readout photons and do not assume |

Xgp = 1 to calculate to calculate| . . . ... ... ... ... 000000000 41

[3.2 A diagram displaying the iterative process to calculate ny, for the sensitivity model.| 42

4.1 Top: Equivalent circuit diagram of a superconducting resonator coupled capacitively |

to a feedline. Bottom: Complex transmission, So1, as a function of frequency. f,, is |

the resonance frequency. The dots along the circle represent fixed frequency steps. |

A(wy) and B(w,) are the tangent and perpendicular complex vectors of the resonance |

loop for a fixed generator frequency (w, = 27 f,), respectively. A(w,) is referred to |

as the frequency direction, and B(w,) is referred to as the dissipation direction. |

Figures from Noroozian Thesis, 2012[80[.|. . . . . . . . ... ... ... ... .. ... 45

.2 Left: |S21], for nonlinearity parameter a = 0.0, 0.3, 0.77, 2.0, and 3.0. ap;r = 0.77, |

1s where the resonator is said to have reached bifurcation. Right: Complex plane for |

591 with a = 2.0. The dashed lines represent regions of bifurcation. Figures from |

Siegel Thesis, 2016[94].[. . . . . . . . . .. 48




p.q%

4.3

Block diagram of the single-tone readout system. A signal generator generates a

microwave tone of frequency, f. The signal tone is split in two by a splitter. One

line i1s unchanged and ted mto the LO port ot an I1QQ demodulator. The other line

1s sent through a variable attenuator, into the cryostat to the KID array, amplified

cryogenically, then amplified again outside of the crysotat. This signal id fed to the

RF port of the IQ demodulator. The RF and LO signals are mixed to form I and

(Q wave-torms. The wave-forms are sent through low pass filters, amplified, and sent

to an ADC for data analysis.| . . . . . ... .. .. .. oL oo

Left) Plot of the magnitude, |Sa1| = /I(f)? + Q(f)?, vs. frequency. Right) Plot

of Q(f) vs. I(f). This results in a resonance circle (or IQ loop), where each dot

along the perimeter of the circle represents the tfrequency ot the bandwidth that was

swept across around the resonant frequency, f, (white star). The direction tangent

to the circle (red arrow) is referred to as the frequency (or phase) direction because

the frequency changes in that direction. The direction normal to the circle (green

arrow) is referred to as the dissipation (or amplitude direction) direction because

the radius of the circle is related to the depth of the resonance feature in [So1]. On-

resonance noise stream points (/(¢), Q)(t)) are shown as a gray ellipse around the

TESONANCE.] . . . . . . e e e e e e e e e e e

4.5

Example of on and oft resonance noise P5SDs. The dashed lines are off resonance

and the solid lines are on resonance. Black lines are noise in the frequency (phase)

directions. Orange lines are noise in the dissipation (amplitude) direction. The

detector noise roll off in the frequency direction is marked with a vertical pink line
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Schematic of a BEGINS TiN KID pixel for A= 25 nm. Purple: 50 nm TiN. The

mductor and capacitor base electrodes are comprised ot TiN. Green: 200-300 nm

Niobium (Nb). The capacitor top electrode and coupling feedlines are compromised

of Nb. 150 nm thick amorphous Silicon (aSi) is placed between the capacitor elec-

trodes. 'This design was created by Peter Day and fabricated by Rick Leduc at

B2

Left: Sketch of IDC LEKID. Right: Sketch of PPC LEKID. Both LEKIDs are

designed to have a resonant trequency ot 942 MHz. The PPC allows for the pixel to

be reduced by a factor of 26.[8] . . . . . .. ...

53

Left) FZP ring dimensions and a plot of the expected encircled energy (EE) efficiency.

The light blue regions are the two transparent zones and the orange region is the

gold opaque zone. Right: Numerical integration of the FZP encircled energy (EE)

efficiency for two transparent zones, done by Nicholas Cothard. The EE efficiency

at the inductor radius of 50 pym 1s 0.35.] . . . . . . . . .. oo

B4

BEGINS KIDs prototype array VNA 521 Sweep. The measured ifrequency span

ranged from 189-560 MHz, giving a bandwidth ot 371. The prototype array was ex-

pected to have 192 resonators. However, only 181 resonators were identified, giving a

vield of 94.3%. The standing wave shown across the sweep is likely due to impedance

mismatches between electrical readout components and the roll-off at 300 MHz is

due to a room-temp amplifier.|. . . . . .. .. ...

64

[5.5

Histograms of (), ()., and @); of the BEGINS KID prototype array. (), varies from

1.7 x 10* to 4.3 x 10* and Q. from 2.6 x 10* to 1.2 x 10°. @;, has a more normal

distribution-like shape with an average of 5.9 x 10* +5.4 x 10°| . . . . . . .. .. ..

[5.6

Plot showing that the fit parameters (), and (). are positively correlated.| . . . . . .
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[b.7

Temperature dependence of a resonator at 223.44 MHz from a fabricated BEGINS

TiN KIDs prototype array. The resonator shows the expected response ot shifting

to lower frequencies and decreasing quality factor, as the temperature increases trom

300 mK to 600 mK.| . . ...

(3

Top: The fractional frequency response (x) as a function of bath temperature from

300 mK to 600 mK for four resonators from the BEGINS KID prototype array.

We see an over all shift of ~ 6 x 1072 at 600 mK. Bottom Left: Blue Dots: Frac-

tional frequency response of resonator with f, = 223.4M Hz. Black line: Best fit to

model using minimum y? method. Bottom Right) Ax? contour plots of 1o, 20, 30

uncertainty in the parameters.| . . . . . . . . .. ... 0o

5.9

Cryogenic optical measurement experimental set up. The cryogenic blackbody is

attached to the 4 K stage of our cryostat by four stainless steel legs. It 1s made ot

four Al walls with a 500 pym aperture facing the Fresnel zone plate lenses. Within the

walls 1s a copper tile with a black absorptive material attached facing the aperture.

On the top side of the copper mount is a 100 {2 resistor used to heat the blackbody

with DC wiring. We control the amount of power applied to the resistor using a

python script. The mount is attached to an aluminum frame using G10 struts. The

structure within the aluminum walls was constructed by Nicholas Cothard.| . . . . .

[5.10

The transmission of the filters used in the optical experimental set up. The filters

are made of metal mesh deposited on a polypropylene substrate. Both stacks consist

of four filters that create a bandpass centered at 25 um with a bandwidth from ~

22-28 pm. The four filters are a 25 pm bandpass, 300 icm high-pass filter, 600 icm

low-pass filter and a 1050 icm low-pass filter. |. . . . . . . ... ... ... ... ...




xviii

B.11

CAD drawings of the prototype array package.The prototype array is attached to

the lid of the package (Top), as shown in the cross-sectional view of the package.

The KIDs face the bottom section ot the package. The bottom of the package has a

rectangular inset to ensure the prototype array does not touch the package. There is

a black disk made of metal velvet attached to the bottom of the package. It is used

to absorb stray light and prevent 1t from being reflected back onto the KID array.

The top of the package has a v-shaped opening made to expose the FZP lens array

to the blackbody. The package was designed by Peter and the bottom was modified

to mount 1n our test bed. . . . . ..

5.12

Images of the physical package containing the prototype BEGINS TiN KID array

with the FZP lens array. To ensure stray light would not be reflected into the lenses

black epoxy was placed along the lining of the walls of the opening shown in the top
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513

Histograms of BEGINS TiN KID array responses (df/f) at blackbody temperatures

40 K, 60 K, 80 K, 90 K, and 100 K. Since there are 17/192 KIDs not coupled to a

Fresnel zone plate lens we expect there to be a group of KIDs with low response due

to chip heating, stray light or radiation trapped in the Si substrate. This group is

seen from 60-100 K. The low response group in 80-100 K have the same 12 resonators.| 73

514

Left:A section of the FZP pixel layout. Right: A a histogram showing how many ot

the designed number of resonators that are coupled to FZP lenses have either 2, 3,

4 or 5 neighboring FZP lenses.| . . . . . . . . . . . . . ... .. o

[5.15

Fractional frequency response as a function of power of the low response resonators.

Blue Dots: Data. Red Dashed Line: Linear fit to data. Black Line: Model from Eq.

B.02fit to data . . . . ..
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5.16

Fractional frequency response as a tunction of power ot the mid response resonators.

Blue Dots: Data. Red Dashed Line: Linear fit to data. Black Line: Model from Eq.

[3.52 fit to data. The model labeled x(P), fits the data better when compared to the

| inear modell . . . . . . . . . . 79

|5.17 Fractional frequency response as a function ot power of the High response resonators. |
| Blue Dots: Data. Red Dashed Line: Linear fit to data. Black Line: Model from Eq. |
| [3.52 fit to data. The model labeled x(P), fits the data better when compared to the |
[ Iimear modell . . . . .. 80

5.18

Left: Responsivity as a function of power for all low response resonators. Across all

resonators the low response responsivity varies from ~ 1.1 x 10" — 2.7 x 10" W~".

Midale: Responsivity as a function of power for all mid response resonators. Across

all resonators the mid response responsivity varies from ~ 4.0 x 10" — 6.6 x 10° W1,

Right: Responsivity as a tunction of power for all high response resonators. Across

all resonators the high response responsivity varies from ~ 7.2 x 10" — 1.2 x 10° W='| 80

.19

Responsivity as a function ot power for the mid and high response groups with the

mean of the low response group subtracted out. The mid response group now has a

responsivity ranging from ~ 2.3 x 10" — 5.1 x 10’W ! and the high response ranges

from ~ 5.5 x 10" — 1.1 x 10°W L . . . .

[5.20

P5Ds ot each low response detector as a function ot blackbody temperature from

6 to 100 K. The plots show both the phase (frequency) noise (solid lines) and the

amplitude (dissipation) noise (dashed lines).|. . . . . ... ... ... ... ... ...
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PSDs of each mid response detector as a function of blackbody temperature from

6 to 100 K. The plots show both the phase (frequency) noise (solid lines) and the

amplitude (dissipation) noise (dashed lines).|. . . . . . .. ... ... ... ... ...
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5.22

PSDs of each high detector as a function of blackbody temperature from 6 to 100

K. The plots show both the phase (frequency) noise (solid lines) and the amplitude
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[>.23 All three parameters (Sw n, STLs, Tqp) fits for the low, mid and high response groups |

as a function of temperature. The solid black lines in the first two rows of plots are |

the average white noise and TLS noise levels over all resonators in their corresponding |

response group. Lhe error bars are calculated from the standard deviation of the fits.| 88

15.24 Low Response group S, fits. The dashed line 1s the measured S,,. The solid line is |

the fit using Eq. [5.5, The stars represent where the roll-off 7,, was estimated to be. |
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Chapter 1

Motivation

This thesis focuses on the development and characterization of superconducting detectors,
known as kinetic inductance detectors (KIDs), and optical bandpass filters for mid- to far-infrared
(IR) observatories. In this chapter I will give a brief overview of the mid- to far-IR astronomy
that motivates the development of these detectors and filters, I will present various mid- to far-IR
observatories and their contribution to astronomical science, and I will introduce two proposed
observatories that set the technological requirements for the detectors and filters presented in this

thesis. At the end of the chapter I will discuss the organization of the rest of this thesis.

1.1 Mid- to Far-IR Astronomy

Observations of the mid- and far-IR (~3 pm - 1000 pm) are necessary to explore the origins of
galaxies, stars, and planets that make up the universe. They enable us to study dust-obscured active
galactic nuclei, super massive black hole accretion rates, star formation rates, planet formation, the
history of galaxy growth, the growth of metals over the age of the universe, comets, and asteroids
to name a few [15, 21, [66] [84]. Below I briefly discuss observed mid- and far-IR spectral features
that enable the study of star formation and galaxy evolution and planetary systems.

Star Formation and Galaxy Evolution: Stars are formed by gravitational collapse deep
inside cold molecular gas and dust clouds, which makes them opaque at visible or near-IR wave-
lengths. The radiation from newly formed stars heats the surrounding dust which cools by emitting

radiation in the mid- to far-IR. Studying the re-emitted radiation from dust grains in the interstel-



lar medium (ISM) and intergalactic medium (IGM) helps astronomers learn about the dynamics
behind star formation and active galactic nuclei activity. Spectral features observed in the far-IR
used to trace star formation include emission and absorption of atomic spectral lines such as [O I
63 pm, [N II] 122 pm, [C II] 158 pum, and several hydrogen recombination lines. Among the dust
grains are polycyclic aromatic hydrocarbons (PAHs) which have broad emission bands spanning
3-12 um. PAHs are illuminated by ultra-violet bright stars and can make up to 10% of the total
infrared luminosity in star forming galaxies. These mid- to far-IR measurements are important for
understanding the dominant mechanism that powers the IR emission of galaxies and in addressing
problems such as, why star formation and supermassive black hole accretion peaked at redshifts of
z = 2 to 3 and have declined since then [31].

Planetary Systems: Far-IR continuum observations measure the dynamics and evolution
of protoplanetary disks, which allow us to understand the early formation stages of solar systems
31]. Fig. shows a model of the mid- to far-IR emission of a protoplanetary disk which spans
4-800 pm. There are still a lack of observations in the far-IR of protoplanetary disks where the
water distribution and evolving chemistry can help identify the differences between habitable and
lifeless planets [62]. From far-IR observations astronomers can also characterize the atmospheric
structure and composition of the ice and gas giant planets and their satellites. The future high
priority flagship mission Uranus Orbiter and Probe will study the in situ heat flux of this icy giant’s
atmosphere in seven spectral bands spanning wavelengths from 0.2 to 300 pm [4] [77].

The two general approaches taken for these measurements are photometry/imaging or spec-
troscopy. Photometry is used for measurements that require a spectral resolution of R=3 to 10, this
includes continuum measurements of dust grains. Spectroscopy is required for measurements with
spectral resolution greater than 10%, and is mostly used to characterize molecular and atomic spec-
tral lines. In the following Section I will discuss a few mid- to far-IR observatories with instruments
capable of making these measurements and two proposed observatories that I have contributed to

with my dissertation research.
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Figure 1.1: Model spectrum of a protoplanetary disk taken from [62]. The mid-IR and submm
regions have spectral coverage by JWST’s MIRI instrument and ALMA, respectively. However,
there is a lack of coverage in the far-IR region where water molecule emission features may be found
to help identify the differences between habitable and lifeless planets. The proposed observatory,
PRIMA, discussed in Sec. will be capable of resolving these emission features.



1.2 Past and Current Mid- to Far-IR Observatories

In this section I discuss past and current mid- to far-IR observatories and their contribution
to astronomy and will put in context the space observatories discussed in Sec.

The requirements for mid- to far-IR observatories are that they be cooled to cryogenic tem-
peratures and be placed at high elevation or in space. They must be cooled so that the thermal
radiation from the instrument does not dominate the instrument noise. They must be at high
elevation due to Earth’s atmosphere which absorbs infrared wavelength emission. The first space
observatory to observe IR wavelengths was the Infrared Astronomical Satellite (IRAS) [79]. IRAS
was a space telescope launched on Jan. 25, 1983. It mapped 96% of the sky at 12, 25, 60 and
100 pm and discovered over 250,000 IR sources. Since then many other IR observatories have been
launched. The Infrared Space Observatory (ISO) was launched in 1995 to study IR wavelengths
from 2.5 to 240 pm [53]. It was one of the observatories that confirmed radiation from dust was
absorbed and re-emitted in the IR. Below I discuss a few more of these observatories and their
contributions to astronomy.

Atacama Large Millimeter/Submillimeter Array (ALMA): ALMA is a ground-based
radio telescope array in the Atacama Desert in Chile. It observes wavelengths from 300 ym to 8.5
mm with 66 dish antennae operated interferometrically [I07]. The individual antennas can be
arranged in different configurations depending on the desired spectral resolution and sensitivity of
the observation. This has allowed for many ground breaking discoveries. However, due to Earth’s
atmosphere ALMA is blind to far-IR spectral lines necessary for measuring star formation between
redshifts of 0.5 < z < 3.

Herschel: Herschel was a space observatory that operated at the second Lagrange point (Lg)
of the Earth-Sun system from 2009 to 2013. It had a 3.5-m passively-cooled mirror and observed
from 60 pm to 670 pum with three different instruments, the Photodetector Array Camera and
Spectrometer (PACS) which had an imaging photometer and an integral field spectrometer, the

Heterodyne Instrument for the Far Infrared (HIFI) which was a heterodyne spectrometer, and the



Spectral and Photometric Imaging REceiver (SPIRE) [86]. These instruments enabled advances in
many disciplines from the study of comets to the study of gas in nearby galaxies.

Spitzer Space Telescope: Spitzer was a space observatory in operation from 2003-2020
and was the ISO’s successor. It featured a cooled 85-cm primary mirror with three instruments
including imagers and spectrometers. The Infrared Array Camera (IRAC) was an imaging camera
for four bands at 3.6 pm, 4.5 pm, 5.8 um and 8 pum [32]. The Multiband Imaging Photometer for
Spitzer (MIPS) (made for longer wavelengths) imaged in three bands at 24 pm, 70 pm and 160 pm
[103]. The Infrared Spectrograph (IRS), contained four separate slit spectrometers that combined
to observe the 5.3 - 38 pum band [46]. With these instruments Spitzer was able to resolve dusty
galaxies from the cosmic infrared background and measure star formation to z > 3 [34].

James Webb Space Telescope (JWST): JWST is a space observatory that operates at
Ly and launched in December 2021. JWST, is the newest IR observatory with several innovative
technologies developed to make groundbreaking observations in the near and mid-IR [I4]. It has a
segmented primary mirror with an active area of 6.6 m. The mirror and all instruments are cooled
to 50 K. The Near InfraRed Camera (NIRCam), Near Infrared Spectrograph (NIRSpec), and
Near InfraRed Imager and Slitless Spectrograph (NIRISS) are three of the instruments designed
for imaging and spectroscopy from 0.6 ym to 5 pm. The fourth instrument, the Mid-InfraRed
Instrument (MIRI), has an imager and spectrometer designed for detection from 5 pm to 28.3 pm.
The first images from JWST were released in July 2022 and revealed the capability of its four
instruments to produce quality science and sharp and detailed images (Fig. [1.2) [87]. Since then
there have been more discoveries such as the first evidence of CO2 on an exoplanet to detection of
galaxies used to produce a new measurement of the evolving galaxy UV luminosity function from
redshifts of z = 8 — 15 [2, 26]. Although JWST allows us to peer deeper into the universe, it is
not capable of far-IR observations which could improve the measurements of dust properties as a

function of their environment.
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Figure 1.2: Comparisons between images produced by the Spitzer IRAC instrument and the JWST
NIRCam and MIRI instruments [87]. This figure shows the capabilities and importance of obser-
vatories with improved technologies such as detectors and optical filters developed throughout the
years. Top: Images of the galaxy cluster SMACS J0723.3-7327. Bottom: Images of the planetary
nebula NGC 3132.

1.3 Proposed Future Mid- to Far-IR Observatories

In this section I discuss two proposed observatories that will add to and complement the
mid- to far-IR astronomical science and discoveries that have been made with the observatories
discussed above. The following observatories motivate the research I have performed and discuss

later in this thesis.



1.3.1 Balloon Experiment for Galactic INfrared Science

The Balloon Experiment for Galactic INfrared Science (BEGINS) is a proposed sub-orbital
observatory that is currently in development. BEGINS’ science goal is to map the spectral energy
distributions (SEDs) of interstellar dust in the vicinity of high-mass stars to measure electromag-
netic radiation fields and dust properties in a variety of environments. SEDs trace the energy
emitted by a source as a function of wavelength.

BEGINS will operate from 25 pum to 250 um to map SEDs of the Cygnus molecular cloud
complex centered on the DR 21 high-mass star-forming region. Fig. shows the section of the
Cygnus complex that will be observed. BEGINS will detect everything within the red contours,
shown in the left image. These measurements are necessary because we currently lack observatories
with the capabilities to confirm theoretical work on the predicted shapes of mid-IR SEDs, which
are constructed on the assumed optical properties of dust grains in the ISM [29, B30, 49, [67]. These
predicted mid-IR SED shapes show that they depend strongly on the distribution of dust grain
composition and size and the illuminating radiation field. The 25 ym to 60 pym range is a unique
window into both the dust grain size distribution and the radiation field intensity. Therefore,
BEGINS has the capability of filling the gaps needed to confirm the shapes of mid-IR SEDs.
BEGINS SED maps will also have sufficient spectral resolving power to measure and for the first
time constrain the radiation field intensity, relative abundances of single- vs. multi-photon heated
PAHs, and dust column density along many lines of sight. The longer wavelength bands were
chosen to match Herschel’s Photoconductor Array Camera and Spectrometer (70, 100, and 160
pum) and Spectral and Photometric Imaging Receiver (250 pm).

BEGINS’ goals are to answer the following science questions [41]:

e Do the best current models of dust emission correctly predict the shape of the observed

dust SEDs?

e How do high mass stars heat their surroundings?



e How does the dust grain size distribution change near high mass stars?

e What are the best broadband predictors of infrared luminosity?
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Figure 1.3: Cygnus molecular cloud complex centered on the DR 21 high-mass star-forming region
imaged at different wavelengths [41]. BEGINS will detect everything within the red contours at 5o
with 10 hours of on source observing time.

1.3.1.1 BEGINS Telescope, Instrument, and Sensitivities

BEGINS will use a lightweight all-aluminum 0.5-m diameter Cassegrain telescope with a
small ellipsoidal tertiary mirror in the instrument cryostat. Fig. shows an image of the com-
plete cryostat payload and a schematic of the telescope and instrument cross-section. BEGINS’
instrument will be cooled to 300 mK and perform measurements through hyperspectral imaging
from 25 pm to 65 pum with a lower limit resolving power of R=7.5 and target R=10. Resolving
powers were determined through simulations that identified at R>7.5 we can separate the effects
of dust grain size and radiation field intensity from 25 um to 65 pgm. Multispectral imaging will
be used for wavebands centered at 70, 100, 160, and 250 pm with R = 3-6. Simulations indicated
that at the longer wavebands R = 3-6 was sufficient enough for constraining dust properties. In hy-
perspectral imaging, many images are collected over the same spatial area at different wavelengths
to create a continuous spectrum. Multispectral imaging is similar but rather than a continuous

spectrum a discrete spectrum is constructed (Fig. [1.5)). Spectral imaging will be achieved with the



use of linear variable filters (LVFs) at the focal plane to define the bandpasses for the detectors
(Fig. . LVFs are filters with bandpasses that vary linearly along their length. Our bandpasses
will be defined by using metal-mesh bandpass filters which are comprised of thin film gold with
cross-shaped apertures of varying sizes along the length of a silicon (Si) substrate. The filters will
be anti-reflection (AR) coated on the bare Si side and metal-mesh side. Metal-mesh filters were
chosen because they are compact and have a simple fabrication process. Mid-IR metal-mesh LVF's
are a novel design and are a significant part of my dissertation research. They are discussed in
further detail in Ch. Bl

The BEGINS detector sensitivity will be limited by the photon noise from the thermal emis-
sion of the telescope. The sensitivity is determined by the instrument’s detector noise equivalent
power (NEP). The optical NEP is defined as the optical power incident on the detector required
to produce an output power equal to the noise output power when the optical signal is absent.
Detector NEPs are discussed in greater detail in Sec. [3.3] At the focal plane of the instruments
the optical NEP requirements range from 2 x 10716 W/v/Hz to 6 x 10~17 W/+/Hz from 25-250 pm,
respectively. These sensitivity requirements will be met by utilizing arrays of 1,840 lens-coupled
kinetic inductance detectors (KIDs). Characterizing and measuring the response of KIDs was the
bulk of my dissertation research. They will be properly introduced and discussed in detail in the
following chapters. I will describe in detail the design of BEGINS KIDs and the characterization

of a 25 um prototype KID array in Ch. 5
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Figure 1.4: Left: Conceptual BEGINS gondola with major components labeled. Right: A zoom in
of the 50-cm diameter Cassegrain telescope with its surrounding tube and the instrument cryostat.
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Figure 1.5: Schematic demonstration of multispectral and hyperspectral imaging [I]. In multi-
spectral imaging many images are collected over the same spatial area at different wavelengths to
produce a discrete spectrum. In hyperspectral imaging, many images are collected over the same
spatial area at different wavelengths to create a continuous spectrum. The BEGINS instrument

will perform both types of imaging.
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Figure 1.6: Left: A schematic showing how a continuous LVF is placed in an imaging optical system
to create a spectral mapper. The LVF is placed directly in front of the focal plane array. Right:
A schematic of the spectral transmission for the LVF. The bandpass central wavelength Ag varies
continuously and smoothly along the filter length.[41]

1.3.1.2 BEGINS: Why Do We Need It?

BEGINS will demonstrate new technology to fill gaps in the current understanding of mid- to
far-IR astronomy. BEGINS will be the first observatory to demonstrate a compact instrument with
mid-IR LVFs and lens-coupled KIDs at the focal plane, and is important to advance technologies
for future mid- to far-IR sub-orbital and orbital observatories that require sensitive detectors and
cost efficient solutions. For example, the Origins Space Telescope (OST) is a 2030s Flagship mission
concept that also requires large arrays of mid- and far-IR detectors to address science questions
like what physical processes have governed galaxy evolution over cosmic time [31], 43, [61]. The
PRobe far-Infrared Mission for Astrophysics (PRIMA) is a promising concept for a probe-class
space observatory that will also utilize LVFs and lens-coupled KIDs. Since I contributed to the
characterization of KIDs for PRIMA it is discussed in further detail in the following subsection,
Sec. BEGINS is made possible through the efforts of NASA’s Goddard Space Flight Center

and Jet Propulsion Laboratory (JPL).

1.3.2 PRobe far-Infrared Mission for Astrophysics

NASA’s 2020 Astrophysics Decadal Survey, which identifies scientific priorities, opportunities,

and funding recommendations for the next 10 years of astronomy and astrophysics, recommended
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Astrophysics Probe missions. Probe missions are medium-sized missions that range within a budget
of $400 million to $1 billion. The competition for probe missions will be between an X-ray probe
or far-IR probe. PRIMA is a far-IR probe mission concept that will address the call for probe-class
missions and is led by my advisor, Jason Glenn. It is currently under development with joint efforts
between GSFC, JPL, and Caltech. At the time of this writing, a proposal is being submitted for
PRIMA funding. I will briefly discuss PRIMA’s science goals, telescope, instruments and sensitivity
requirements.

PRIMA will operate in the wavelength range from 24 pym to 264 pum and fill the gap of
wavelength coverage between ALMA and JWST. It has ambitious science goals with the hope to

be an observatory for the whole astronomy community. Listed below are PRIMA’s science goalsﬂ :

e Measure the growth of galaxies and black holes over cosmic time. PRIMA’s instruments
will have the capability to penetrate dust to access spectral features that uniquely measure

star formation and black hole accretion in a large samples of galaxies across cosmic time.

e Measure the absolute and relative abundances of heavy elements deep in the hearts of

galaxies.

e Study cosmic ecosystems. PRIMA’s sensitivity to the physical conditions of the gas and

dust in and around galaxies will unlock the dynamics of the galactic baryon cycle.

e Map magnetic fields in the Magellanic clouds and other nearby galaxies. This is important

because magnetic fields are believed to affect star formation and galaxy evolution.

e For the first time reveal the dominant stellar accretion modes from low- to high-mass stars.

This will help constrain star formation theory.

e Study the atmosphere of exoplanets and brown dwarfs to understand their formation and

evolution.

! https://prima.ipac.caltech.edu/page/science


https://prima.ipac.caltech.edu/page/science
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e Measure the complete spectra of hundreds to thousands of planet-forming disks, to test

theories of planet formation.

e Contribute to the discovery of the origins of Earth’s water. This will be done through

spectroscopy of comets and asteroids.

e New discovery potential. PRIMA is designed to maximize sensitivity and efficiency that

will measure the poorly explored far-IR spectral band.

1.3.2.1 PRIMA Telescope, Instrument, and Sensitivities

PRIMA’s telescope will be a 2.0-m all-aluminum on-axis telescope cooled to 4.5 K. Mea-
surments to achieve the science goals listed above will be made possible by two different instru-
ments, PRIMAger, the PRIMA imaging instrument, and the Far-IR Enhanced Survey Spectrometer
(FIRESS). PRIMAger will cover 7 different wavebands. It will provide hyperspectral imaging for
the first two bands covering wavelengths from 25-80 pum using a total of 12 continuous LVFs with
R=10. At longer wavelengths there will be four polarization-sensitive bands centered at 96, 126,
172, and 235 pm using four broadband filters with R=4. FIRESS will operate between 24 pm to
240 pm. It will consist of two spectrometers one for low spectral resolution mode and the other
for high spectral resolution mode. The low resolution mode will have an R~130 across the entire
wavelength range. The high resolution mode will have a tunable spectral resolution with a max
R=17,0000 at 24 ym and R=4,400 at 112 pm.

PRIMA’s sensitivity requirements will be limited by photon noise from the emission of as-
tronomical sources such as zodiacal light, galactic dust emission, and the cosmic microwave back-
ground. Due to this PRIMA requires detectors with a low sensitivity and NEPs on the order of
2.5 x 10719 W/v/Hz. These sensitivities will be met by utilizing arrays of lens-coupled KIDs. I will
describe in detail the design of PRIMA KIDs and the characterization of a 25 um prototype KID

array in Ch.
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14 Thesis Organization

This thesis is organized as follows: In Ch. [2]I will give a brief overview of KIDs. I will discuss
the superconducting phenomena that makes it possible to use them as detectors, their detection
method, and discuss their demonstration in different observatories. Then I will present the physics
governing KIDs and present two models for the response of KIDs in the case of thermally generated
quasiparticles and optically generated quasiparticles. This section presents a new responsivity
model for optically generated quasiparticles that was developed with the help of Steven Hailey-
Dunsheath (Model 2 in Sec. . I will also present a sensitivity model for the theoretical NEPs
of KIDs and an iterator I developed to predict the theoretical NEPs. In Ch. [4] I discuss the KID
readout methods used to gather data and analysis techniques. In Ch. [5] I present the design for
a BEGINS KIDs prototype array, the optical coupling scheme, and the experimental set up for
optical measurements. I also discuss the results of dark measurements and optical measurements
to characterize the array. Dark measurements were performed at JPL by Byeong Ho Eom and
Peter day and I performed optical measurements and data analysis. In Ch. [6]I present the Galaxy
Evolution Probe (GEP) which was a predecessor to PRIMA that would have observed down to 10
pm. I discuss the design and dark measurements of a KID array designed for detection at 10 pum.
I performed electromagnetic simulations to determine the absorption of the KID inductor. Dark
measurements were performed at JPL and I performed the data analysis. In Ch. [7]I present the
design for a PRIMA KIDs prototype array and the optical coupling scheme. I also discuss the results
of dark measurements and optical measurements to characterize the array. The analysis for the
characterization of this array was made with joint efforts between CalTech, JPL, and GSFC. Optical
measurements were performed at JPL and I performed the data analysis. Dark measurements and
their data analysis was performed at Caltech. In Ch. [§ I introduce the type of bandpass filter
used for the LVF. I present how I modeled the filters through electromagnetic simulations and
another model I developed using transmission line theory. I also discuss the results of transmission

measurements made on a 44 pum bandpass filter and a BEGINS prototype LVF. Finally in Ch. [0 I



summarize the research presented in this thesis and discuss the future work.
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Chapter 2

Kinetic Inductance Detectors Concept & Background

Cryogenic detectors are used to detect elementary particles such as photons. They operate
at temperatures near absolute zero in order to minimize thermal noise. They can also be fabricated
into large arrays which provide a larger field of view and faster mapping speed. However, fabricating
large arrays and the readout scheme for a large number of detectors can be challenging. For example,
transition edge sensors (TESs) are a form of cryogenic detector which have been used for cosmic
microwave background detectors for over 15 years, but due to their many-layered fabrication process
and complex multiplexed readout they are costly to implement in large arrays [64]. KIDs are a
form of cryogenic superconductor detector that overcome these challenges because they are easy
to multiplex into large arrays and offer equal or better sensitivity than other cryogenic detectors
[64]. They can detect a range of wavelengths and are very popular in submillimeter (submm) and
millimeter (mm) astronomy. The concept of KIDs was first proposed by Jonas Zmuidzinas et al. at
the 9th Low Temperature Detectors Workshop [109] and their proof-of-concept with experimental
measurements was first published in Nature by Peter Day et al.[20]

In this chapter I will give a brief introduction to KIDs. I will discuss superconductivity and
kinetic inductance, the detection concept of KIDs, various KID designs, and successful demonstra-

tions of KIDs in observational astronomy.
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2.1 Superconductivity & Kinetic Inductance

Normally electrons behave as free particles in metals and repel each other. At temperatures
near absolute zero the thermal vibrations of the lattice decrease making it easier for electrons
to flow through the metal. Metals that exhibit superconductivity have zero electrical resistance
when cooled below their critical temperature, T,.. This phenomenon can be explained through the
electron-phonon interaction. At temperatures below T, the electrons attract the positive ions that
make up the lattice of the metal. The attraction causes the ions to move towards the electron
and increases the positive charge density in the vicinity which then attracts another electron. The
displaced ions allow the electrons to overcome their repulsion and pair up with a binding energy
of 2A = 3.52kpT., where A is the superconducting energy gap [56]. This electron pair is called a
Cooper pair. While there is nearly zero electrical resistance for direct current in superconductors,
there exists a non-zero impedance for alternating current. The superconductor will have a complex

surface impedance expressed as

Zs = Ry + jwLs, (2.1)

where Ry is the surface resistance, w is the angular frequency, and Lg is the inductance. At
temperatures much lower than 7, the surface impedance becomes almost purely inductive. The
surface inductance contributes a kinetic inductance Ly; which arises from the inertia of the Cooper
pairs in addition to the magnetic inductance L,,.

The kinetic inductance effect occurs when an alternating current is applied to superconductors
and the Cooper pairs resist the change of motion. In order for them to change the direction of
the effective current flow, kinetic energy is extracted from the Cooper pairs when the alternating
current changes sign. This results in a dissipation that is refereed to as kinetic inductance. An

expression for Ly; can be derived by equating the kinetic energy of the Cooper pairs in a material
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to the inductive energy of the circuit and is given by

me

Lki = 7’LA2(]2,

(2.2)

where m, is the mass of the Cooper pairs, n is the density of the Cooper pairs (number per unit
volume), A is the cross-sectional area of the superconducting material, and ¢ is the Cooper pair
charge [7]. This conceptually and simply explains how kinetic inductance arises in a superconduct-
ing material. Sec. formally introduces the Mattis-Bardeen theory which describes the response
of a superconductor to an applied AC electromagnetic field [69]. It can be used to determine
the relationship between the quasiparticle density of a superconducting thin film and its surface

impedance.

2.2 KID Detection Method

KIDs utilize the AC properties of superconductors to detect photons. When photons with
energy greater than the gap energy of the superconductor (hv > 2A) are absorbed into the super-
conductor they can break apart one or more Cooper pairs (Fig. Top Left). When the Cooper
pairs break apart they create excess quasiparticles (two individual electrons) which increases the
kinetic inductance. The magnetic inductance stays the same, since it is defined by the geometry
of the superconducting material. This leads to an overall change in the surface impedance of the
superconductor. After a time 7,4, the quasiparticles recombine into Cooper pairs and the surface
inductance returns to its original state. By placing the superconducting material in a resonant
circuit the changes in the surface impedance can be detected (Fig. Bottom Left). Therefore,

KIDs are superconducting micro-resonators with resonant frequency f, = where L is the

1
2mV/LC’
total inductance of the resonator and C is the capacitance.

KIDs are made by depositing superconducting thin film on a substrate. The microresonator

is patterned out of the thin film and capacitively coupled to a transmission line. When the KID

is probed with a signal of many frequencies there will be an absorption feature in the transmission
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readout that corresponds to f, of the superconducting resonator. When Lj; increases from the
absorption of photons and creation of quasiparticles f, shifts to lower frequencies and its quality
factor degrades (Fig. Top Right). Large arrays of KIDs can easily be constructed by coupling
resonators to the same transmission line which can easily be readout with room temperature elec-
tronics. They are easy to multiplex, because each KID in the array can be tuned to a specific
frequency to map out large frequency domains. This is how KIDs can be used to detect incident

radiation from astronomical sources of interest.

IEN

hv

Power (dB)

T T T ‘ T T T

~
x
Phase

Figure 2.1: An illustration of the detection principle [70), B5]. Top Left: When photons with energy
greater than the gap energy of the superconductor (hv > 2A) are absorbed into the superconductor
they can break apart one or more Cooper pairs. Bottom Left: Equivalent circuit representation
of a KID. The upper capacitor is the coupling capacitor to the transmission line. Top Right:
When the KID is probed with a signal of many frequencies, there will be an absorption feature
in the transmission readout that corresponds to fy of the superconducting resonator (solid line).
When Lyg; increases from the absorption of photons and creation of quasiparticles f, shifts to lower
frequencies and its quality factor degrades (dashed line). Bottom Right: Depicts how the relative
phase of the signal transmitted through the line with respect to the input signal changes after the
KID absorbs photons.



20

2.3 KID Designs

KID resonator designs have evolved since their invention as a sensitive photon detector for
observational astronomy. The first thorough study of KIDs for photon detection involved quarter-
wave co-planar waveguide resonators (CPW KID) [20]. To improve frequency noise in CPW KIDs
the interdigitated capacitor (IDC KID) was proposed [8I]. To improve coupling of radiation to
the resonator the lumped element resonator (LEKID) was proposed [27, 57]. The proceeding

subsections will go further into detail on CPW KIDs, IDC KIDs, and LEKIDs.

2.3.1 CPW KIDs

Quarter-wave CPW resonators were an attractive design because they have a simple lay-
out. Coupling to the readout transmission line is easy to accomplish with an elbow coupler (Fig.
Left). The length of the resonator coupler (L.) and distance from the transmissions feedline
determine the coupling strength to the transmission feedline [03]. An antenna is used to absorb
incoming radiation which is guided through a superconducting micro-strip to the center strip of the
quarter-wave resonator, which allows detection of radiation (Fig. Right) [70]. This detection
concept was implemented in DemoCam a sub-millimeter demonstration camera which took maps
of Jupiter, Saturn, and G34.3 at the CSO. The device consisted of 32 CPW resonators with fre-
quencies ranging from 6.5-6.81 GHz with a gap of 10 MHz between any two consecutive resonators
[57, [71]. In DemoCam and previous studies CPW KIDs showed an unexplained excess frequency
noise that was not due to photon noise or quasiparticle recombination [20, 57, [70]. It was discovered
that the excess frequency noise came from two level system (TLS) noise[81]. TLS noise is discussed

in further detail in Sec. [3.3.4]
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Figure 2.2: Left: Quarter-wave CPW resonator [57]. Right: The antenna absorbs radiation that
gets transmitted through a superconducting micro-strip. The micro-strip has gap energy higher
than the energy of the photons absorbed so no Cooper pairs will break. It is over laid on a low
energy gap superconducting CPW, where the photons absorbed now have high enough energy to

break apart the Cooper pairs [70)].

2.3.2 IDC KIDs

IDC KIDs were studied to show that the TLS noise found in CPW KIDs was generated in
the capacitive portion (elbow coupler) of the resonator [8I]. The initial design was a combination
of a lumped-element and quarter-wave CPW resonator. The inductive portion consist of a CPW
but instead of an elbow coupler to the feedline there is an interdigitated capacitor (Fig. [93].
Noroozian et al. showed that by incorporating an IDC, the TLS noise decreased by a factor of
~29 [81]. The decrease in noise made IDC KIDs a promising alternative. A drawback to IDCs is
they increase the pixel size of the KID and take up most of the focal plane area of an instrument
in order to keep the IDCs within the MHz to low GHz range for readout electronics. This limits
the number of pixels on an instrument which limits its resolution. In Sec. we introduce a KID

design with a parallel plate capacitor as an alternative that allows for smaller pixels.
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Figure 2.3: Interdigitated capacitor (IDC) KID[93].

2.3.3 LEKIDs

LEKIDs were first purposed by Simon Doyle in 2008 to create a sensitive KID for shorter
wavelengths [27]. They consist of an inductive meander in series with a capacitor that is coupled
to a feedline (Fig. Left) [28]. The benefit of this design is the inductive portion of the resonator
can be used as a radiation absorber that is matched to free-space. This approach eliminates the
need for an antenna to couple radiation to the resonator. Radiation can be coupled to the inductor

by using a horn-antenna or microlens to back-illuminate the inductor through the substrate (Fig.

Right) [72].
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Figure 2.4: Left: A single LEKID with the inductive meander as the direct absorber, coupled to
a transmission line[28]. Right: Cross-sectional view showing how horn-antenna directs radiation
towards inductor [72].
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24 Demonstration of KIDs in Observational Astronomy

KIDs have already been demonstrated in observatories. DemoCam successfully used KIDs to
image Jupiter, Saturn, and G3.3 at the Caltech Submillimeter Observatory (CSO) [57]. In 2010,
The N’eel IRAM KID Array (NIKA) at the 30-meter Institute for Millimetric Radio Astronomy
(IRAM) telescope, produced images of Mars, quasar 3C345, radio star MWC349, and galaxy M19
[76]. In 2013, The Multiwavelength Submillimeter Kinetic Inductance Camera (MUSIC) at the
CSO produced images of molecular cloud W51 in 4 different bands (Fig. [92].

More recent observatories utilizing KIDs as their detector technology are OLIMPqH , the
Subaru Telescope, the Balloon-Borne Large-Aperture Sub-millimeter Telescope-The Next Gener-
ation (BLAST—TNG)H , and the Large Millimeter Telescope (LMT). OLIMPO’s instrument has
four arrays of KIDs working in the 150, 200, 350, 480 GHz bands to measure the spectrum of the
Sunyaev—Zel’dovich effect for a number of galaxy clusters [82]. BLAST-TNG is the first suborbital
balloon to demonstrate KIDs. It’s instrument has three KID arrays sensitive to both polarizations
for detection of 250, 350, and 500 pm wavelengths [63]. The LMT will use the TolTECH camera to
study the polarization of the cosmic microwave background (CMB). TolTECH consist of arrays of
KIDs for three different bands centered at 2 mm, 1.4 mm, and 1.1 mmE| . Finally, another example
is the the MKID Exoplanet Camera (MEC) located at the Subaru Telescope which was designed to
produce high contrast imaging in the near-IR band to find and characterize exoplanets. MEC has
the largest superconducting detector array in the world with 20,160 KIDs. Fig. [2.6]shows an image
of the five star system Theta! Orionis B taken by MEC in 2019 [102]. KIDs are an emerging detec-
tor technology that have shown to successfully detect astronomical sources. BEGINS and PRIMA
have the potential to demonstrate their functionality in sub-orbital and orbital observatories for

mid- to far-IR astronomy.

!'https://olimpo.romal.infn.it/index.html
2 https://sites.northwestern.edu/blast/
3 http://toltec.astro.umass.edu/about .php
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K

Figure 2.5: Image of W51 taken at 4 different band frequencies with KIDs by MUSIC [92].

Figure 2.6: Image of Theta! Orionis B taken by MEC at the Subaru Telescope in 2019 with
KIDs.[102].



Chapter 3

KID Theory: Response & Sensitivity Models

In this chapter I present the physics that governs the behavior of KIDs. The theories discussed
allows us to model the response of KIDs under two different conditions. We can model their dark
response to small changes in bath temperature which allows us to estimate T, and the kinetic
inductance fraction of the superconducting material. We can also model their response to an
optical load to determine the responsivity of the KIDs. The higher the responsivity the more
sensitive the KID. Finally, I will also present a sensitivity model which can be used to predict the

NEPs of KIDs due to different noise sources.

3.1 Mattis-Bardeen Theory and Estimating 7, and «

Two important material properties of KIDs are their critical temperature, T., and their
kinetic inductance fraction, «. In this section I will describe how the Mattis-Bardeen theory
can be used to estimate 7. and « by relating the complex conductivity of a superconductor to
its surface impedance. The Mattis-Bardeen theory, developed in 1958, describes the response
of a superconductor to an applied AC electromagnetic field [69]. It can be used to determine
the relationship between the quasiparticle density of a superconducting thin film and its surface
impedance. To derive this relationship we must first introduce the complex conductivity of a

superconductor,

U:UI_jU27 (31)
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where o7 is the real part of the conductivity (the inverse resistance) and o9 is the imaginary part
of the conductivity (the inverse reactance). Using the Mattis-Bardeen theory both terms can be
expressed relative to the normal state conductivity, o, by the following integrals [35 [70],

o1 2 [ [f(BE)— f(E+)](E?+ A% + hwE)

on T hw N J(E? —A)[(E + hw)? — A7) dE (3.2)

oy 1 (% [1-2f(E+hw)](E*+ A% + hwE)
on W Jane /(A2 = E2)[(E + hw)? — A2]

dE. (3.3)

Where A in the non-zero temperature energy gap and f(E) = m is Fermi-Dirac distribution
function which describes the energy distribution of quasiparticles at thermal equilibrium.

Next, the quasiparticle density in the superconductor must be derived by integrating over the

product of the density of excited states in a superconductor, Ng(E) = \/%, and the Fermi-Dirac
distribution. Therefore the quasiparticle density is determined by
* FEf(E
Ngp = 4No (E) dE, (3.4)

A VEZ-A?
where Ny is the single-spin density of electron states at the Fermi energy level.

The last equation required is the integral to relate the band gap energy at 1T' < T, to the
band gap at T = 0 where Ay = A(T = 0) [94]

Ag—A

[T
Ao A VE?Z - A2
Since we will be working in the limit where kpT < A, hw < A, and e #/k8T « 1 the integrals in

Eq. and [3.5] can be simplified to the following expressions:

dE. (3.5)

AA .

% — %e*A/kBTsmh(&))Ko(ﬁo) (3.6)
2 Ty g alnT b (gy)] (37)
on hw
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Ngp = 2Noy/ 21k, T Ae2/k5T (3.8)

Ao_l_” N . (3.9)

Where Ky and Iy are the zeroth order Bessel functions of the first and second kind, respectively,
& = %, and T is the temperature of the detectors. These equations can be used to derive the
complex conductivity for two different cases. The first being a temperature dependent case, where
the KIDs are tested in a dark environment and the bath temperature is increased from around
50 mK to 600 mK. The second being a quasiparticle dependant case, where the detectors are
kept at a bath temperature around 150-300 mK and optically loaded creating optically generated
quasiparticles. In the second case, we expect the number of optically generated quasiparticles to
be significantly larger than the thermally generated quasiparticles. In case 1, Eq. [3.6 and [3.7]
can be rewritten by substituting Eq. 3.9 in for A and taking the lowest order term, then setting
A = /Ay since we are interested in characterizing the KIDs at T' < T,.. This provides the following
expressions for the complex conductivity and quasiparticle density as a function of temperature

38, 94]:

o1 (T 4A .
z(n ) _ hwo e~ 2o/kBTginh (¢0) Ko(), (3.10)
02(T) _ mho  [20keT A jkpT o Ae/knT .~
o T h 1 A C 2e e > Io(%o)], (3.11)

ng, = 2Noy/2mky T Age~20/kBT, (3.12)

In case 2, Eq. and can be rewritten in terms of ng, (Eq. where again A = Ag. This
yields the following equations

Jl(T, nqp) 1 QAO

on  Nohw\ mhprRbE0) Ko(So)nas (3.13)
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o2(T, ngp) _ Ay T [+ 2A¢
On hw 2Nohw kT

6_5010(50)]”%0' (3.14)

From Eq. and we also see that the quasiparticle density is proportional to o and
dog = 09 — o9(T = 0). If we consider small perturbations in o; and o9, we can write the following

relations [80)]

= (3.15)

502 5nqp
= 3.16
o —02(T'=0) ng (3.16)

The creation of thermally and optically generated quasipartcles can be detected by changes in the
complex conductivity. The complex conductivity can be related to the surface impedance of the
detector which allows us to develop a model that can be tested against experimental data. This is

further explained in the following sections.

3.1.1 Complex Conductivity and Surface Impedance

In most cases we are not able to directly measure the complex conductivity of a thin film.
However the complex surface impedance, Z,, can be probed and measured. In the case of thin
films such as KIDs, a relationship can be made between the complex conductivity and the surface
impedance. In the thin film limit, where the film thickness ¢, is much smaller than the effective
penetration depth A.s¢, and on the order of the electron mean free path I, we have the following

relationship[80]

1

Z¢=Rs+jwLy = ———,
J (o1 — joa)t

(3.17)

where R, is the sheet resistance in units of 2/squ and Ly is the surface inductance in units of H/squ.
The penetration depth is defined as the depth at which electromagnetic radiation penetrates a

material and falls to 1/e of its original intensity. The electron mean free path is the average
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distance an electron travels in a medium before experiencing a collision. If we consider a small

perturbation in the surface impedance we find the following relationship

6%, oo
Z o’

(3.18)

Since we test KIDs at T <« T, we make an approximation that 7' = 0. At T = 0, for supercon-
ductors Ry = 0 and o1 = 0. Therefore, Z,(T = 0) = jwLs and o(T = 0) = —jo20. The small

perturbation can now be re-written as

ORs + jwdLs _501 — joo

- 3.19
JwLs 02,0 (3.19)
Now the imaginary and real parts can be separated to yield,
R 1)
s _ 091 (3.20)
JwLso 020
oL 0
s = 9% (3.21)
Lo 02,0

Using Eq. [B.I5| and [3.16] we can rewrite the equations above in terms of perturbation in the

quasiparticle density,

SRy Si(w)
oL~ 2N A0 (3.22)

(SLS _ Sg(w)
Lso  2NoA

0ngp (3.23)
where S(w) and Sz(w) are the small perturbations in the real and imaginary parts of the con-
ductivity in the limit that hw, kT << Ap [8I, 108]. In the literature they are derived to be
[8T), 108,

2 | 27

Sl(w) = ; ﬂ_kBTSinh(&))Ko(fo) (3.24)
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200
kT

SQ(OJ) =14 8_5010(50). (3.25)

The derived relations are important because them we can relate the surface impedance to
measurable quantities such as the resonant frequency f, and internal quality factor @; of the

resonator. The impedance of the KID resonant circuit is given by

1
Z = Ry jwLg + ——. 3.26
+ jwLg + il (3.26)

Where R is the resistance, C is the capacitance, and L is the inductance. The resistance arises
from the generation of quasiparticles in the thin film. The capacitance is set by the geometry of
capacitive portion of the resonator. The inductance is made up of both the magnetic inductance
L, which depends on the inductor geometry and the surface inductance which is due to the kinetic
inductance Lj; of the Cooper pairs. The inductance can then be written as Ly = L,,, + Lg;. From
this equation we can derive the kinetic inductance fraction «, which is a term used to characterize
KIDs,

Ly Ly;

o= = 3.27
Ls Ly + Ly (3.27)

The resonant frequency and internal quality factor of the resonator are described by the

following expressions

1

1_ R
Qi - WLS.

(3.29)

If we now consider a small perturbation in the resistance 0 Ry and the kinetic inductance 0 Ly; due

to changes in the quasiparticle density we will see a fractional frequency shift dx given by

_0fr  16Lg  adLy

ox = =
fr 2 L 2 Ly

(3.30)



31

and a change in the internal quality factor given by

1 0R,  OR,
Qi wLs “wlp (3.31)

Now that we have a relationship between the complex conductivity, surface impedance and
the measurable quantities f, and ); we can introduce a method to make measurements to estimate
a, T, and the responsivity of the KIDs. These parameters are necessary for characterizing the KIDs

and to theoretically predict their sensitivity.

3.1.2 Estimating 7. and «

To estimate T, and « of the KIDs we measure their resonance fractional frequency shift as
a function of bath temperature in a dark environment. They are measured below T./4 which is
usually a few hundred mK. At these temperatures the best noise performance is achieved. As
the bath temperature increases there is an increases in the thermally generated quasiparticles as
a function of temperature. This increases the kinetic inductance which decreases the resonant
frequency and increases the surface resistance which decreases the internal quality. We can take
Eq. [3:21] and [3:30] to derive the following relationship between the resonant frequency and the

complex conductivity

dfr adoap
ox = = —— —, 3.32
Ir 2 o2 (3:32)
Which is then rewritten as
(1) — (T = T) — T =

(T =0) 2 w(l=0
where 09(T) is the expression in Eq. The fractional frequency shift can then be fit to the
model with a and Ag as the estimate parameters from which 7, can be estimated using the relation
Ag = 1.764kpT.. In these measurements T = 0 actually denotes the measurement at the lowest

temperature we are able to achieve.
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3.2 The Responsivity of KIDs

We are interested in the KIDs’ response when exposed to an optical load, Pys. In astronomy
this would be caused by the optical load from an astronomical source through an optical system,
with efficiency 7o,;. When KIDs are exposed to an optical load the absorbed optical power causes
fluctuations in the quasiparticle density, which as explained in the section above can be experimen-
tally detected by changes in the resonant frequency and internal quality factor of the KID. The
responsivity of a KID is defined by perturbations in its resonant frequency and internal quality
factor due to perturbations in absorbed optical power. I will present the theoretical model used
to predict the responsivity of KIDs and how we measure the responsivity in lab using a cryogenic

blackbody.

3.2.1 Quasiparticle Lifetime & Generation and Recombination Rates

There are three forms of quasiparticle generation: thermal, optical and readout power. At
finite temperatures Cooper pairs can be thermally excited into quasiparticles, referred to as thermal
generation. In this process a Cooper pair is broken apart by a lattice vibration known as a phonon
with energy greater than the binding energy of the Cooper pair, resulting in the generation of
two quasiparticles. A Cooper pair can also broken apart when exposed to a photon with energy
greater than its binding energy, hv > 24, this is referred to as optical generation. The last form
is the breaking of a Cooper pair caused by the absorption of readout power P, with energy greater
than the binding energy. Another important process is the recombination of quasiparticles. This is
when two quasiparticles recombine into a Cooper pair and emit a phonon. The time it takes for the
particles to recombine is known as the quasiparticle lifetime, 7,,. The generation and recombination

of quasiparticles can be described by the following differential equation

dngp
dt

= Ty + Copt + Ta — Tree. (3.34)

Where I, is the generation rate due to absorption of optical photons, I', is the generation rate
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due to the absorption of readout photons, and I'y, is the generation rate due to the absorption of

thermal phonons.

The generation of quasiparticles by absorbed optical power is described by

77pbP abs

Lopt = Ay (3.35)
Where 7, is the efficiency at which absorbed optical power generates quasiparticles.
The generation rate due to absorbed readout power is described by the expression
P,
r, = JoXela (3.36)
A,

Where 7, is the efficiency at which absorbed readout power generates quasiparticles, xqp = QQ; <1
is the fraction of internal dissipation due to the quasiparticles. Where P, = %gpg, is the absorbed
readout power [108]. The absorbed readout power depends on x., the coupling efficiency, and x4,

the generator detuning efficiency. The generator is tuned when generator frequency is equal to the

resonance frequency resulting in x, = 1. Finally, the thermal generation rate is

Ng [ 1 1
Ty, = “”‘( + ) (3.37)

2 Tmazx Tth

where Ny, = ng, V' is the number of thermally excited quasiparticles in the active volume. 7,4,
is the experimentally observed maximum lifetime [I08]. 74, is the lifetime when only thermal
quasiparticles are present.

The recombination rate is described by the expression

N, 1 1
Tyee = —2(— 4+ —). 3.38
rec 2 (Tmaz + qu) ( )
Where Ny, = ng,V is the total number of quasiparticles in the active volume and 74, is the

quasiparticle lifetime. The quasiparticle lifetimes 7, and 74, have shown to be well described by
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the following relations:

_ _Tmaz (3.39)

Ty = AT (3.40)

Where n* is the crossover density at which the observed quasiparticle lifetime saturates to Timqz

[108]. In the high ng, limit n* can be theoretically determined using the following equation

ot Noro(kBT)?

3.41
QAngax ’ ( )

where 79 is the electron-phonon interaction time[42]. Solving for ng, from Eq at steady state

we get,

Ngp = \/(nth +1*)2 + 2(Copt + L) Trmaen®/V — n™. (3.42)

Therefore a perturbation in the quasiparticle population d /Ny, due to a perturbation in the

absorbed power § P, is found by the following derivation [80]

0Ny,
a-‘Da,bs

SNy = 5 Pps = %MDM,S. (3.43)
0

This equation along with Eq. [3.22] [3.23], [3.30] and [3.31] will allow us to derive the responsivity of

KIDs, R, the fractional frequency responsivity and R; g, the loss responsivity as follows,

oz aSa(W)NpbTgp
= _ 44
R 6 Paps 4NGAZV (3.44)

_ 5@:1 N aSl(w)nprqp
Byoi = 5p, = INGA2V (3.45)
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3.2.2 Estimating R,

In Ch. [5and [7]it will be important to experimentally estimate R, to calculate the empirical
NEPs of the KIDs. To estimate R, we measure the resonance fractional frequency shift as a function
of absorbed optical power. There are two different models that can be used to fit for and estimate
R,.

Model 1 suggests that the responsivity is constant with absorbed optical power. This model

is derived from Eq. as follows,

0x = Ry0P,s = x = /RxéPabs =1x=R,Pys +C. (3.46)

This model suggest the the fractional frequency shift changes linearly with absorbed power. The
responsivity (R;) can be found by doing a linear fit to the fractional frequency response as a
function of absorbed power.

Model ﬂ suggests that the responsivity changes with absorbed power but is not linear.
Model 2 is derived by taking Eq. and substituting 74, with Eq. Then substituting ng,

in Eq. with Eq. which simplifies to

—-1/2

(3.47)

n*

ox _ aSQ(W>77prmam (1 + nth)2 + 2(Fopt +Fa)7_ma:v
5P INoAZV eV

Under the assumption that the quasiparticle generation due to absorbed microwave power can be

neglected Eq. can be rewritten as,

dx . aSZ(W)nprmax |:<1 i nth)2 + 277pbPabsTmax:| -1/2

(5Pabs - 4NOA%V n* Aon*v
~1/2
_ aSZ(W)nprmax (1 T nth)_l 14+ 277pbpabs7—ma:c 348
4NOA%V n* Aogn*V (1+ %)2 ( . )
_ R:c,O
1+ Sgo

! Steven Hailey-Dunsheath introduced this model to me and helped me derive it.
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where

aSQ(“)”prma:c ngp\ 1
Ryop=—""——7"- (1 3.49
0% TUNAZY + n) (3.49)

Py =
277pb Tmazx

DoV (1+ ”th>2. (3.50)

n*
Now the simplified form of Eq. can be integrated to obtain a model for the fractional frequency

shift as a function of absorbed power.

R A
Sz = %5;{1% == / ————0Puss (3.51)
14 g 31+ B
P,
@ = 2R, 0Py /1 + ;bs +C, (3.52)
0

where C is a constant that arises from integration, R, o is the responsivity in the limit that the
absorbed optical power goes to zero and Fy is constant with absorbed optical power. This yields a
model with a three parameter fit for R, o, P, and C. From Eq. [3.48 we obtain the expression for

responsivity,

Rx,O

Ry = ——20 .
1+ Sge

(3.53)

The estimated parameters from the fit can be plugged into this equation to obtain R, as a function
of absorbed power. In this model R,, is not constant because 7y, is expected to change with

absorbed power. These two models will be compared in Ch.

3.3 KID Noise Sources & Sensitivity Model

This section presents a kinetic inductance detector (KID) sensitivity model, primarily con-
structed from Jonas Zmuidzinas’s publication, Superconducting Microresonators: Physics and Ap-

plications [108]. The sensitivity of a KID is quantified by the noise-equivalent-power (NEP), which
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measures the noise generated by some source. It is defined as the power incident on the detec-
tor that gives a signal-to-noise ratio of one over a bandwidth of 1 Hz. Below I will highlight the
theoretical NEPs for noise sources due to photon/shot noise from optical power, generation and
recombination of quasiparticles, amplifier noise, and two-level-system (TLS) noise. The derivation

for each theoretical NEP is presented in [10§].

3.3.1 Photon Noise

The radiation power received by the detector is not constant over time due to the random

arrival rate of photons. This photon-noise is described by the following NEP
NEPOth = 2770ptPinchV(1 + no)7 (354)

where h is Plank’s constant, v is the incident photon frequency, and n, is the photon occupa-
tion number. The first term, 21,,:FP,,¢hv, represents the photon shot noise and the second term,
2nopt Popthvn,, is the Poisson statistics correction due to photon bunching for a single mode [24] [108].
At short wavelengths (optical or near-infrared) the photon counts follow a Poisson distribution.
However at longer wavelengths at which hrv < kgT photons are strongly ”bunched” and n, > 1

[108].

3.3.2 Generation-Recombination Noise

As mentioned above, a source of noise in KIDs is due to the generation and recombination of
quasiparticles. Therefore, these NEPs were derived using the generation rates presented in Sec[3.2]

The NEP contribution of quasiparticle generation due to thermal fluctuations is

2 —
NEPtherm—gen -

AT, A2 2N, A2 71 1
p0 = 0< + > (3.55)

2 2 —
b Thob Tmaz  Tth

The NEP contribution of quasiparticle generation due to the absorption of readout photons is

B 4FaA(2) o 4nanpA0Pa

NEP? _
nzb 771%17

micro—gen —_

(3.56)
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Lastly, the NEP contribution due to quasiparticle recombination is

AT, 0. A2 2N, A2/ 1 1
NEP:, = —5=0="21A 0( + ) (3.57)
Mob Mo Tmaxz  Tgp

The factors of four in each equation is a combination from a factor of two that takes into account
that quasiparticles appear and disappear in pairs, and another factor two that accounts for the

noise in positive and negative frequencies (single-sided spectra) [80} [108].

3.3.3 Amplifier Noise

Another source of noise in KIDs is the amplifier noise. In this case the NEP is different for

the dissipation (1/Q;) and frequency (x) directions.

2
NEP? ... = ANgp Ao kpTa (3.58)
b s TipbXcXqpTap Py
NEP? _ (ANl ) kT, (3.59)
amp, freq 5ﬁprchqup Pg ) .

where Ty, is the amplifier temperature and [ is the ratio of Eq. to Eq. [3.24] [108].

3.3.4 Two Level System (TLS) Noise

Two level system noise arises from the disordered structure of amorphous materials where
one atom or a group of atoms can tunnel between two potential energy minima [80]. The atoms
have an electric dipole moment which makes them electrically active each time they tunnel. These
dipole moments can couple to electric fields, and fluctuate the dielectric constant of the material.
Evidence of TLSs have been found in KID noise measurements [80, [36]. For KIDs the material
hosting TLSs is the substrate (Si). The electric fields from the capacitor of the KID couples to the
dipoles of the TLS. Since the dielectric constant of the material is fluctuating the capacitance is
altered which changes the resonant frequency of the KID while the quality factor remains mostly

unchanged. Therefore, it is only seen in the frequency domain. Evidence of TLS noise can be
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detected from the noise power spectral densities (PSDs) and is referred to as Sprs [L08]. PSDs are
presented and discussed in Sec[£.2] Srpg, is estimated from KID noise measurements and further
explained in Sec

The NEP contribution due to TLS noise is:

25715 AN A2V \?
NEP2, =222 o ——270° ) g 3.60
TLS anprQ(W)qu Tes ( )

As the temperature is increased, TLS noise should decrease and as the driving power increases

TLS noise should also decrease, because the two-level systems become saturated in the upper state

[108).

3.3.5 Total NEP

The total NEP is found by adding all the contributing NEPs in quadrature. This allows to
theoretically predict the NEPs of KIDs and compare it to the empirical NEPs determines from

measurements, as will be shown in Ch. [5] and Ch. [7]

NEPC%’iSS = NEPozpt + NEPchermfgen + NEP72rLicro—gen + NEPrQec + NEPanp,diss (361)
NEP]%Teq = NEPO2pt+NEf)tzherm—gen+NEP72rLicro—gen+NEP7?ec+NEpa2mp,freq+NEP72“LS (362)

3.4 Sensitivity Code Iterator

In practice the theoretical NEP is usually calculated with the assumption that n, < 1
meaning quasiparticle generation due to readout photons is negligible or the assumption that x,, =
Q%ip = 1, meaning that the total internal quality factor of the resonator (Q;) is completely due to
the dissipation from quasiparticles (Qgp). For the former, this means that there is no contribution

from NEPcro—gen and that the quasiparticle density in Eq. has no dependence on the

generation rate due to absorbed readout power, I',. For the latter, however, there may be internal
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dissipation losses due to other factors which can degrade @;. I discovered that if we do account for
quasiparticle generation due to readout photons and do not assume x4, = 1 there arise unknown
parameters which make it difficult to predict the total NEP. This issue arises when calculating ng,
which is necessary for calculating N E'P,.c.. In order to calculate ny, you need to calculate I',, which
depends on xgp, which depends on @g,, which depends on ng, (the unknown parameter to begin
with). The relation between @y, and ng), is shown in the following expression [108]

ING AV

Qep = @S (@) Ny’ (3.63)

Since Ngp = ngpV, Qgp depends on ng, which is the parameter we began with. Without @4, we
cannot theoretically calculate ng, and vice versa. A diagram displaying this interdependence is
shown in Fig. To address this one can create an iterator with a threshold for convergence
on one of the parameters being calculated. In the iterator I developed I set a threshold on ng,. I
start with an initial guess for ng, from which the iterator solves for @4, to calculate x4p. It then
calculates I'y from xg,. Then I'y is used to calculate ng,. The iterator then checks whether the
initial guess for ng), is within 0.1% of the calculated ng,. If it is not a new guess for ng, is generated.
The iterator cycles through these steps until the guess for ng, is within 0.1% of the calculated ng.
Once the correct values are found they are used to calculate the theoretical NEPs of the sensitivity
model. A diagram displaying the iterative process is shown in Fig. [3:2] This method will be used

to calculate the theoretical NEPs discussed in Ch. [§| Ch. [} and Ch[7]
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NEP?

rec

AT A _ 2Nq,,Ag< 1 N 1 )
77;31; ";%b Tmaz  Tqp

N, must be calculated via, ng,V.

Ngp = \/(nth +n*)2 + 2(Copt + T'a) Tmaen*/V — n*

A

l To solve for ny, we need I',.

r, = nanpPa

A,
If we do not assume x,,= 1 we need to solve for I', by
calculating Xgp-

_ Qi
Xap = Qqp
To solve for X, we need Qg

Qup = 2NoAgV
wo aSl(W)qu‘

needed to calculate initially.

‘ However, Q,, depends on n,,. The parameter we

Figure 3.1: A diagram displaying the interdependence of parameters that arises when we do account
for quasiparticle generation due to readout photons and do not assume x4, = 1 to calculate to
calculate.
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Generate new guess for n,.

Ngp,guess

J

Qp = 2NoAgV
7 aSi(w)Ng

Map,cate = | (1eh + 1%)2 + 2Topt + Ta) Tmaan* /V = 1*

1

Ngp guess AN Ngp cqic 0.1% difference?

/N

Yes. Stop iterating.
Solve for all NEPs of
sensitivity model.

Figure 3.2: A diagram displaying the iterative process to calculate ng, for the sensitivity model.



Chapter 4

Measurement Methods for KID Characterization

In this thesis two different measurement methods are employed to characterize and measure
the dark and optical response of KIDs. One method is using a vector network analyzer (VNA).
With a VNA we can measure Sa91, the forward transmission scattering parameter. This measures
the power transmitted through the KID and with it we can keep track of changes in the reso-
nant frequency at different bath temperature and optical loads. The other method is single-tone
measurements of KIDs for noise analysis.

In this chapter I will present a model used to fit to Sa; to estimate f, and the quality factors
of the KIDs. This model also fits for other parameters that are further discussed below. I also
present how single-tone noise measurements are made, how they are converted to power spectral
densities, and how they are used to determine the NEP of a KID. These methods will be used to

characterize the prototype KID arrays presented in chapters [} [6] and

4.1 Scattering Parameter Fit (S;;): Estimating f, and Quality Factors

Fig. Top, shows an equivalent circuit diagram for the KID resonator and a simple readout
schematic [80]. The resonator is represented by an RLC circuit capacitively coupled (C.) to a
feedline [80} [I08]. A microwave signal generator transmits many signals through a coaxial cable
to the feedline, past the resonator, and is amplified with an amplifier. When the signal is tuned

near f, of the KID, the KID absorbs the energy of the signal at that frequency. This absorption is
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detected by measuring Ss1, which is the ratio of the output signal (V) to the input signal (Vj;,).

‘/out
= S91. 4.1
v 21 (4.1)

Sa1, is the complex transmission that represents the scattering parameter for the two-port system.
In the complex plane Sy; follows a circular trajectory as a function of frequency (Fig. Bottom).
The magnitude (]|S21|) has a Lorentzian profile (ref fig). The transmission through an ideal resonator

as a function of frequency is best described by,

1
L+ 2jy Qe

Where @), is the total quality factor of the resonator, ). is the coupling quality factor, and

So1 =1 (4.2)

y=Qrx. T = %, is the fractional detuning of the readout frequency (f,) relative to the

resonator’s resonant frequency (f,)[80, 35, 108, ©4]. @, quantifies the coupling strength of the
resonator to the feedline. Another important quality factor not directly introduced is @;. @Q;, is
the internal quality factor of the resonator. It quantifies all losses in the resonator due to all other
processes, such as the resistivity of the superconducting film and the quasiparticle dissipation. Q);

and Q). add reciprocally,

111
Qr B Qc Qz

Therefore, (); can be determined from (). and @Q,. Eq. represents an ideal linear resonator.

(4.3)

However, when the resonator is driven at a higher signal generator power it becomes nonlinear. This
is caused by a nonlinear kinetic inductance effect. Another asymmetry is introduced by a mismatch
between the input and output transmission line impedance. These will be briefly discussed in the

following two sections along with the necessary modifications to Eq. .2
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Figure 4.1: Top: Equivalent circuit diagram of a superconducting resonator coupled capacitively
to a feedline. Bottom: Complex transmission, So1, as a function of frequency. f,, is the resonance
frequency. The dots along the circle represent fixed frequency steps. A(wy) and B(wg) are the
tangent and perpendicular complex vectors of the resonance loop for a fixed generator frequency
(wg = 27 fy), respectively. A(wy) is referred to as the frequency direction, and B(wy) is referred to
as the dissipation direction. Figures from Noroozian Thesis, 2012[80].

4.1.1 Nonlinear Kinetic Inductance

The mechanism behind a KID’s nonlinear response is a nonlinear kinetic inductance. In this
regime the frequency and/or quality factor depends on the drive power. Fig. Left, shows how
the resonator’s response becomes nonlinear as the drive power increases. The black line represents
a linear resonator. The other lines show how the resonator would become more and more nonlinear
as the drive power increases. The derivation that incorporates the nonlinear kinetic inductance

into Eq. [4:2) in this section is based on the derivation by Swenson et al. and Siegl’s re-derivation
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[97, ©94]. The kinetic inductance (Lg;)of a superconducting strip in terms of current is,

2

Lig(I) = Lig(I = 0)(1 + 75 + ... (4.4)

L., is a constant that sets the scale of the non-linearity. Ly;(I = 0), is the kinetic inductance
in the low power, linear limit. Now, let f,q, represent the frequency in the low power limit and
Afr = fr — fro represent the frequency shift due to non-linearity. From Eq derived later in

the thesis, the following relation is formed

A @bl al® E

Ax = =— =———=——. 4.5
T o 2 L 212~ E, (4.5)
2
E = LTF is the energy stored in the resonator. E, = Lal*, is defined as the characteristic energy,

related to the non-linearity [97, [I08]. This must now be substituted into y of in Eq. The
fractional detuning from resonance (z) with the fractional frequency shift due to non-linearity is

then

fg_fr

z= (4.6)
— fg;ﬁff;ﬁf’“ (4.7)
(S5 (3 “
= (zg — Az)(1 — Ax) (4.9)
=20 — Auz. (4.10)

Where z, is the detuning in the low power limit and Ax is the nonlinear frequency shift. In the

last line only the first order terms are kept, since we are operating where zg < 1 and Az < 1.
Next, an expression is needed to describe the stored energy in the resonator given a generator

drive power (P,) and frequency. The drive power can either be reflected back to the generator,

transmitted past the resonator or absorbed by the resonator. Through conservation of power the
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absorbed power is then,

Puiss = Py[L — |S11]* — [Sa1]?]. (4.11)

S11 is the reflection coefficient and represents the amount of power reflected back to the generator.
The reflection coefficient is related to the transmission by S1; = 1 — S3;. Eq. is substituted

into this relation to get,

1 Qr
Sip =Sy 1= __ - @ 4.12
e L+2jy Q. (412
Eqgs. and are substituted into Eq. to yield,
202 1
Piiss = S (413)

P,
Qch 1+ 4y2 g

The other necessary expression to calculate the stored energy in the resonator given a drive power,
is the standard definition for the internal quality factor of the resonator [97, [94],
E _ PiissQi

= — E e
Pdiss/zﬂ'fr - 27 fr

The stored energy in a resonator given a certain generator power, can now be written by

Qi (4.14)

substituting Eq. into the equation above,

202 1 P
_ 265 . (4.15)
Qc 1+4y*2nf,
Taking the fractional frequency term in Eq. and Eq. we arrive at
22 1 P,
2o =5 — 22 ! (4.16)

Qe 1+4y?2rf, By

This is an implicit equation for the power-shifted detuning as a function of drive power. To simplify
the expression we introduce the variable yp = @,z and a nonlinear parameter,
_ 297 B
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The final simplified equation is then ,

a

yozy—m-

(4.18)
Rearranged this becomes a cubic equation for the normalized detuning y. Solving for the roots of
the equation we see that it reaches a critical value at ap;; = 44/3/9 ~ 0.77. For a < apif there is
only one real solution for yo. For a > ap;s there is a range of yp with three real solutions, which
correspond to three possible values for the resonant frequency and stored energy. Only two of these
states are stable and correspond to the largest and smallest stored energies. Therefore above ay;y,

we say the resonator has undergone bifurcation. The nonlinear y yielded is used in Eq. to fit a

detector when it is close to bifurcation.
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Figure 4.2: Left: |Sa1|, for nonlinearity parameter ¢ = 0.0, 0.3, 0.77, 2.0, and 3.0. ap;y = 0.77, is
where the resonator is said to have reached bifurcation. Right: Complex plane for So; with a = 2.0.
The dashed lines represent regions of bifurcation. Figures from Siegel Thesis, 2016[94].

4.1.2 Impedance Mismatch

Another modification required to Eq[4.2] arises from an impedance mismatch in the output

and input. This leads to an asymmetry in the resonance line profile, even at low powers. The
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mismatch can arise from having an amplifier at the readout output but not the input. Khalil et al.

showed that this mismatch introduces an imaginary component to the coupling quality factor [54].

}:}em:Re{}}—FIm{}} (4.19)
Qe Q] Qe Qe

This results in the following complex transmission through a resonator,

1 oo
Sor=1-— , @r jo (4.20)
1+2jy Q.|
1 Q 4
=1- U 4.21
So1 1+ 2jy Qccosqbe ( )
where we have used
1 1
ERe{ - }:cosqﬁ (4.22)
QC Qc ‘Qc|

Re{Qi} is used to ensure Q. is still the coupling quality factor.

4.1.3 The final form of Sy

The final form of S9; also needs to include the contributions from gain in the readout and
any cable delay in the transmission. With these contributions the final complex form for the

transmission is,

1 @ e

(I . —g2m(f=f)7(f) |1 _
So1 = (Ip + jQo)e 1+ 25y Qc608¢>e

(4.23)

Iy and Qg are normalization factors that describe the gain of the system. 7(f), is a phase shift

with frequency due to cable delay. This final equation is fit to determine the parameters of interest

f'f‘a QTa QCa in and abif [104]
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4.2 Single-Tone KID Noise Measurements

In this section I will discuss the single-tone KID readout setup used for noise analysis of the
KIDs. This readout set up uses room temperature and cryogenic electronics to collect data on one
KID from an array at a time. Fig. shows a block diagram of the single-tone readout setup.
A signal generator outputs a single microwave drive tone of frequency, f. The signal is split by
an RF splitter. One line, sends the signal through a variable attenuator. The variable attenuator
attenuates the signal power by the desired amount. The attenuated signal is sent into the cryostat
through coaxial cables to the KID array to excite the desired KID. It is then amplified with a
cryogenic low noise amplifier and amplified again outside of the cryostat with room temperature
amplifiers. The amplified, modulated output signal is fed into the RF port of an IQ demodulator.
The second line coming from the splitter sends the signal to the local oscillator (LO) port of the
IQ demodulator. The RF signal is multiplied by the LO signal for the I-channel (in-phase) and
multiplied by the LO signal 90 degrees out of phase for the Q-channel (out-of-phase) of the IQ
demodulator. This results in I and Q@ wave-forms. Each waveform is sent through a low pass
filter to remove high frequency mixing products from the multiplication, and then amplified. An
analog-to-digital converter (ADC) digitizes the I and Q signals for analysis.

Fig. [£4] shows the result of plotting I and Q. The complex form of the I and Q is, So; =
I(f)+37Q(f), and has a magnitude, [Sa1| = /I(f)? + Q(f)?. The magnitude is plotted in Fig. 4.4
Left, and shows the resonant feature that is typically seen when looking at the forward scattering
parameter as a function of frequency for a resonator. Fig. Right, shows a plot of Q(f) vs. I(f).
This results in a resonance circle (or IQ loop), where each dot along the perimeter of the circle
represents the frequency of the bandwidth that was swept across around the resonant frequency,
fr. The resonant frequency is located at the maximal rate of phase change around the resonance
circle. Therefore, the resonance is located at the point where the spacing reaches a maximum along
the circle. The direction tangent to the circle (red arrow) is referred to as the frequency (or phase)

direction because the frequency changes in that direction. The direction normal to the circle (green
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arrow) is referred to as the dissipation (or amplitude direction) direction because the radius of the

circle is related to the depth of the resonance feature in |Sa|.

Signal Generator
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Variable Attenuator
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Room Temp Amplifiers Computer

Figure 4.3: Block diagram of the single-tone readout system. A signal generator generates a
microwave tone of frequency, f. The signal tone is split in two by a splitter. One line is unchanged
and fed into the LO port of an I1Q demodulator. The other line is sent through a variable attenuator,
into the cryostat to the KID array, amplified cryogenically, then amplified again outside of the
crysotat. This signal id fed to the RF port of the IQ demodulator. The RF and LO signals are
mixed to form [ and Q wave-forms. The wave-forms are sent through low pass filters, amplified,
and sent to an ADC for data analysis.
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Figure 4.4: Left) Plot of the magnitude, |So1| = /I(f)? + Q(f)?, vs. frequency. Right) Plot

of Q(f) vs. I(f). This results in a resonance circle (or 1Q loop), where each dot along the
perimeter of the circle represents the frequency of the bandwidth that was swept across around the
resonant frequency, f, (white star). The direction tangent to the circle (red arrow) is referred to as
the frequency (or phase) direction because the frequency changes in that direction. The direction
normal to the circle (green arrow) is referred to as the dissipation (or amplitude direction) direction
because the radius of the circle is related to the depth of the resonance feature in |S2;|. On-resonance
noise stream points (I(t), Q(t)) are shown as a gray ellipse around the resonance.
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4.2.1 Conversion of I(t) & (Q(t) Noise Streams to PSDs (5,;)

For the work in this thesis the data we are interested in from single tone measurements are
the I(t) & Q(t) noise streams on resonance. The noise stream allows us to calculate the power
spectral density (PSD) and characterize the noise of a single KID on resonance. The following steps

are taken to get I(t) & Q(t) on resonance:

(1) Take a finely sampled sweep of I(f) and Q(f) at resonance with a bandwidth that is about

4-5 times the full width half max (FWHM) of the resonance.

(2) Plot Q(f) vs. I(f), and determine the resonant frequency by finding the point where the

maximum spacing between points along the IQ loop occurs.

(3) Then the signal generator is programmed to provide a probe tone at the resonant frequency

determined in step 2 and stream I(t) and Q(¢) for a total time, Tsiream.-
(4) We use Q(f), I(f), fr, I(t), and Q(t) to create PSDs of the streamed data.

The right plot in Fig. shows a plot of the IQ loop with the noise stream points (I(t), Q(t))
(gray ellipse). Since the noise stream was taken on resonance they form random noise around the
resonance in the IQ plane. To obtain the PSDs of the noise the Fourier transform of I(t) and Q(¢)
are taken and broken up into their frequency and dissipation directions. The total noise in either
direction is then found by adding the components in their corresponding direction. The following
steps are taken to obtain the one-sided and cross power spectral densities of I(¢t) and Q(t) and

obtain the frequency and dissipation PSDs:

(1) Calculate the Fourier transform of I(¢) and Q(t). This is done using Python’s Scipy fast
Fourier transform (FFT) package. With this package we take the FFT of I(¢) and Q(¢)

and divide it by the total number of samples, N.

_ FFT(I(t))

FT(I(1)) ~

(4.24)
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_ FET(Q(1))

FT(Q() = ——

(4.25)

(2) Next, we compute the one-sided FT'(I(t)) and FT(Q(t)) power spectra (PS) and their
one-sided cross power spectra, which are in units of V2. For one-sided spectra only the first

half of the values in FT(I(t)) and FT(Q(t)) are used.

PS; = |FT(I())|? (4.26)
PSq = [FT(Q(®))|? (4.27)
PSrq = |[FT(I(t))FT(Q(t))*[ (4.28)

The cross power spectra is calculated by multiplying FT'(I(t)) by the complex conjugate
of FT(Q(t)), taking the absolute value and squaring it [7§]. Cross-spectral analysis is used

to extract the correlated signal from two time series [78].

(3) Now, divide the power spectra by df, the spacing between points in the noise stream in
units of frequency. df = fs * N, where fs,., is the sampling rate of the noise stream. This

puts the power spectra in PSD units of V2/Hz. The PSDs can then be written as,

PS,
) SQ:?Q, SiQ =

PSiq
daf

_PS;
RS

. (4.29)

(4) We are interested in the frequency and dissipation directions of the noise, so we need to sep-
arate the noise streams for I(t) and Q(¢) into their frequency and dissipation components.
To do this we must rotate the noise by an angle ¢, with respect to the IQ basis. We do this

by taking the derivative of the following vector-valued-function, V (f) = I(f)I +Q(f)Q, to
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find the slopes of I and @ near resonance, then finding the angle between the two slopes[34]:

V. _dl; dQ.
g a T (4.30)

= m[.f + mQQ.

mr

0rq = acrtan <mQ> . (4.31)

™

QZ)x:HIQ"‘Q

(4.32)

mgq and my are the slopes of lines Q(f) and I(f), respectively. The slopes, change linearly
with frequency near resonance and are found by doing a linear fit on a few data points of
I and Q near resonance. Now, we can rotate the noise into the frequency (Freq(f)) and

dissipation (Diss(f)) basis. This is done by applying the following linear transformation[94]

Diss(f) _ COS¢,  Singy, " I(f) . (4.33)

Freq(f) -sing,  cosgy Q(f)

After cross multiplying, we can apply steps 1-3 to derive the following PSDs in the frequency

(Streq) and dissipation (Sg;ss) directions:

Streq = Srsin?é, + S1gsingcosd, + SQcos%bz (4.34)

Sdiss = S[COS2¢I + S1gsing,cosg, + SQSiD2¢x (4.35)

Once steps 1-3 have been done all that is needed is to determine ¢,. Then the values from

Egs. and can be directly plugged into Egs. and
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(5) Lastly, in our system we measure shifts in fractional frequency space, not shifts in voltage.
Therefore, we need to convert from units of V2/Hz to PSDs in normalized frequency shift
units, x = Af/f,. These PSDs are identified by the following notation, S,., and have units
of 1/Hz. The conversion starts by once again taking the derivative of V(f) = I(f)f—{—Q(f)Q
to find the slope near resonance, and squaring it to end up with units of V?/Hz2. Next, the
value calculated from ‘% ’2 is multiplied by f2. The PSDs are divided by ‘% ‘2 12, leaving

the resulting PSDs in units of 1/Hz.

Sfreq

Ser. freq = 4.36
freq ‘ﬂ 2](‘2 ( )
df r
S 1SS
Smc,diss = _,d2 (437)
‘ﬂ 2
df r

Fig. shows an example of on-resonance and off-resonance Sy, freq and Syz giss PSDs from
Adalyn Fyhrie’s thesis [34]. When the noise is taken off-resonance we can gauge the contribution of
the system noise. The system noise includes electronic noise, such as amplifier noise. When noise is
taken on-resonance there is an excess noise in the frequency direction that arises from the detector
noise. The same is not seen with the on-resonance dissipation noise. Therefore, the detector noise
is mostly limited to the frequency direction and other noise contributions from electronics such as
amplifiers can be determined from the dissipation direction. When discussing noise measurements
the terms frequency/phase and dissipation/amplitude will be used interchangeably throughout the
thesis. Noise measurements are needed to determine the sensitivity of the KIDs, since the NEP =
V/Szz/R. From the noise we can also characterize the TLS noise of the device, the white noise from
thermally and/or optically generated quasiparticles, and estimate a quasiparticle lifetime. Noise

characterization will be discussed in further detail in Sec. (.3l
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Figure 4.5: Example of on and off resonance noise PSDs. The dashed lines are off resonance and
the solid lines are on resonance. Black lines are noise in the frequency (phase) directions. Orange
lines are noise in the dissipation (amplitude) direction. The detector noise roll off in the frequency
direction is marked with a vertical pink line [34].



Chapter 5

TiN KIDs for BEGINS

In this chapter I will focus on the design and characterization of a 25 ym BEGINS KID
prototype array, the shortest wavelength covered by BEGINS. I will present the KID resonator
type, superconducting material, array schematic, and the optical coupling scheme chosen for the
BEGINS KIDs. I will discuss the dark and optical measurements made on a prototype BEGINS
array, their results and difficulties faced due to constraints on the prototype array design. Lastly,
I will discuss the plan for future work on BEGIN KIDs for 25 ym. The work towards this research
was split up as follows: Peter Day designed the prototype array, the prototype array was fabricated
at JPL by Henry Leduc, dark measurements were made at JPL and the analysis was done by me,
optical measurements were made by me at GSFC and the analysis was done by me. The ultimate
goal of this chapter is to determine if the BEGINS NEP requirement at 25 ym of 2 x 10716 W/ VvHz
is achievable in our optical lab setup.

The goals and purpose of the dark measurements discussed in this chapter are to determine

the KID arrays f,, 1., «, Q;, Q., and array yield. This is important for the following reasons:

(1) If these values deviate significantly from the expected design or predicted values there is

an issue with the fabrication and/or material that must be investigated and addressed.

(2) The responsitivies and sensitivities of the KIDs have a dependence on T, o. Therefore
estimating these values will help us understand what may be limiting the NEP if we do not

meet the requirement at 25 pm.
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The goals and purpose of the optical measurements discussed in this chapter are to determine
the KID arrays noise PSDs (S;,), T4p, and empirical NEPs. This is important for the following

reasons:

(1) The noise PSDs are needed to calculate the empirical NEPs. From them we confirm that
the noise in the frequency direction is dominated by detector noise sources and not the
readout system or the low noise amplifier (LNA). This is done by comparing the frequency

direction noise PSDs to the dissipation direction noise PSDs.

(2) The responsitivies and sensitivities of the KIDs have a dependence on 74, and TLS noise
(Strs). Both of which are extracted from fits to the noise PSDs in the frequency direction.
This is further explained in Sec. [5.3.4 If 7, is too short or Srrg is too high we may not

meet the BEGINS NEP requirement.

(3) Compare responsivity models (Model 1 and Model 2) explained in Sec. to determine

which best fit fractional frequency measurements.
(4) Test the sensitivity model by comparing the empirical NEP in the frequency direction.

The ultimate goal of this work is to determine if the BEGINS NEP requirement at 25 pm of

2 x 10716 W/v/Hz is achievable in lab.

5.1 BEGINS KIDs Design

The resonator type chosen for the BEGINS KIDs was a lumped-element KID (LEKID), or a
lumped-element resonator. In this design the resonator contains a discrete inductor and capacitor
on a silicon (Si) substrate. A schematic of the BEGINS LEKID is shown in Fig. [5.1} The inductive
portion is comprised of a meander in a circular envelope with a diameter of 100 pm. The capacitor
style chosen was a parallel plate capacitor (PPC). The base layer of the resonator is made of 50
nm thick sub-stoichiometric titanium nitride (TiN) with Tc adjusted in the range 1 - 1.5K. This

layer will stay fixed across the whole fabricated array. This layer is shown in the schematic as the
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purple portion that makes up the inductor and the bottom electrodes of the PPC. The inductor is
connected to the base electrodes at the top and bottom of the circular envelope. The top electrode
of the capacitor is made of patterned 200-300 nm thick niobium (Nb) which is also used as the
readout line. 150 nm thick amorphous silicon (aSi) is used as the dielectric layer between the top
and bottom electrodes. The capacitors are two PPCs in series and split into two parts. The left
side of the capacitor is fixed and sets the minimum capacitance for the array. The right side has a
variable Nb top electrode with a maximum length of 250 pm. The resonant frequencies across the
prototype array are set by the length of the top electrode. The designed BEGINS prototype array
for testing has 192 KIDs with an expected frequency span from 154-509 MHz.

coupling.Cs.....v,vv......,.v. .....

~_ADSQrbe

Figure 5.1: Schematic of a BEGINS TiN KID pixel for A= 25 ym. Purple: 50 nm TiN. The
inductor and capacitor base electrodes are comprised of TiN. Green: 200-300 nm Niobium (Nb).
The capacitor top electrode and coupling feedlines are compromised of Nb. 150 nm thick amorphous

Silicon (aSi) is placed between the capacitor electrodes. This design was created by Peter Day and
fabricated by Rick Leduc at JPL.

TiN was chosen as the superconducting material for a few reasons. TiN has been shown
to have low microwave loss with high @Q;’s on the order of ~ 1 x 107[I01]. TiN KIDs have been
reported to have quasiparticle lifetimes on the order of 200-300 us [25]. Both higher @); and longer
quasiparticle lifetimes lead to a high responsivity KID. TiN has also shown to have a higher surface
resistance when compared to aluminum or niobium, which makes it easier to use the inductor as a
good far-IR absorber to couple to a microlens[80].

A PPC was chosen over other capacitor geometries to decrease TLS noise, because the high
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E-field section of the resonator is located in the capacitor [16} 36, 80]. For a PPC most of the E-field
is confined within the parallel walls, so there will be less area across the resonator with E-fields at
metal/dielectric interfaces for TLSs to be generated and create noise. A decrease in the TLS noise
with PPCs has not been thoroughly investigated in the literature, so I compare our results to those
found in the literature for IDCs. Another advantage is PPCs enable smaller pixels when compared
to IDCs which enables a compact instrument. This is well depicted in Fig. from work done by
done by Samir Beldi, et al [§]. The figure shows an IDC KID (Left) and a PPC KID (Right) made
with the same inductive meander and designed to have the same resonant frequency of 942 MHz.

The pixel size was reduced by a factor of 26 with a PPC.

Meander

Parallel Plate
Capacitor

500 pm

Ground

500 pm

Figure 5.2: Left: Sketch of IDC LEKID. Right: Sketch of PPC LEKID. Both LEKIDs are designed
to have a resonant frequency of 942 MHz. The PPC allows for the pixel to be reduced by a factor
of 26.[8]

5.1.1 BEGINS KIDs Optical Coupling Scheme

For this prototype array we chose to use a Fresnel-zone plate (FZP) lens array to couple
radiation to the BEGINS KID inductors. FZP lenses were attractive because they are single layer
planar structures that are easily patterned onto the back-side of the KID substrate which provided
a fast path to optical measurements. FZP lenses use diffraction and interference to focus light onto
a sample. They consist of concentric annular rings that alternate between transparent and opaque.

In our FZP lenses the opaque zones are made of 100 nm gold. When a plane wave is normally
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incident on the FZP the light that passes through reaches the focal point with phases that differ
by less than one half-period. The superposition of the portions result in an intensity at the chosen

axial point [I05]. The following equation is used to determine the radii of the concentric rings

(5.1)

where n is the integer representing the concentric ring, f is the focal length, and Ag is the wavelength
of light that the FZP is focusing [I05]. The focal length of our FZP lenses is the thickness of the
Si wafer used for our prototype array (625 pm). 17 out of the 192 KIDs are not coupled to a FZP
lens, instead they are blocked with gold to prevent illumination to compare the response between
illuminated and non-illuminated KIDs. Flight KID arrays will be equipped with microlens arrays.

Fig. shows the FZP ring dimensions and a plot of the expected encircled energy (EE)
efficiency. The light blue regions are the two transparent zones and the orange region is the gold
opaque zone. The numerical integration of the efficiency was done by Nicholas Cothard. We are
interested in the EE efficiency for a radius of 50 pm, the radius of the BEGINS KIDs inductors. The
results show that for a 50 um radius the EE efficiency is 35%. We must also take into account the
power loss from reflections off the metal surface. This is accounted for by calculating the fraction
of the total FZP lens area that is transparent, (R3 — R? + R3)/R3 = 0.67. The final expected FZP
efficiency is FZP.sy = .35 .67 = .23 (23%), and is used to calculate the blackbody power incident

on the inductors in the optical performance section, Sec.
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Figure 5.3: Left) FZP ring dimensions and a plot of the expected encircled energy (EE) efficiency.
The light blue regions are the two transparent zones and the orange region is the gold opaque zone.
Right: Numerical integration of the FZP encircled energy (EE) efficiency for two transparent zones,
done by Nicholas Cothard. The EE efficiency at the inductor radius of 50 pm is 0.35.

5.2 Dark Measurements

In this section I will describe the results of dark measurements made on the BEGINS KID
prototype array to determine the array yield, resonant frequencies, quality factors, T¢, and a. These
measurements were made in a cryogenic test bed in our lab at GSFC by me and Peter Day’s lab

at JPL. Analysis was performed by me.

5.2.1 Low Temperature Resonant Frequencies and Quality Factors

The resonant frequencies and quality factors @Q,, Q;, and Q. were determined by measuring
So1 of the prototype array with a VNA. This measurement was made at GSFC. The resonant
frequencies and quality factors were estimated using the fitting routine explained in Sec. Fig.
shows the full S5 sweep of the prototype array. The standing wave across the sweep is likely
due to impedance mismatches between electrical readout components and the roll-off at 300 MHz
is due to a room-temp amplifier.

The targeted design frequency span ranged from 154-509 MHz, with a bandwidth of 355 MHz.
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BEGINS TiN KID Array S>; Sweep
\~ \ A "
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Figure 5.4: BEGINS KIDs prototype array VNA S21 Sweep. The measured frequency span ranged
from 189-560 MHz, giving a bandwidth of 371. The prototype array was expected to have 192
resonators. However, only 181 resonators were identified, giving a yield of 94.3%. The standing
wave shown across the sweep is likely due to impedance mismatches between electrical readout
components and the roll-off at 300 MHz is due to a room-temp amplifier.

The measured frequency span ranged from 189-560 MHz, giving a bandwidth of 371 which differs
from the design bandwidth by 4.5%. The difference in the design to the measured frequency span
will arise from differences in the fabricated versus design capacitors and inductors of the KID. The
measurements yielded 181 out of 192 resonators, providing a yield of 94.3%. Of the 181 resonators
identified 175 were non-collided resonators. Since the resonators are densely packed within a certain
frequency span variations in the film thickness or KID geometry such as top electrode capacitor
lengths, aSi thickness, and the inductor meander geometry will cause resonators near each other in
frequency space to shift and collide.

Fig. [5.5] shows the estimated quality factors Q,, Q;, and Q.. Both @, and Q. have a bimodal
distribution. If Q. is bimodal @, will be as well, because @, and (). are positively correlated, as
shown in Fig. m The array is designed such that Q. = 1 x 10° and is constant for all detectors.

Q. varies from 3 x 10* to 1 x 10°, with an average Q. = 7 x 10*. The bimodal distribution in
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(). may be due to possible variations across the prototype array film thickness, substrate thickness
between the PPC walls or KID geometry. However, we were not able to confirm this. This will
not affect the empirical NEPs. @);, has a more normal distribution-like shape with an average of
6 x 10* + 5 x 10%. From these values the coupling efficiency to the feedline is x. = 0.99. This values

near unity to maximizes the response of the resonator.
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Figure 5.5: Histograms of @,, Q., and Q; of the BEGINS KID prototype array. @, varies from
1.7 x 10* to 4.3 x 10* and Q. from 2.6 x 10* to 1.2 x 10°. Q;, has a more normal distribution-like
shape with an average of 5.9 x 10%* £ 5.4 x 103.
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Figure 5.6: Plot showing that the fit parameters ), and Q. are positively correlated.

5.2.2 T. and o Measurements

A bath temperature sweep measurement was made by Peter Day at JPL and I performed the
analysis. The temperature sweep response was recorded for 4 resonators with resonant frequencies

of 223.4, 275.04, 464.81, and 530.73 MHz. Fig. shows the response of the resonator with a
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resonant frequency at 223.4 MHz from 300-600 mK. As the temperature increases the number of
thermal quasiparticles increases leading to a decrease in the resonant frequency and quality factor
of the resonator. The top plot in Fig. shows the fractional frequency shift response versus
bath temperature of all four resonators which have a similar response. T, and « of the KIDs were
estimated by applying the model described in Sec. and using a x? minimization fitting method
with « and Ag as the free parameters. The left bottom plot in Fig. shows the results for the
best fit of the resonator, f. = 223.44 MHz. The fit yielded o = 0.22 and Ag = 2.16 x 1074 eV,
which corresponds to a T, = 1.42 K. Fit results for all resonators are displayed in table where
the average T, = 1.43 K and «a = 0.23. The expected 1, of the prototype array was between 1-1.5
K, so the estimated T, is a reasonable value. However, since we were not able to make a four-wire
resistance measurement we could not verify T.. The low estimate for « is unusual since TiN is
known to have a high « in the literature [47]. These results could be erroneous if our estimate for
T, is incorrect. Detectors with these T, and o parameters may still meet requirements for BEGINS

NEPs which will be discussed further below.
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Figure 5.7: Temperature dependence of a resonator at 223.44 MHz from a fabricated BEGINS TiN
KIDs prototype array. The resonator shows the expected response of shifting to lower frequencies
and decreasing quality factor, as the temperature increases from 300 mK to 600 mK.
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Figure 5.8: Top: The fractional frequency response (z) as a function of bath temperature from 300
mK to 600 mK for four resonators from the BEGINS KID prototype array. We see an over all shift
of ~ 6 x 1073 at 600 mK. Bottom Left: Blue Dots: Fractional frequency response of resonator with
fr = 2234M Hz. Black line: Best fit to model using minimum x? method. Bottom Right) Ax?
contour plots of 1o, 20, 30 uncertainty in the parameters.

fr MHz) | a | Ag (x107*eV) | T, (K)
223.44 0.22 2.16 1.42
274.97 0.23 2.17 1.43
464.7 0.24 2.19 1.44
530.59 0.23 2.16 1.42

Table 5.1: Minimum y? fit results for all four resonators chosen from the BEGINS KID prototype
array. The fit estimated the parameters o and Ag. Ty, is then calculated using the relation from
BCS theory, Ag = 1.764kpTc.

5.3 BEGINS KIDs Optical Performance

Optical test on the prototype array were performed in our cryogenic test bed at GSFC. The

tests were performed with a cryogenic blackbody at temperatures of 6, 40, 60, 80, 90, and 100 K.
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The prototype array was kept at a bath temperature of 326 mK. We were not able to test it at the
BEGINS operating bath temperature of 300 mK, because the optical load of the blackbody at 100
K increased the temperature of our 300 mK stage to ~ 324 mK. The elevated bath temperature
will lead to an increase in G-R noise that may increase the empirical NEP at lower loading where
it is not photon noise dominated. The KID array was placed in a package such that the blackbody
radiation would be focused onto the KID inductors by the Fresnel-zone plate lenses and filter stacks
provided by Cardiff University were used to define the bandpass at 25 um.

Two different types of measurements were made. We recorded So sweeps with a VNA at each
blackbody temperature to measure the fractional frequency response of the detectors relative to
the lowest blackbody power (6 K). The second set of measurements were single tone measurements
of 12 different resonators. The single tone measurements allow us to measure S, as a function
of optical power. The empirical NEPs of the 12 resonators are determined by the responsivity

calculated from the fractional frequency response and Sy, as a function of optical power.

5.3.1 Optical Measurements Set Up

The complete experimental set up for the optical measurements is shown in Fig. The
left figure shows a schematic of the cross-sectional view of the assembly and the right figure shows
a physical image. The cryogenic blackbody is attached to the 4 K stage of our cryostat by four
stainless steel legs. It is made of four aluminum walls with a 500 pm aperture facing the FZP lenses.
Within the walls is a copper tile with a black absorptive material attached facing the aperture. On
the top side of the copper tile is a 100 €2 resistor used to heat the blackbody with DC wiring. We
control the amount of power applied to the resistor using a python script. The mount is attached
to an aluminum frame using G10 struts. G10 was used as part of the frame because it is a good
thermal insulator, has a low thermal expansion coefficient, and allows us to keep the overall mass
low. This is important because the larger the mass the longer it will take to heat up or cool down
the blackbody. A copper tile was used for its high thermal conductivity allowing it to heat the

black absorptive material. The copper tile was also kept small to decrease the mass.
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Figure 5.9: Cryogenic optical measurement experimental set up. The cryogenic blackbody is at-
tached to the 4 K stage of our cryostat by four stainless steel legs. It is made of four Al walls with a
500 pm aperture facing the Fresnel zone plate lenses. Within the walls is a copper tile with a black
absorptive material attached facing the aperture. On the top side of the copper mount is a 100 €2
resistor used to heat the blackbody with DC wiring. We control the amount of power applied to
the resistor using a python script. The mount is attached to an aluminum frame using G10 struts.
The structure within the aluminum walls was constructed by Nicholas Cothard.

Below the blackbody is the first filter stack (1K Filter Stack), which is thermally coupled to
the 1 K stage of the set up. The second filter stack (Bath Temp Filter Stack) is attached to the
box that is kept at the same temperature as the detector array. The filter stacks have identical
bandpasses, and are made of metal mesh deposited on a polypropylene substrate. Both stacks
consist of four filters that create a bandpass centered at 25 ym with a bandwidth from ~ 22-28 pm.
The four filters consist of a 25 pm bandpass, 300 icm high-pass filter, 600 icm low-pass filter and a
1050 icm low-pass filter. The transmission of each of these is shown in Fig. The transmission
of the filter stacks in series is used to calculate the total power incident on the detectors by the
blackbody in section [5.3.2]

Fig. shows the KID array packaging. It is made of gold-plated, oxygen-free high con-

ductivity (OFHC) copper. OFHC copper is the purest copper available with levels of oxygen as low
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Figure 5.10: The transmission of the filters used in the optical experimental set up. The filters are
made of metal mesh deposited on a polypropylene substrate. Both stacks consist of four filters that
create a bandpass centered at 25 ym with a bandwidth from ~ 22-28 ym. The four filters are a 25
pm bandpass, 300 icm high-pass filter, 600 icm low-pass filter and a 1050 icm low-pass filter.

as 0.001 %. It allows the inherent properties of copper to be enhanced by decreasing the amount
of impurities in regular copper. It has a high thermal conductivity that allows the prototype array
to be cooled down to the desired temperatures. The prototype array is attached to the lid of the
package (Top), as shown in the cross-sectional view of the package. The KIDs face the bottom
section of the package, which has a rectangular inset to ensure the prototype array does not touch
the package. At the bottom of the package is a black disk made of metal velvet, a wide-band
(extreme UV to far-IR), absorbing aluminum foil with 99.9% specular absorptance E| , which is
used to absorb stray light. The top of the package has a v-shaped opening made to expose the FZP
lens array to the blackbody. To ensure stray light was not reflected into the lenses black epoxy
was placed along the lining of the walls of the opening. Fig. [5.12| shows the images of the physical

package containing the prototype BEGINS TiN KID array with the FZP lens array. The prototype

! https://acktar.com/product/metal-velvet-2/
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array package is mounted into the box shown in Fig. Left and has MCX plugs to SMA cables
for readout. The box containing the prototype array package is thermally coupled to the 300 mK
stage using a copper film and has a 100 €2 resistor and thermometer attached to the bottom on
the outside. DC wiring is used to heat the resistor to the desired temperature of 326 mK with a

thermo-servo controlled system.

Prototype array with

FZP lenses facing the
top and the KID array QTM
facing the bottom. 'I-M- Bottom

Cross-Sectional
View

Figure 5.11: CAD drawings of the prototype array package.The prototype array is attached to the
lid of the package (Top), as shown in the cross-sectional view of the package. The KIDs face the
bottom section of the package. The bottom of the package has a rectangular inset to ensure the
prototype array does not touch the package. There is a black disk made of metal velvet attached
to the bottom of the package. It is used to absorb stray light and prevent it from being reflected
back onto the KID array. The top of the package has a v-shaped opening made to expose the FZP
lens array to the blackbody. The package was designed by Peter and the bottom was modified to
mount in our test bed.
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Figure 5.12: Images of the physical package containing the prototype BEGINS TiN KID array with
the FZP lens array. To ensure stray light would not be reflected into the lenses black epoxy was
placed along the lining of the walls of the opening shown in the top image.

5.3.2 Measurement Results for df/f & R,

Here I discuss the results of the VNA sweeps I performed to determine the fractional frequency
shift of the resonators as a function of blackbody temperature. I will also compare Model 1 and
Model 2 responsivity models discussed in Sec.

Fig. shows histograms of the fractional frequency response at Tpp= 40, 60, 80, 90, and

100 K, where df /f = ! T(T‘ﬁ)(}f;"gbfgﬁm. In the response from 80-100 K there is a distinct group of

the same 12 resonators with low response. These resonators may include some of the 17 that were
not coupled to FZP lenses. However, this was not confirmed because we did not have a method
to spatially map the measured frequencies to the design frequencies on the array. To the left of
the low response group is a larger group of resonators with a skewed distribution. If all resonators
were absorbing similar amounts of radiation we would expect a normal distribution. In Fig.
it is evident that about 60 % of the radiation is not focused onto the inductor and it will scatter

within the Si substrate and be absorbed by neighboring KIDs. Our hypothesis is that the skewed
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distribution might be due to stray light reaching detectors from neighboring FZP lenses.

To test this hypothesis we started with separating the skewed distribution at 80 K into two
groups a “mid response group” and “high response group” (Fig. red histogram). The “mid
response group” is made up of the resonators within the response from ~ —1.0x107° to —0.50x 107>
with a mean response of —0.78 x 107°. Note that the the more negative the response the greater
the optical response. The remainder of the resonators in the group to the left of the mid response
group (df /f < —1.0 x 107°) make up the high response group. We found that 98 resonators from
the mid response group at 80 K were consistent with the mid response groups designated for 90
K and 100 K. From the high response group 53 resonators matched at 80, 90 and 100 K. The low
response group contained the same 12 resonators at 80, 90 and 100 K. Therefore only 163 out of
the 175 non-colliding resonators were matched to response groups. Resonators that could not be

matched were left out of the analysis discussed below.
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Figure 5.13: Histograms of BEGINS TiN KID array responses (df/f) at blackbody temperatures 40
K, 60 K, 80 K, 90 K, and 100 K. Since there are 17/192 KIDs not coupled to a Fresnel zone plate
lens we expect there to be a group of KIDs with low response due to chip heating, stray light or
radiation trapped in the Si substrate. This group is seen from 60-100 K. The low response group
in 80-100 K have the same 12 resonators.

After confirming the number of resonators in each group were consistent 80, 90 and 100 K we



74

determined if they matched the number of resonators found with a certain number of neighboring
FZP lenses. The left figure in Fig. shows a section of the FZP pixel layout. A KID can have
2, 3, 4 or 5 neighboring FZP lenses with this type of pattern. The histogram in Fig. displays
the number of resonators with 2, 3, 4 or 5 neighboring FZP lenses. If the hypothesis is correct a
resonator with a larger number of neighbors will absorb more stray light and inflate the response
of a resonator. The 17 design resonators not coupled to lenses have either 3 or 5 neighboring
resonators. Of the 17, 8/17 have 3 neighbors and 9/17 have 5 neighbors. Given that only 163 of
192 design resonators were matched we can estimate how many of the 17 design resonators not
coupled to lenses we would expect to find in the 163. For 17/192 design resonators not coupled to
FZP lenses, we expected to find 14/17 resonators in the group of 168. This number is close to the
12 resonators found in the low response group. This method is used on the resonators coupled to
lenses as well.

Table shows the number of lens-coupled resonators out of the 163 that we expect to have
with 2, 3, 4, or 5 neighboring lenses. From these values we inferred which resonators belonged to
the mid and high response groups. Assuming that the mid response group is made up of resonators
with 2, 3, and 4 neighbors it would contain 99 out of the 163 resonators. This leaves 52 resonators
in the high response group, that arise from resonators with five neighbors. These values are very
similar to what we see in the data, where there are 98 in the mid response group and 53 in the
high response group. This analysis suggests that the mid response group is primarily made up of
resonators with three neighbors and the high response group is primarily made up of resonators
with five neighbors. Although these numbers agree well we were not able to verify this by spatially
mapping the pixels on the array.

We chose a group of resonators from each response group for which to estimate responsivities
and calculate empirical NEPs. Four were chosen from the low and high response groups and five
were chosen from the mid response group (Table . In order to remove the effects of stray
light from neighboring FZP lenses we subtracted the mean of the low response group from the

resonators in the mid and high response groups. We present results for those with and without the
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mean subtracted.

KIDs with FZP Lenses
70

15 20 25 30 35 40 45 50 55
number of neighbors

Figure 5.14: Left:A section of the FZP pixel layout. Right: A a histogram showing how many of the
designed number of resonators that are coupled to FZP lenses have either 2, 3, 4 or 5 neighboring
FZP lenses.

# of neighbors | # of resonators from design | Estimated # of len-coupled resonators
2 19 17
3 70 60
4 25 22
5 61 52

Table 5.2: First Column: The number of FZP lenses that can be neighboring a KID on the array.

Second Column: The number of design resonators that are coupled to lenses that would have “x”
amount of neighbors. Third Column: The expected number of resonators from the 168 resonators

coupled to lenses that would have “x” amount of neighbors.

Low (MHz) | Mid (MHz) | High (MHz)
280.47 210.84 254.01
313.31 232.85 360.70
370.33 351.02 496.90
464.98 377.48 507.76

476.58

Table 5.3: Resonant frequencies chosen from each response group.
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5.3.2.1 Responsivities (R;)
In order to calculate the responsivity of the prototype array we need to determine the amount

of blackbody power absorbed (Ppp qbs) by the detectors. The absorbed power is found by taking

the following integral over a given wavelength range

A BT
PBB,abs = ApixelQnoptnabs//\ (Q)F/\ d)‘a (52)
where B(\,T) is Planck’s law for blackbody radiation,
2hc? 1

B\,T) =

No ehe/(ZksTsE) _ 17 (5.3)

and is divided by two, because the inductor efficiently absorbs only one polarization of radiation.
The area of the FZP lens is Ay = 0.044 mm?,  is the solid angle subtended by the blackbody
onto the FZP lens, F) is the transmission of the filter stacks as a function of wavelength, and
Nopt is composed of different constant optical efficiencies that effect the optical load. The optical
efficiencies are listed in Table The efficiency at which the detector absorbs optical power is

Nabs = 0.77 E| . The solid angle (Q2) is calculated using the following expression

Aapt
L2’

0= (5.4)

where Agp = 19.63 mm? is the area of the blackbody aperture and L = 75.184 mm is the distance
from the blackbody to the prototype array (Q = 3.47 x 1073). Table shows the calculated

absorbed blackbody power.

Efficiency description value
Transmission through Si-vacuum interface at Fresnel zone plate lens | 0.7
Fresnel zone plate efficiency (FZP,yy) 0.23

Table 5.4: The efficiencies that make up 7,y for the BEGINS prototype array optical set up.

The 12 detectors’ fractional frequency response as a function Pgpg q,s Were fit to both models

described in Sec. [3.2] Figures[5.15] [5.16] and [5.17] show the measured fractional frequency response

2 This was discussed through private communication with Peter Day and electromagnetically simulated
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Tpp (K) | PpB.abs (PW)
6 1.45 x 10734
40 1.63 x 1074
60 1.60 x 1072
80 0.16

90 0.35

100 0.67

Table 5.5: Cryogenic blackbody optical power absorbed by prototype BEGINS KID array. First
column: the blackbody temperature. Second Column: The calculated power absorbed by each KID
on the array.

data (blue dots), Model 1 labeled as “Linear Model” fits (red dashed-dotted lines) and Model 2
labeled as “x(P)” (black line) fits to the low, mid and high response resonators, respectively. For
all groups the response at 0.16 pW (Tsp = 80 K) was lower than expected when compared to the
trend that the rest of the data followed, so it was excluded from the fits. This may have been due
to an unstable blackbody that had not settled to 80 K.

The low response resonators closely follow a linear response with varying optical load, sug-
gesting that the quasiparticle lifetime is not varying significantly with optical power. It is apparent
from the mid response and high response groups that the data is better fit by Model 2, than the
linear model (Model 1), even at low optical powers (shown in insets). The better fit to Model 2
confirms that the quasiparticle lifetime changes with absorbed optical power. As the absorbed opti-
cal power increases the quasiparticle density increases and increases the likelihood of quasiparticles
recombining, shortening the quasiparticle lifetime. The estimated parameters (R, o and ) from
Model 2 are used to calculate the responsivity as a function of absorbed power, as expressed in Eq.
B.521

Fig. shows the responsivity as a function of absorbed power for the low, mid and high
response groups. The responsivity curve exhibits a roll-off at a high absorbed optical power, fit
by the parameter Fy. The mid and high response groups roll-off powers are in the range 0.6 to

1.2 pW. The locations of the roll-off powers for the low response group are more variable between
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detectors. Two of the resonators have a roll-off located at particularly high power, ~ 100 pW,
providing further evidence that they belong to the dark group and may be close to the edge of the
array. The other two resonators have higher responsivity, but still not as responsive as those in the
mid and high response groups. These resonators could be dark or resonators with defects leading
to a low response.

The same analysis was performed on the mid and high response groups with the mean of
the low response group subtracted from them. Fig. [5.19] shows the mid and high response groups
responsivity results for this analysis. As expected, the estimated responsivity is reduced when the
low response mean power is subtracted. In Sec. the responsivities from the original data
and the data with the low response mean subtracted will be used to calculate the NEPs of the
prototype array.
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Figure 5.15: Fractional frequency response as a function of power of the low response resonators.
Blue Dots: Data. Red Dashed Line: Linear fit to data. Black Line: Model from Eq. fit to
data.
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Figure 5.16: Fractional frequency response as a function of power of the mid response resonators.
Blue Dots: Data. Red Dashed Line: Linear fit to data. Black Line: Model from Eq. fit to
data. The model labeled x(P), fits the data better when compared to the linear model.
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Figure 5.17: Fractional frequency response as a function of power of the High response resonators.
Blue Dots: Data. Red Dashed Line: Linear fit to data. Black Line: Model from Eq. fit to

data. The model labeled x(P), fits the data better when compared to the linear model.
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Figure 5.18: Left: Responsivity as a function of power for all low response resonators. Across
all resonators the low response responsivity varies from ~ 1.1 x 107 — 2.7 x 10° W-'. Middle:
Responsivity as a function of power for all mid response resonators. Across all resonators the mid
response responsivity varies from ~ 4.0 x 107 — 6.6 x 10" W-'. Right: Responsivity as a function of
power for all high response resonators. Across all resonators the high response responsivity varies
from ~ 7.2 x 107 — 1.2 x 108 WL,
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Figure 5.19: Responsivity as a function of power for the mid and high response groups with the mean
of the low response group subtracted out. The mid response group now has a responsivity ranging
from ~ 2.3 x 10" — 5.1 x 107W ! and the high response ranges from ~ 5.5 x 107 — 1.1 x 103W 1.
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5.3.3 Measurement Results: Noise PSDs S,.;

Here I discuss the results of on-resonance single-tone noise measurements of the 12 resonators
using the measurement method discussed in Sec. The power spectral density (PSDs) of the
noise measurements allow us to calculate NEPs, estimate TLS noise (Srrs), white noise (Sw )
and 74, of the KIDs. The PSDs of the three response groups are shown in figures and
in S, units of Hz'. The PSDs are plotted for each blackbody temperature from 6 to 100
K in the frequency/phase (solid lines) and dissipation/amplitude (dashed lines) directions. The
frequency noise corresponds to fluctuations in the resonance frequency and the dissipation noise
corresponds to fluctuations in the amplitude of the total quality factor.

All PSDs show 1/f noise in both noise directions with a knee ~10 Hz. The 1/f noise can
result from slow fluctuations in the detector temperature, slow fluctuations in the blackbody tem-
perature or the readout system. However, in the frequency direction the most dominant 1/f noise
contribution is TLS noise [104]. The amount of TLS noise in the detectors will determine whether
we achieve the NEPs necessary for BEGINS. In both noise directions there is a roll off at at 27 kHz
that results from lowpass filters in the readout electronics. The separation in amplitude between
the noise directions indicates that the fundamental detector noise sources dominate over readout
and low noise amplifier (LNA) noise (discussed in Sec. [4.2)). This is important because if the noise
is dominated by the system noise we cannot extract the sensitivity of the detector.

The mid and high response PSDs in the frequency direction increase in amplitude and flatten
from ~10 Hz to ~ 1 kHz with increasing blackbody temperature. This arises from an increase in
white noise caused by photon noise and G-R noise and indicates that we are photon-noise limited.
The low response group does not appear to be photon-noise limited. The increase in white noise
is not evident until 90 K, except for f. = 370.33 MHz which increases in amplitude at 80 K. If the
detectors are those blocked from radiation the increase in white noise could be due to absorption
of stray light or chip heating. Another important feature in the frequency noise direction is the

roll-off at ~ 1 kHz which is due to the 7, of the detectors. Short quasiparticle lifetimes can limit
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the responsivity of the detectors, which is further discussed in Sec.
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Figure 5.20: PSDs of each low response detector as a function of blackbody temperature from 6 to
100 K. The plots show both the phase (frequency) noise (solid lines) and the amplitude (dissipation)
noise (dashed lines).
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Figure 5.21: PSDs of each mid response detector as a function of blackbody temperature from 6 to
100 K. The plots show both the phase (frequency) noise (solid lines) and the amplitude (dissipation)
noise (dashed lines).
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5.3.4 Measurement Results: Fits to Noise PSDs S,

Here I discuss fits to Syz, freq to estimate 7,4, the TLS noise level (Strs), and the white noise
level (Swn). Tgp and Strs are particularly important because they affect the responsivity and
total NEP. The responsivity is proportional to 7,4, so longer lifetimes lead to a higher responsivity
(Eq. [3.44)), while higher TLS noise can significantly degrade noise performance. The model used

to fit for these parameters is

Swn _
=" 8 ", 5.5
T @nfro)? rLsf (5.5)

Sza
The first term is a Lorentzian with a roll-off at 74, and amplitude that depends on the white noise
level. This method for fitting 7, only works if the quasiparticle lifetime is longer than the resonator
ring time, 7,y = 7%:, which is an intrinsic feature of LC circuits and reflects how long a resonator
takes to dissipate energy. In the 12 resonators we measured, 7,4 Was less than 74, in all resonators.
The second term is used to fit for the 1/f noise level that has been shown to arise from TLS noise in
KIDs [81},57, [36]. 1/f noise from TLS has been shown to increase as 1/{%% above 10 Hz [35] 80, [85].

For this reason all fits were done above 10 Hz and n was fixed to n = 0.5. The PSD fits are shown

in figures [5.24] [5.25] and [5.26] The solid lines represent the best fit and the star markers represent

the estimated 7, roll-off frequency. For some resonators the fit fails at frequencies greater than the
roll-off frequency, causing the roll-off frequency to be underestimated.

Fig. shows all three parameters fits for the low, mid and high response groups as a
function of temperature. The solid black lines in the first two rows of plots are the average white
noise and TLS noise, respectively. The white noise, which is composed of photon-noise and G-R
noise, increases with temperature due to incident photon flux on the detector. G-R noise only
increases if the chip heating occurs due to increased optical power. The TLS noise does not follow
a clear trend with increasing optical power, and ranges from ~ 1 x 1077 to 5 x 1077 Hz'!. TLS
noise has been observed to scale with drive power and bath temperature, which are held constant
in these measurements [35], [80]. The estimated TLS noise level is comparable to values measured

in aluminum and niobium KIDs with IDCs by Z. Pan, et al [85], who studied how TLS noise varies
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with IDC gap width. At a drive power near the drive power of the BEGINS resonators (>-93 dBm)
the TLS noise in their IDC KIDs varied from 1.5 x 1077 to 4 x 10717 Hz!. Our prototype BEGINS
resonators with PPCs therefore did not decrease the TLS noise compared to those with IDCs as
we predicted, but they are still a promising design choice for KIDs that enable smaller pixels.
The last row in Fig. shows the estimated quasiparticle lifetime (7,,) as a function of
blackbody temperature. It varies from 59-171 us, 53-315 us, and 38-315 us in the low, mid and high
response groups, respectively. The 7, for different TiN KIDs in the literature has been estimated
to range from 10-300 us [25], 58, [104]. P. Diener et al. also observed surprisingly long quasiparticle
lifetimes in a few of the TiN KIDs they characterized, up to 5.6 ms [25]. They conjectured that the
large variation in 74, may have arisen from the dependence of superconducting properties with TiN
stoichiometry. Although the variations in the lifetimes in our prototype array are not as drastic,
this same mechanism may be responsible. In any case, we cannot depend on longer 7, to increase

the responsivity to meet the BEGINS sensitivity requirements.
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Figure 5.24: Low Response group Sy, fits. The dashed line is the measured S,,. The solid line is
the fit using Eq. [5.5] m The stars represent where the roll—off Typ Was estimated to be. The black
dash dotted line is the the resonator ring time, 7.5, =
feature of LC circuits and reflects how long a resonator takes to dissipate energy.

. The resonator ring time is an intrinsic
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the fit using Eq. The stars represent where the roll-off 7, was estimated to be. The black
dash dotted line is the the resonator ring time, 7,y = %: The resonator ring time is an intrinsic
feature of LC circuits and reflects how long a resonator takes to dissipate energy.
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Figure 5.26: High Response group Sy, fits. The dashed line is the measured S;,. The solid line
is the fit using Eq. The stars represent where the roll-off 7, was estimated to be. The black
dash dotted line is the the resonator ring time, 7.5,y = 7?7: The resonator ring time is an intrinsic
feature of L.C circuits and reflects how long a resonator takes to dissipate energy.
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5.3.5 Measurement Results: Empirical NEPs

Here I calculate the empirical NEPs of the 12 resonators to determine if we reach the BEGINS
sensitivity requirement. I also investigate the anomalously high power detected by the high response
group, which we found to be ~ 1.8 times more than expected. NEPs are calculated in the frequency
direction (N EPj,¢q), because the detector noise is dominant in that direction. The frequency noise
PSD (S35, freq) is combined with the responsivity (R;) to determine the empirical NEP as a function
of absorbed blackbody power, where NE Py, = \/m /Rs;. The calculations are done at 1
Hz, 10 Hz and 100 Hz for each PSD shown in Sec. The BEGINS instrument modulation
rate places the astronomical signal of interest in the 1-10 Hz range, so we are most interested in
characterizing the NEP at these audio frequencies. However, most of the detectors exhibit TLS
noise at those frequencies, so we chose to also erform the calculations at 100 Hz where most of the
detectors are photon-noise limited.

Fig. shows the results for the low, mid and high response detectors (left panel) and
with the low response mean subtracted out (right panel). The different line styles represent the
frequency that the NEP was calculated; either at 1 Hz (dotted line), 10 Hz (dashed line), or 100 Hz
(solid line). The different markers and colored lines are used to distinguish between the resonators

(legend at top of left panel). The solid gray line represents the cryogenic blackbody photon-noise,

NEPgppn = \/QPBB,abshyph(l + ng), the teal dotted dashed line represents the expected BEGINS
photon noise NEP at 25 pm for our optical set up, which is expected to be 7.58 x 10717 W/v/Hz
for an absorbed power of 0.36 pW. The BEGINS absorbed power is then calculated by taking the
expected BEGINS incident optical load at the focal plane for 25 ym wavelength and applying the
efficiencies from our optical set up (1t and 74ps). The black lines are the average measured NEPs
of all resonators at 1 Hz, 10 Hz, and 100 Hz, which are are listed in tables and
NEPy,c, should be equivalent to NEPgp,, if optical and detector absorption efficiencies
are correct and the detectors are photon-noise limited. However, the asymptotic behavior at high

optical loads indicate that the detectors are only photon-noise limited down to 210 fW. At 1 Hz the
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detectors are dominated by TLS noise, so none of them follow NEPgp ;. None of the low response
group follow NEPgp p,, because the detector optical efficiency is less than the expected 7,,:. The
opposite occurs with the high response group at 10 Hz and 100 Hz, where N EPy,., falls below
NEPgppn. This demonstrates that the high response group is detecting extra radiation, possibly
from the five neighboring FZP lenses, that results in the overestimation of detector sensitivity. The
average of the mid response group in the left panel at 100 Hz appears to be photon-noise limited,
so we take this group as representative of the true sensitivity of the detectors. The BEGINS NEP
requirement is met at 100 Hz, but at 10 Hz the average mid response NEP is 9.2 x 10717 W /y/Hz,
1.2 times larger than the BEGINS NEP requirement. The NEP can be reduced by increasing the
quasiparticle lifetime 7,,, decreasing the band gap energy A or reducing the volume of the inductor
which increases responsivity R,.

The plots in the right panel of Fig. show the mid and high response groups with the low
response mean subtracted. Neither group falls along the N EPgp photon line at high optical powers.
The high response group still shows indication of an inflated response from extra radiation. The mid
response group is now less sensitive. This either means the optical efficiency estimate is incorrect
and/or the low response mean overestimates the response from extra radiation. The latter could
be the case if the measured low response group contains more resonators with five neighboring FZP
lenses than the mid response group (which we hypothesize to have 2, 3 or 4 neighboring lenses).
Due to the uncertainty in this method we place low confidence in the estimated NEPs.

If we assume the original mid response group represents the true detector sensitivity then the
KIDs are a factor of 1.2 above the BEGINS NEP requirement at 25 um wavelength. To improve
the NEP the next fabricated BEGINS KID array will have inductors with smaller volumes and
higher absorption efficiency. It will also be coupled to a microlens array. Results of optical tests on
a KID array successfully bonded to a microlens array chip are discussed in Ch. The microlens
array shown no indication that extra radiation from neighboring lenses is being absorbed. This
will improve the NEPs, decrease the scatter in its value across the array, and confirm if we have

correctly quantified all absorber and optical efficiencies.
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Figure 5.27: NEPs for the unaltered original data for the low, mid and high response detectors and
the results for the mid and high response detectors with the low response mean subtracted out.
The different line styles represent the audio frequency where the NEP was calculated; either at 1 Hz
(dotted line), 10 Hz (dashed line), or 100 Hz (solid line). The markers and color represent the specific
detector from each group, as described in the legend at the top right of the figure. The solid gray line
represents the cryogenic blackbody photon noise NEP, where NEPpp pj, = \/ 2PBB abshvpn (1 + no).
The teal dotted dashed line represents the expected BEGINS photon noise NEP at 25 pm, which
is expected to be 7.58 x 10717 W/\/E for an absorbed power of 0.36 pW. The black lines are the
average NEPs of all resonators at 1 Hz, 10 Hz, and 100 Hz.




PgB.abs (PW) | 1 Hz, (10716 W/VHz) | 10 Hz, (107'¢ W/vHz) | 100 Hz, (10716 W/ Hz)
1.63 x 107 4.0£1.7 2.2+40.7 1.640.5
1.60 x 102 4.642.0 2.140.7 1.6+0.5
0.16 4.0+1.5 2.140.6 1.740.5
0.35 4.742.8 2.540.8 2.040.6
0.67 4.141.7 3.0+1.0 2.140.5
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Table 5.6: Low Response average NEPs at 1 Hz, 10 Hz and 100 Hz of original response data from

fig.
Pgp.avs (PW) | 1 Hz, (10717 W/ Hz) | 10 Hz, (10717 W/v/Hz) | 100 Hz, (1077 W/v/H?z)
1.63 x 107 11.5+1.1 5.7+0.7 4.3%0.7
1.60 x 1072 10.9+1.7 6.14+0.7 4.6+0.6
0.16 13.4+1.7 7.441.4 5.6+0.8
0.35 15.6+2.5 9.24+1.3 7.5+1.1
0.67 18.243.1 11.8+1.1 10.3+1.0
Table 5.7: Mid Response average NEPs at 1 Hz, 10 Hz and 100 Hz of original response data from
fig.
Pgp.aps (W) | 1 Hz, (10717 W/V/Hz) | 10 Hz, (10~ W/VHz) | 100 Hz, (10717 W/ Hz)
1.63 x 107 5.6+1.0 3.0+0.3 2.2+0.3
1.60 x 1072 7.5+2.0 3.3+0.5 2.54+0.4
0.16 6.840.5 4.240.3 3.440.1
0.35 10.0+1.2 5.440.7 4.840.6
0.67 11.442.1 8.3+0.9 7.3+0.8

Table 5.8: High Response average NEPs at 1 Hz, 10 Hz and 100 Hz of original response data from

fig.
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We also investigated the amount of extra power absorbed by the high response group from
the original data. This is done by scaling NE Py, at 0.67 pW for f,. = 507.76 MHz at 100 Hz
(solid red line in fig. [5.27| Bottom Left) to equal NEPgpg,,. This required a scaling factor of
0.60. The scaled high response NEPs are shown in the left plot of Fig. We must also adjust
the responsivities, using R, = \/m/NEPf,,eq (Fig. Right), and the absorbed power,
PpBavs = /Ry (x = df/ f, the fractional frequency response). The results are shown in table
The first columns is the blackbody temperature, the second column is the new estimated average
absorbed power of the scaled high response resonators and the last column lists by what factors the
expected absorbed power increased (labeled as an efficiency). The efficiency is similar from 60 to
100 K with an average of 1.8. At 40 K the efficiency increases by a factor of 6.7. This could explain
why we see the NEP saturate to a constant value towards the lowest absorbed power in Fig.
for all detectors. J. Hubmayr, et al. saw this in there measurements on TiN KIDs, as well [47].
They hypothesized that it was due to stray light in their cryostat. This possibility is discussed
further in sec. where we compare the empirical NEPs to the expected NEPs derived from
the sensitivity model in Sec. [3.3] Due to timing and other projects we were not able to test this

theory by improving the light-tightness of our testbed.
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Figure 5.28: Left: Scaled high response NEPs, such that the NEP at 100 Hz for the resonator at
507.76 MHz (solid red line in fig. Bottom Left: followed the N EPpgp photon line. This required
a scaling factor of 0.52. Factor was applied to all the high response NEPs. Right: Responsivities
calculated from the scaled NEPs, using R, = /Sz./N EPfreq. The calculated responsivities are
plotted as a function of power.



97

BB Temp (K) | New Estimated Absorbed Ppp qps (PW) | High Response Detector Efficiency
40 2.00 x 1073 12.14

60 3.1 x 1072 1.9

80 0.246 1.5

90 0.665 1.9

100 1.317 2.0

Table 5.9: First Column: The blackbody temperature. Second Column: The estimated average
absorbed power of the high response resonators after scaling the NEPs. Third Column: Shows how
much more power was absorbed when compared to the calculated absorbed power in table 5.5

5.3.6 BEGINS KIDs Expected NEP vs Empirical NEP

We can use measured parameters from the BEGINS prototype array to calculate the the-
oretical NEPs that contribute to the total NEP (NEP;,) with the method described in Sec.
and compare this to the empirical NEPs calculated in Sec We chose the resonator
with f, = 476.58 MHz for this comparison because at high optical loading it falls along the
NEPpp,, line. The total NEP is calculated by adding all NEP contributions in quadrature,

NEP}, = NEP}, o+ NEP?, + NEP?

amp photon

+ N EP% r- Table lists the parameters required
to determine the NEPs, their values and the source or reference to literature of the value. The
following parameters were determined from the dark and optical measurements discussed in the
chapter: f,., Qio, Qc, Tgp, @, T¢, and Strs. The parameter 7,, the quasiparticle pair-breaking effi-
ciency of the absorbed drive power, is not well-known. It has been measured to be as low at 0.001
and as high as 0.5 with a dependence on the resonant frequency [44, 80]. We chose to implement
both extreme values to calculate the NEPs.

Fig. shows the expected NEPs. The left plots has 1, = 0.001 and the right plot has
Nne = 0.5. The pink squares are the measured NEP at 100 Hz and the brown squares are the
measured NEP at 10 Hz for the mid response resonator, f, = 476.58 MHz. Both are photon-noise
limited above 0.2 pW. Below 0.2 pW they saturate to a constant NEP that is dominated by G-R
and TLS noise for n, = 0.001 and G-R, TLS, microwave power and amplifier noise for n, = 0.5.

While the increase in 7, increases N E P, by a factor of 1.5 it is still below the empirical NEPs.



98

Table 5.10: Input Parameters for BEGINS KIDs Expected NEPs

Symbol Parameter Value Source
fr resonant freq 476.58 MHz measured
v optical freq 12.5 THz known
Qi Internal quality factor 6 x 10% average estimated
Qe Coupling quality factor 7 x 10* average estimated
Xg generator efficiency 1 [108]
Npb Pair-breaking efficiency 0.57 [44)
To characteristic electron-phonon interaction time 13 pus [52]
Tmax max lifetime 100 us 58]
\%4 Inductor volume 110 pm?® calculated
Na gp breaking Readout efficiency .001/.5 [44]
a Kinetic inductance fraction 0.23 estimated
T. critical temperature 143 K estimated
Toper bath temp 326 mK known
Srrs TLS noise 2.55e-17 Hz ' | average estimated
P, Drive power 4.7 pW known

At low powers the empirical NEPs saturate to 5.1 x 10717 W/\/E They are a factor of 4.6 and
2.5 greater than n, = 0.001 and n, = 0.5, respectively. This could be due to stray light in the
cryostat or stray light from neighboring FZP lenses not captured by the model or the model is
underestimating N E P;y;.

Parameters predicted by the sensitivity model include R;. The model predicts an R, that
is about one order of magnitude greater than the estimated R, from measurements. This paired
with the values gathered from the literature such as 1y, Tmasz, and 7o create uncertainty in the
model. This is apparent with N EPr;g which is inversely proportional to R, according to Eq.
The predicted R, by the model underestimates N E Prrs compared to measurements. Despite the
uncertainty, the model is still a useful tool when designing KIDs for high R, and estimating the

optical power at which the KID is no longer photon-noise limited.

5.4 Discussion

In this chapter I presented the results of dark and optical measurements made on a 25 um

BEGINS KID prototype array coupled to FZP lenses. The goal of this work was to determine if the
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Figure 5.29: The expected NEPs and measured NEPs for f, = 476.58 MHz. The left plot has
1e = 0.001 and the right plot has 7, = 0.5. The pink squares are the measured NEP at 100 Hz for
the mid response resonator, f. = 476.58 MHz. The brown squares are the measured NEP at 10 Hz
for the same mid response resonator, f, = 476.58 MHz.

BEGINS NEP requirement was met by the prototype detector array in a laboratory environment.
The NEP requirement in our optical set up was 7.6 x 10717 W/ v/Hz for an absorbed optical power
of 0.36 pW. We measured an empirical NEP of 9.2 x 1077 W/y/Hz, a factor of 1.2 above the
requirement. Below I will highlight results from the dark and optical measurements and their
importance towards this work and KID modeling.

Dark measurements on the prototype array indicate that T, = 1.43+.008 and oo = 0.234.008.
The critical temperature was within the expected range of 1 K to 1.5 K. However, a was lower than

expected for TiN KIDs. The low value of o will decrease the responsivity of a KID. The kinetic

hRs

inductance of a KID is proportional to the sheet resistance of the KID material, by Lg; = A

[7]. This indicates the low value of o might be due to low R or a product of the fit. To increase
responsivity we need to increase the kinetic inductance fraction for the next generation of prototype
arrays.

Highlighted optical measurement results:

(1) We discovered 3 different fractional frequency response groups in our optical measurements.

A low, mid and high response group. We believe the variation in response is due KIDs
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detecting radiation from their neighboring FZP lenses. The low response group is thought
to be made up of resonators blocked from radiation. The high response group absorbed
an average factor of 1.8 more optical power than expected, likely due to stray light being
absorbed from neighboring FZP lenses. This limited the accuracy of our NEP calculations

and raised doubt that the FZP lenses were suitable for this application.

(2) 74p was estimated as a function of blackbody power. It varied from 59-171 us, 53-315 us,
and 38-315 ps in the low, mid and high response groups, respectively. The lifetimes are
within expected lifetime for TiN, so the NEP was not limited by shorter than expected

lifetimes.

(3) The average two level system noise was measured to be Sprs = 2.55717 Hz -'. The PPCs
did not reduce TLS noise as we had hoped and was comparable to TLS noise found in
IDC KIDs. However, PPCs are still promising because they reduce pixel size enabling a

compact instrument.

(4) For estimating R, we confirmed that Model 2, derived from Mattis-Bardeen theory in Sec.
agrees well with the measured fractional frequency response as a function of absorbed

optical power. This model fit the data better than the linear model.

(5) We found that the expected NEPs estimated using the sensitivity model do not match the
empirical NEPs of this prototype array. This may be due to stray light in the cryostat, stray
light from neighboring FZP lenses, and/or the uncertainty that arises from approximated
parameters from the literature. We found better agreement with the sensitivity model and

the PRIMA prototype KID array discussed in Ch. [7]

5.4.1 Future Work

A new 25 ym BEGINS TiN KID array has been designed and fabricated with a smaller

inductor volume and higher absorption efficiency. This array will be bonded to a Si microlens



101

array. Results of optical tests on a KID array successfully bonded to a microlens array chip are
discussed in Ch. [7] The microlens array focuses the light onto the absorber efficiently with no
indication of extra radiation from neighboring lenses. The goal with this prototype array is to
make changes to increase the responsivity and improve radiation coupling for a more sensitive

detector. Dark and optical measurements are planned for this prototype array.



Chapter 6

Mid-IR KIDs for the Galaxy Evolution Probe (GEP)

The Galaxy Evolution Probe (GEP), the predecessor probe to PRIMA, was a concept for a
Probe-class space observatory to study the physical processes related to star formation over cosmic
time by utilizing large arrays of back-illuminated, lumped-element, microlens-coupled, aluminum
kinetic inductance detectors (KIDs). It consisted of one instrument with two modules, an imager
(GEP-I) and a dispersive spectrometer (GEP-S). The sensitivity requirements for the modules
were an NEP of 1.6x10""® W/v/Hz for the GEP-T and 1x10"'® W /v/Hz for the GEP-S. The shortest
detection wavelength was 10 ym, vs 25 ym for PRIMA. This short wavelength limit was necessary
for detection of polycyclic aromatic hydrocarbons (PAHS) which have rest-frame emission features
from 3-13 pm [59], and can be used to measure redshifts and characterize interstellar physical
conditions and chemistry in millions of galaxies. Although KIDs research is a popular and growing
field, KIDs for the short wavelength range (10-100 um) are just starting to be developed.

In this chapter we present an inductor geometry for KIDs sensitive to wavelengths of 10
pm, challenges that come with optimizing our design to increase the wavelength range, initial tests
on our design of fabricated 10 ym KIDs, and theoretical NEP calculations. The prototype array
and results discussed in this chapter were preliminary measurements made before we decided to
move forward with PRIMA 25 um KIDs. Therefore, there are not any optical measurements. This
prototype array still has potential for future space missions. The work in this chapter is split up
as follows: The KID absorber was proposed by Jonas Zmuidzinas and I did further investigation

to improve the design, Peter Day designed the complete KID array, the KID array was fabricated
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by Rick Leduc, dark measurements were made by Peter Day at JPL and the analysis was done be
me.

Our main goal with the research presented in this chapter was to set the groundwork for KIDs
sensitive to 10 ym and determine if the GEP NEP requirements are theoretically met at 10 pm.
The goal of the dark measurements discussed in this chapter were to determine the KID arrays f,

T., a, Q;, array yield, and find evidence of TLS noise. This is important for the following reasons:

(1) If these values deviate significantly from the expected design or predicted values there is

an issue with the fabrication and/or material that must be investigated and addressed.
(2) The responsitivies and sensitivities of the KIDs have a dependence on 7, and o.

(3) The noise PSD measurements presented were to find evidence of TLS noise and estimate

the level of TLS noise (StLs)-

(4) Estimations of T,, «, and Sprg are necessary parameters to predict if GEP NEP require-

ments are achievable.

6.1 10 ym Al KIDs Design

The resonator type chosen for the GEP KIDs was an LEKID. Each KID consists of a litho-
graphically patterned absorbing inductive section connected to a large interdigitated capacitor and
coupled to the feedline with small interdigitated capacitors. The goal with this prototype array was
to create a low volume inductor design sensitive to 10 um. Since the NEP is proportional to the
active volume, we expect the NEP to decrease with volume. The inductors of the LEKIDs consist
of 60 pum circular envelopes effective for optical coupling to a microlens array.

The material used for all components of the LEKID is a single layer 40 nm thick Al. Al
is well described by the Mattis-Bardeen theory and has been shown to have a long quasiparticle
lifetime greater than 1.5 ms [34], [44]. This is an attractive feature because the NEP is inversely

proportional to 74, so long lifetimes should lead to lower NEPs. We also chose Al because its 7,
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is well known. Pure Al has a T, = 1.2 K, which corresponds to a band gap energy of Ay = 182
eV. Therefore, photons with energies greater than 364 eV can break Cooper pairs. This energy
corresponds to wavelengths shorter than 3.4 mm, of interest for GEP.

The inductor deign was proposed by Jonas Zmuidzinas and I did further investigations for
improvements through simulations. The approach taken to create an inductor design that would
enhance absorption at 10 yum was to incorporate resonant structures in the absorber, which makes
the absorber a type of frequency selective surface. This approach is inspired by the use of resonant
techniques for impedance matching in electrical circuits. We refer to the inductor design explored

as a short meander, which has multiple resonant features and is broadband at a wavelength of 10

pm.

6.1.1 Inductor Design

The inductor is comprised of periodic geometric structures with absorption features at 10 um,
repeated in a circular envelope. This is depicted in the top image of Fig. where the geometric
structure shown in the bottom left of Fig. is repeated to form the inductor. In order to predict
and model the absoprtion efficiency we used ANSYS High Frequency Structure Simulator (HFSS)D
simulations. HFSS, is a full-wave frequency domain electromagnetic field solver based on the finite
element method that numerically solves Maxwell’s equations across a specified frequency range for
a specified structure geometry, material configuration, and boundary conditions.

HFSS simulations were done using a single unit cell simulated in an infinite periodic grid to
approximate the repeated geometric structure across the absorber, Fig. Bottom Right. Floquet
ports were assigned to the faces of the vacuum and substrate boxes which allows simulation of
a plane wave with two Floquet modes (TEgy and TMyg) that represent the incident horizontally
and vertically polarized electromagnetic plane waves. HFSS achieves the periodic grid condition by
assigning linked boundaries between parallel walls of the vacuum and substrate boxes of the unit cell.

The linked boundaries enforce the parallel walls to have the same fields. The simulation calculates

! https://www.ansys.com/products/electronics/ansys-hfss
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the S-parameters from which the absorption efficiency can be determined by, A = 1—|521|*>—S ‘ 112
Where So; and S11 are the S parameters used to calculate the transmittance and reflectance of the
incident wave, respectively.

The aluminum (blue meander in Fig. Bottom) was modeled with a sheet of impedance

set to that of 40 nm thick aluminum exposed to 30 THz electromagnetic radiation on a substrate,

1+ 141
Zg = o coth( 5 t), (6.1)

where § = 11.14 nm is the skin depth, ¢ = 6.87x10” Q 'm~! is the conductivity, and ¢t is the
thickness of the aluminum [68]. The conductivity was calculated from 4 K sheet resistance mea-
surements of 40 nm thick sputtered aluminum films made at JPL. At 30 THz (= 10 pm) in cryogenic
temperatures the sheet impedance is estimated to be, Zs = (1.3241.32i) Q.

The 2.4 x 2.4 pum unit cell with the short meander geometry (Fig. Bottom Left), has
aluminum line widths and gaps of 200 nm. The vertical lines couple to vertically polarized light,
and the horizontal portion of the meander increases the resistance per unit length, enabling high
absorption efficiency. This geometry was chosen because of its high HFSS-simulated absorption
efficiency at 30 THz (Fig. Left). When simulated on a silicon (Si) substrate with a dielectric
constant of 11.7, the absorption efficiency at 30 THz is near 73%. Since the absorption profile is
broad, spectral bands can be defined with band pass filters. Although Si is a common substrate
material it contains absorption features at 10 gym. This problem can be addressed by using a
germanium substrate (Ge) which has better transmittance than Si from 10-20 pgm [I8]. The simu-
lation results of the the short meander on a germanium (Ge) substrate are shown in the right plot
of Fig. Since Ge has a dielectric constant of 16, the resonance features are shifted to lower
frequencies [IT]. This is seen when comparing the solid lines of the left and right plots in Fig.
for aluminum linewidths of 200 nm and unit cell size of 2.4 x 2.4 ym where the absorption profile
at 30 THz with the Si shifts to 25 THz with the Ge. To achieve absorption features at 30 THz
the aluminum linewidth and spacing needs to be between 150 - 200 nm, which is achievable with

e-beam lithography. The right plot in Fig. also demonstrates how the absorbed wavelength
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scales with the unit cell size enabling the use of the same inductor geometry for a wider range of

wavelengths.

Floquet Port

Substrate
S Sheet with
N Z=1.32+1.32i Q

for 40 nm thick Al

— Vacuum

2.4 um

Figure 6.1: (Color figure online) Top: Photograph of the inductor portion of a 10 ym KID. The
unit cell shown in Fig. Bottom Left is repeated to cover the entire absorber area, which has a
circular envelope with a diameter of 60 pm. Bottom Left: short-meander unit cell geometry. The
blue represents Al with Z = (1.32 4 1.32i){2 and the pink represents the Si substrate. The material
of the microlens array that couples radiation to the KIDs will be made of the same material as the
substrate. The total unit cell size depicted is 2.4 x 2.4 pm, but will vary according to wavelength
and substrate material. Bottom Right: 3D model of HFSS unit cell simulation. The plane wave
travels from the top Floquet port to the bottom Floquet Port. The vacuum and substrate box
heights have been shortened for illustration purposes to show where the Floquet ports are assigned.
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Figure 6.2: HFSS-simulated absorption efficiency of short-meander (Iw = aluminum line width).
Left: Absorption efficiency of about 73% near 30 THz on Si substrate. Right: Absorption efficiency
shifts to lower frequencies (greater wavelength) as lw is increased on Ge substrate. Absorption

efficiency varies from 16-32 THz, showing that the detector is capable of absorbing different wave-
lengths by adjusting the aluminum line width and unit cell size.
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6.2 Preliminary Measurements

A test prototype array with the short meander inductor design and 40 nm thick aluminum
was fabricated at the Microdevices Laboratory at JPL, on a Si substrate (Fig. Top). The array
consisted of a 4x48 array of LEKIDs spaced on a 250 pm pitch. Initial testing showed 70% yield
for resonant frequencies from 1.37-2 GHz with high internal Q-factors on the order of 5 x 10°. We
performed bath temperature sweep measurements of a resonator at 1.37 GHz to estimate the T
and kinetic inductance fraction («) of the prototype array. Noise measurements were also made to
identify TLS noise. These measurements were used to calculate theoretical NEPs of the prototype

array.

6.2.1 Results: T, Measurements

A bath temperature sweep measurement from 25 to 400 mK was made for one resonator at
1.37 GHz. Measurements were performed by Peter Day at JPL and I performed the analysis. The
critical temperature and kinetic inductance fraction were estimated using the model and method
described in Sec. yielding T, = (1.32 £ 0.05) K and o = 0.763. This result is comparable to
the T, and « of aluminum found in the literature [12), [83], 44]. The estimated values will be used as

input parameters for the sensitivity model discussed in Sec. [6.4]
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Figure 6.3: Left: Fractional frequency shift as a function of temperature. The dashed line represents
the best-fit model. Right: Ax? contour plots of 1o, 20, and 30 uncertainties in the parameters.
The 1o bounds were used to assign an error to T¢, which yielded T, = (1.32 £+ 0.05) K.
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6.3 Results: TLS Noise

Noise measurements of the resonator at 1.37 GHz were taken to determine if TLS noise was
present in the KIDs. The noise measurements were taken at bath temperatures of 100 mK and
200 mK with varying drive powers of -102 dBm, -104 dBm, -106 dBm, and -108 dBm at each
temperature. As noted in Sec. TLS noise has a 1/f shape in the frequency noise and has
been shown to decrease with increasing drive power and increasing temperature. The Sy, PSDs
in the frequency noise direction, found to be dominated by fundamental detector noise sources,
are shown in Fig. (refer to Sec. for a discussion on PSD features). We observe that
Szz decrease with increasing drive power and decreases with increasing temperature, verifying the
presence of TLS noise. For a bath temperature of 100 mK the noise starts at ~ 5 x 10716 Hz ! and
decreases to ~ 1 x 10716 Hz'! for a bath temperature of 200 mK, showing a significant difference.
The noise measurements also allow us to infer Srpg, which is an input parameter for theoretical
NEPs calculations of the GEP KID arrays. A fit to the noise PSD at 100 mK (GEP KIDs operating
temperature) for a drive power of -102 dBm yielded Sprs = 2.84x 10716 Hz ! (PSD fits are discussed
in Sec. . This drive power was chosen to calculate the theoretical NEP, because the resonators
will be driven at the highest power possible below bifurcation to reduce TLS noise and improve the
NEPs of the KIDs. The TLS noise level is comparable to values seen in the literature, however,
lower levels of TLS noise for IDC KIDs have also been measured [34, 44]. To improve the TLS
noise we can increase the capacitor size or switch to PPCs.

Another feature shown in the noise PSDs is the resonator ring time, 7.5y = %, an intrinsic
feature of L.C circuits that reflects how long a resonator takes to dissipate energy. This resonator was
calculated to have a 7y = 6.7ps (=1.5 x 10° Hz), which is identifiable at both bath temperatures
(Fig. black dashed-dotted line). If the quasiparticle lifetime is longer than the resonator ring
time we are not able to determine 74, from the PSDs. A slight roll-off before 7,4 is observed at
~ 10 kHz, but due to the dominating 1/f noise we were not able to produce confident fits for 7,

of the prototype array. Since we did not do optical measurements or continue investigating this
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prototype array we were not able to determine if 74, would limit its empirical NEP.
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Figure 6.4: S, PSDs in the frequency noise direction, showing evidence of TLS noise. As the
driving power decreases the noise increases (driving power starts at -102 dBm and is attenuated
by 2 dB with each curve). At higher temperature (200 mK) the noise decreases. A fit to the noise
PSD at 100 mK for a drive power of -102 dBm gives Str.g = 2.84 x 107 H 2=, The black dashed
line indicated the resonator ring time roll off at 7,4,y = 6.7us (=1.5 x 105Hz).

6.4 Theoretical NEPs

Although we did not perform optical measurements on this prototype array a theoretical
NEP was calculated using the formulas and iteration method found in Sec. The total NEP
was calculated by adding all NEP contributions in quadrature, NEP;?> = NEPT1s? + NEPamp2
+ NEPphOton2 + NEPgR?2. Table shows all the parameters needed to calculate the NEPs, their
values and how their values were determined. Values that were taken from the literature have their
reference included in the “Source” column. The operating temperature for GEP was T = 100 mK
with an expected photon loading of 6.3 x 10717 W at A =10 um. Fig. shows the results of
the theoretical NEPs as a function of absorbed optical power. At an absorbed optical power of
6.3x 10717 W, the estimated total NEP is 1.65x 10~'® W /v/Hz and the estimated photon noise NEP
(blue line) is 1.6 x 10~ W/y/Hz. Although the total NEP is comparable to GEP-I sensitivities it,
is limited by NEPyrg (purple line in Fig. and improvements on the GEP prototype array are
required to be photon-noise limited. Replacing the IDCs with PPCs may solve this issue. We have
shown lower levels of TLS noise with PPCs (Stzs on the order of 1077 Hz!) for BEGINS and

PRIMA KIDs (Ch. [5|and Ch. . If we apply the TLS noise found in the aluminum PRIMA KIDs
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(Sec [7.4.4) of Srrs = 9.2x 717 Hz''7 we theoretically meet NEP requirements and the detector
noise is sub-dominant to the photon-noise (Fig. . The theoretical predictions are promising but

to confirm them optical measurements are required on a new prototype array with PPCs.

Table 6.1: Theoretical NEP Input Parameters for 10 um GEP KIDs.

Symbol Parameter Value Source
fr resonant freq 1372.39 MHz measured
v optical freq 30 THz known
T. Critical Temperature 1.32 K estimated

Qi,0 Internal quality factor 512251 estimated
Q. Coupling quality factor 30492 estimated
Xg generator efficiency 1 [108]
Mpb Pair-breaking efficiency 0.57 [44]
To characteristic electron-phonon interaction time 438 ns [51]
Tras experimentally observed max lifetime 1000 ps [108]
V Inductor volume 56.55 um? calculated
Na qp breaking Readout efficiency .001 [108], [44]
« Kinetic inductance fraction 0.763 estimated
Toper bath temp 100 mK known
Srrs TLS noise 2.84 x 107" Hz™ ' | estimated
P, Drive power 6.3x 10T W known
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Figure 6.5: Theoretical NEP plot of 10 ym GEP KIDs. The NEPs were calculated using the
input parameters listed in Table and the estimated 7., «, and Strg from the preliminary
measurements made on the resonator with f, = 1.37 Hz from the prototype array. The teal
dashed-dotted line represents the estimated GEP optical load at 10 um of 6.3 x 10717 W,
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Figure 6.6: Theoretical NEP plot of 10 yum GEP KIDs with Srrg = 9.2x 17 Hz'7, showing the
detector is photon-noise limited at the GEP-I optical loading at A = 10 um. The teal dashed-dotted
line represents the estimated GEP optical load at 10 um of 6.3 x 10717 W.
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Discussion

In this chapter I have discussed the simulated absorption efficiency of a KID design sensitive

to 10 pm and the results of dark measurements on a fabricated array with our design of the 10

pm KIDs. This was preliminary work towards KID arrays for PRIMA’s predecessor GEP, which

shortest detection wavelength was 10 pm. We met the goal of developing a KID design sensitive

to 10 pum that theoretically meets GEP-I requirements of ~ 1.6 x 10717 W/v/Hz with PPCs for an

optical load of 6.3 x 10717 W at 10 pum. Below I will highlight results from the simulations and the

dark measurements.

Highlighted absorption efficiency simulation results:

(1)

(4)

We successfully developed a broadband KID absorber (or inductor) sensitive to wavelengths
of 10 pm with a high absorption efficiency of ~73 % on a Si substrate with no back-short.
The absorber is a frequency selective surface with a short meander periodically repeated

across the the inductor area and sensitive to vertically polarized light.

Although Si is a common substrate material it contains absorption features at 10 pum, so
simulations were also performed with a germanium substrate which has better transmit-
tance than Si from 10-20 pm. Simulations with Ge yielded an absorption efficiency ~ 75%,

an increase of 2 %.

We verified that the absorbed wavelength scales with the short meander unit cell size,

enabling the use of the same inductor geometry for a wider range of wavelengths.

Optical measurements of the absorber were not made to verify the simulated efficiency.

However, it is still a promising geometry for mid-IR KIDs.

Highlighted dark measurement results:

(1)

Fractional resonant frequency shift vs bath temperature measurements yielded T, = (1.32
+ 0.05) K and o = 0.763. This result is comparable to the T, and « of aluminum found in

the literature [12] 83, [44].
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(2) The TLS noise level was estimated to be Syrs = 2.84x 10716 Hz ! at 100 mK (the detectors
operating temperature for GEP). The TLS noise level is comparable to values seen in the

literature, however, lower levels of TLS noise for IDC KIDs have also been measured [34],[44].

(3) The estimate parameters from dark measurements listed above were used to predict the
NEP of the fabricated prototype array. It was shown to be photon-noise limited down to
~2x10718 W/ vHz with IDCs. Which did not meet the GEP NEP requirements. However,
if PPCs are used the prototype array has the potential to be photon-noise limited down to

~ 1.5 x 10718 W/v/Hz and meets requirements for GEP-I.

After this work we shifted our focus to 25 ym PRIMA KIDs and did not perform optical
measurements to estimate the sensitivity of the KID array. However, this work is promising for

future observatories that plan to utilize KIDs in this wavelength range.



Chapter 7

Aluminum KIDs for PRIMA

In this chapter I will discuss the design and characterization of the first generation 25 pum
PRIMA KID array, the shortest wavelength covered by PRIMA. I will discuss the results of dark
and optical measurements made to reach the PRIMA KID sensitivity requirements for detection
at 25 pm and future work towards PRIMA KID arrays. The research discussed in this chapter was
split up as follows: Peter Day designed the prototype array, the prototype array was fabricated
at JPL by Rick Leduc, optical measurements were done at JPL and the analysis was done by me,
measurements and analysis for 7T, and « were done by Logan Foote at Caltech.

The goals and purpose of the dark measurements discussed in this chapter are to determine
the KID arrays f,, T¢, a, @;, Q., and array yield. The importance of these measurements are the
same as those listed in Ch. [f] The goals and purpose of the optical measurements are to calculate
the KID array noise PSDs (S;,) and empirical NEPs. The PSDs are important for measuring the
TLS noise level (Strg) of the detectors in the array which if too high limits the sensitivity. The
empirical NEP will be compared to the expected total NEP derived from the sensitivity model
discussed in Sec. The ultimate goal of the work presented in this chapter is to determine if
the prototype array meets the PRIMA NEP requirements which are on the order of 2.5 x 10~
W/ VHz for an optical load of a few attoWatts ['|. This work is also important because it presents
the performance of a Si microlens array developed at GSFC that was bonded to the KID array for

optical measurements.

! These are estimates. The sensitivity had not been finalized at the time that this thesis was written.
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7.1 25 ym Al PRIMA KIDs Design

The resonator type chosen for the PRIMA KIDs was an LEKID similar to the ones chosen
for the BEGINS KIDs and GEP KIDs, where a discrete inductor is used to absorb radiation. The
inductors consists of 70 um circular envelopes for coupling to a microlens array and the capacitors
are parallel plate capacitors (PPC). The prototype PRIMA KID consisted of a single layer of 30
nm thick aluminum lithographically patterned on a 675 pm thick Si substrate. The array employs
PPC capacitors to decrease TLS noise and aluminum superconducting material which has shown
to have long quasiparticle lifetimes to reach the required PRIMA NEPs that are on the order of
2.5 x 1071 W/ vHz. The advantage of PPCs and aluminum are discussed in Chapters [5| and |§|,
respectively.

Fig. shows images of the fabricated PRIMA prototype array. The test array has 44 KIDs
with a pitch of 900 pum. The frequency bandwidth of the array is set by the length of the PPC
while the inductor size and geometry is identical for each KID. To increase the responsivity of the
detectors the inductors were designed to have a high absorption efficiency at 25 pm and are a low
volume of 17 pm?. Test samples with only the resonant structure on a Si substrate were made to
determine the absorption profile of the fabricated inductors, which is important for estimating the

optical power absorbed by the detector.

7.1.1 Inductor Design and Characterization

The inductor geometry for PRIMA KIDs was designed by Peter Day and is capable of ab-
sorbing both polarizations on a single detector. Similar to the GEP KID inductor, it is a type of
frequency selective surface with a periodic structure across the circular envelope. Fig. Left
shows the unit cell of the structure that is repeated across the inductor (Fig. Right). The
periodic structure sets the width and center frequency of the absorption resonance. It was designed
to have an absorption profile that peaks at 25 ym (=400 cm™) in both polarization directions.

To measure the absorption of the inductor a l-inch sample with the aluminum inductor



117

Figure 7.1: Images of fabricated 25 ym PRIMA KID prototype array. The inductors consists of
70 pm circular envelopes for coupling to a microlens array and the capacitors are PPCs. The test
array has 44 KIDs with a pitch of 900 pm.

Figure 7.2: Left: The unit cell of the resonant structure that is repeated across the inductor
and sensitive to both polarizations. The geometry of the structure sets the width and the center
frequency of the absorption resonance. Right: Layout of the inductors portion of the 25 ym PRIMA
KIDs. inductors consists of 70 pum circular envelopes for coupling to a microlens array.

trace on a Si substrate was fabricated. The transmission of the sample was measured at 5 K by

the GSFC optics group using a Fourier transform spectrometer (FTS). Fig. Top, shows the
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measured transmittance of both horizontal (H) and vertical (V) polarizations of the fabricated
inductor sample. The F'TS resolution was set to 0.06 icm to resolve the fringes that arise from the
Si cavity that is between the vacuum and Al absorber interfaces. The values of the fringe peaks and
troughs allow us to calculate the absorption of the Al absorber from the measured transmission?]

which can then be used to calculate the absorbed blackbody power in Sec. [7.4.2]
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Figure 7.3: Top: The horizontal (H) and vertical (V) polarization transmission of a a 1-inch sample
with the aluminum inductor trace on a Si substrate measured at 5 K by the GSFC optics group
using an FTS. Bottom: Absorption spectra extracted from the FTS transmission measurements.

2 Derived with the help of Peter Day through private communication.
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Figure 7.4: A simplified Etalon/Fabry-Perot interferometer diagram of the Si-cavity between vac-
uum and the 25 ym PRIMA Al absorber. A complete general diagram can be found in reference
[48], by Ismail et al.

A simplified etalon diagram of the Si cavity between vacuum and the Al absorber is shown in

Fig. [7.4 The electric field amplitude of the output transmitted plane wave, E, through an etalon

is given by [96],

B tgitae'
and the power transmission is
| B[
"B 2

where Fj is the electric field amplitude of the incident plane wave, tg; and rg; are the transmission
and reflection coefficients at the vacuum-Si interface, t4 and r4 are the transmission and reflection
coefficients at the Si-Al absorber interface and § = 27” is the wave-number. Of these we measure

the power transmission (7) and can derive tg; and rg;. Since we are interested in the reflection

within the Si cavity that creates the fringes, we define rg; as the reflection coeflicient in Si reflecting
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off the vacuum surface. Therefore rg; is,

ngsi — Nwac

rei = vac 7.3

’ ns; + Nyac ( )

(7.4)

and the transmission coefficient, tg; from vacuum to Si is given by
2
ts; = , 7.5
St 1+ nsi ( )

where ng; and n,q. are index of refraction of Si and vacuum, respectively. The transmission reaches
a maximum value when the term e?# = +1, and a minimum value when 2! = —1.

We start by defining T}, and T4y, as the transmissions at the peak (maximum) and trough

(minimum) of a fringe, respectively,

‘Et‘2 tsita 2
T, = = , 7.6
max ’E0’2 1-— rsiTA ( )
’Eﬂz tgita 2
T . — — 7.7
mn ‘E0|2 1+rgira ( )

We can solve for r4 by taking the ratio of Tyaz/Tmin,
2 1T, 14 rgr
- maxr _ Sil’A (78)
Tmin 1— TSiT A
T,
S
T’min
rA= . (7.9)

rsi(y/ 72 4+ 1)

Tma:c _ ‘ 1+ TSiT A
Tmin

L —rsira

Next, we can use Eq. to solve for t4 which gives,

ta = ' (1 — TSH"A)- (7.10)
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Substituting Eq. in for r4 and simplifying gives the following expression for ¢4,

tA:2< = + ! >_1. (7.11)
tsi \VTmaz ~ VTmin

The measured values of T},4, and T},;,, shown in Fig. Top, are then used to solve for r4 and
t4 for each polarization separately. Lastly, we derive an equation to calculate the absorption of
the aluminum absorber. The plane wave is traveling through two different media, Si and vacuum.
The power per unit area of a plane wave traveling through a medium in the positive z direction is
given by the Poynting vector, Pz"'%}”?, where Z; is the impedance of free space and n is the index
of the refraction of the medium. Part of the power of the plane wave is reflected back into the Si,

part of it is absorbed by the absorber and the remainder is transmitted. The power per unit area

of the incident plane wave can then be described by the following expression,

ngilEgl? nsiti|Ezl?  nacty | Fel?
SZ|ZOI| = - §(|) :1:| + vacg()’ x’ +Pabsorbeda (712)
where Pypsorpeq 1S the power absorbed. We can calculate the the absorptance (Agps), which is
the fraction of power absorbed relative to the incident plane wave, by dividing both sides of the

nSi|Eac|2

equation above by the power of the incident plane wave (T)’ yielding

2
nvactA

2
Aps =1—1% —
ng;

(7.13)

Now r4 and t4 for each polarization can be inserted into Eq. to obtain the absorptance
spectra for each polarization, shown in Fig. m Bottom. The peak shown above 600 cm™ is a
Si absorption feature. The peaks near 450 cm™! are the absorption of the 25 pum absorber with a
maximum absorption of 70-75%. We expected the peak to be at 400 cm™'. The difference is likely
due to differences in the fabricated vs. designed periodic structure, such as the Al linewidth and
the length and width of the horizontal portion of the structure. These will be adjusted in the next
batch of fabricated prototype arrays. We use these absorptance spectra to calculate the amount of

blackbody power that is absorbed by the inductors in the optical measurements.



122

7.2 Optical Coupling Scheme

The PRIMA KIDs test array and flight array will be optically coupled to monolithic arrays
of silicon microlenses with a parabolic profile and back-illuminated. Microlenses couple the in-
coming radiation from the telescope onto the absorbers, effectively increasing the filling factor of
the absorbers on the focal plane. It is also critical to ensure that radiation is coupled onto the
absorber and not into other components or reflected within the Si substrate to be absorbed by
other KIDs. The challenges we faced with microlens arrays were the lack of such lenses available
for wavelengths at 25 um and determining the best method to attach the microlens array to the
KID array without damaging the KIDs. At 25 um wavelegnths technical challenges arise due tight
tolerances on surface accuracy and roughness. These challenges were addressed and solved by our
collaborators at the DDL in GSFC, who developed a method to design and fabricate full-depth
monolithic silicon arrays for wavelengths down to 25 um.

Fig. shows a model of the optical-coupling scheme we employed for the microlens array.
The first gray layer consists of an anti-reflection (AR) coated Si microlens array on a Si substrate,
the second thin orange layer is the bonding epoxy layer which attaches the lens array substrate to
the back of the KID array substrate (the second gray layer). The cyan rectangles represent the KID
absorbers and the dark gray line below represents either a quarter-wave back short or an absorbing

back-short.

Silicon microlens Light arriving at focalplane
from telescope optics

Thin bonding layer

A

KID absﬂrbcr—l LQum-r.cr-wavc or absorbing backshort

Figure 7.5: A model of the optical-coupling scheme employed for the PRIMA microlens array.

The microlenses are designed, fabricated, and packaged at the Detector Device Laboratory
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(DDL) at GSFC. They are fabricated on 525 pm thick double-side polished, high resistivity float-
zone wafers. The DDL developed a method to fabricate the lenses using gray-scale lithography
combined with deep reactive ion etching. The lithography was done with a Heidleberg DWL
66-+laser-pattern generator. After fabricating the microlenses they are AR-coated with Parylene-C
and cleaned with a solvent wash to prepare for bonding to a KID array. A discussion on anti-
reflection coatings and Parylene-C are presented in Sec. The microlens array and KID array
both are aligned and bonded with a Smart Equipment Technology FC150 flip-chip bonder. They
are aligned to within 3 pm using alignment marks etched onto bonding surfaces of each array
substrate. A tapered syringe is then used to apply the epoxy onto the back-side of the KID array.
The substrates are then brought into contact and compressed to minimize the thickness of the
epoxy while it cures. Fig. shows a photograph of a 44-element anti-reflection coated microlens
array hybridized to the 25 ym PRIMA prototype array, shown in Fig. [7.I] Bottom. The lenses
have a circular perimeter and are hexagonally packed with a 900 um pitch to align with the KID
absorbers. Finally, the hybridized chip is packaged into a detector package similar to the one shown
in (Fig. for optical measurements.

Profilometry measurements showed that the microlenses match the designed profile well to
better than 2 pm. However, the full-depth of the microlens is not captured and will be improved
in future trials. The surface root mean square (RMS) surface accuracy was measured to be 53
nm, which is more than sufficient enough for the 25 pym KID arrays. The surface RMS is used
to measure the roughness of the surface. A detailed discussion on the microlens arrays is being

prepared for submission to, Applied Optics.
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Figure 7.6: A photograph of a 44-element anti-reflection coated microlens array hybridized to the
25 um PRIMA protoype array, shown in Fig. [T.I} The chip is 1x0.24 inches. Bottom. The lenses
have a circular perimeter and are hexagonally packed with a 900 pum pitch to align with the KID
absorbers.

7.3 Dark Measurement Results

In this section I will discuss the resonant frequencies, quality factors, 7, and « of the 25 um
PRIMA Al KID prototype array. Resonance and quality factors are from measurements made in
Peter Day’s lab at JPL and analyzed by me. The critical temperatures, T, and kinetic induction
fractions, «, are from measurements and analysis by Logan Foote at The California Institute of
Technology (Caltech).

Fig. [7.7] shows the full S9; sweep of the prototype array where each resonance was recorded
individually. 43 out of the 44 were found, resulting in a high yield of 98%. The designed frequency
span was 250 MHz to 1500 MHz. The measured resonator frequencies ranged from 248 MHz to
1423 MHz, spanning a bandwidth of 1.2 GHz. The large bandwidth was chosen to ensure that
there were no colliding resonators, allowing for better optical response measurements. Fig. [7.§|

shows histograms of the estimated total, internal, and coupling quality factors (Q,, @Q;, and Q.).
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The resonators were all designed to have a coupling quality factor, Q. = 1 x 10*. Overall, Q. varies
from 1.6 x 10* to 14.3 x 10* with an average of 5.2 x 10* £+ 2.3 x 10%. The array had high Q;’s of
1.7 x 10° £ 9.0 x 10

Dark measurements of an identical prototype array from the same Si wafer were performed at
Caltech by Logan Foote. The fractional frequency response of four resonators was measured during
a bath temperature sweep from 20 mK to 300 mK and fit to the model discussed in Sec. For
the fit o was fixed to be the design value of 0.8E| , leaving T'c as the only free parameter in the fit.

The estimated T, for each resonator was 1.39, 1.36, 1.38, and 1.34 K, yielding T, = 1.37 + 0.02KE|.

Aluminum PRIMA KID Array S21 Sweep

521 (dB)

-30 , , ; : :
400 600 800 1000 1200

Frequency (MHz)

Figure 7.7: 25 um PRIMA KIDs prototype array VNA S3; Sweep. The measured frequency span
ranged from 248 MHz to 1423 MHz. 43 out of the 44 KIDS in the array were found, giving a high
yield of 98%.

7.4 PRIMA KIDs Optical Performance

Optical tests on the prototype array were performed in Peter Day’s cryogenic test bed at JPL
and analyzed by me. The tests were performed using a cryogenic blackbody at temperatures of 3,

40, 50, 60, 80, and 100 K, while the prototype array was kept at a bath temperature of 150 mK.

3 This value was estimated through Sonnet simulations.
4 Values provided by Logan Foote through private discussion.
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Figure 7.8: Histograms of the estimated quality factors @,, @;, and Q..

The Cardiff filter stacks described in Sec. were used to block wavelengths shorter than 25 um.
However, rather than using all four low-pass filters only two were used, the 600 icm low-pass filter
and the 1050 icm low-pass filter. A neutral density (ND) filter, was also used to further reduce the
blackbody power incident on the detectors to better simulate the attoWatt-range optical loading
from the space-based PRIMA instrument. Fig. shows the ND filter transmittance at 5 K which
will be included in the calculation of the amount of blackbody power absorbed by the detectors.
The PRIMA prototype array was packaged like the BEGINS prototype array shown in Figs. [5.11
and (.12

Two different types of measurements were made: 1. So; sweeps were recorded at each black-
body temperature using a VNA to measure the fractional frequency response of all the detectors,
2. Single tone measurements of 3 different resonators at blackbody temperatures of 3, 60, 80 and
100 K. These measurements are used to calculate responsivity and electrical NEPs of the prototype

array.

7.4.1 PRIMA KIDs Optical Performance

While taking optical measurements of the prototype array we discovered that the resonant
frequencies drifted to higher frequencies over time. This drift appears to be due to a component
in the cryogenic testbed cooling down over a long period of time, which is adding an optical load

on the detectors. The drift in fractional frequency (df/f) vs time is shown in Fig. The plot
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Figure 7.9: Transmittance of a neutral density filter with OD = 1.0 at 5K. This filter is used in

the optical measurements experimental set up. The measurement was made with an FTS by the
GSFC Optics Group.

shows the fractional frequency response of all the detectors as the blackbody is ramped up from
6-100 K and then ramped down from 100-6K. The colored dots represent the temperature of the
blackbody at the time of the measurement. The detectors coupled to a microlens have a response
greater than —1.5 x 107° at 100 K. The detectors with a response below —0.5 x 107° at 100 K are
the 8 resonators that are not coupled to a microlens. For a given blackbody temperature, there
are differences in fractional frequency response between the ramp-up and ramp-down temperature
sweeps, which indicated a temperature drift in part of the instrument that did not reach thermal
equilibrium.

In order to remove the drift an exponential decay model is fit to the response of each resonator

and removed. The model has the following form,

4
f

The model is only fit to the data where Tgp = 6, 40, and 50 K, because the response is not

(t)=—-Ae Bt 4 C. (7.14)

significantly affected by the blackbody at these temperatures. An example of the drift removal

process is shown for one of the resonators in Fig. The left plot shows the response of a
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Figure 7.10: Plot of the fractional frequency drift shown across all resonators on the array as a

function of time. The fractional frequency response with time is calculated using, %{Jf;m, where

ty is the time at which the last measurements were taken. The plot shows the fractional frequency
response of all the detectors as the blackbody is ramped up from 6-100 K and then ramped down
from 100-6K. The colored dots represent the temperature of the blackbody at the time of the
measurement.

resonator (blue dots), along with the exponential fit model (green dotted line). This middle plot
shows the response with the exponential fit subtracted (red dots). The plot on the right, shows the
response with the drift removed plotted as a function of blackbody temperature for the blackbody
temperature ramp up (blue dots), ramp down (orange squares) and the average response of the
ramp up and ramp down (black stars, demonstrating that this method is effective in removing the
drift.

Fig. shows histogram of the average fractional frequency response at each blackbody
temperature relative to the resonant frequencies at 3 K. The orange bars are the dark resonators and
the blue bars are the resonators coupled to a microlens. In the 40 K response the blackbody power is
not large enough to see response from optically-coupled resonators relative to the dark resonators.
In the 50 K data, we see most of the optically-coupled resonators shift to the left, indicating
an optical response to the blackbody. The shift in response of the a few of the dark resonators

have shifted to the left may be due to blackbody radiation reaching the the dark resonators, or
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Figure 7.11: Left: The response of a resonator (blue dots), along with the exponential fit model
(green dotted line). Middle) The response with the exponential fit subtracted out (red dots). The
plot shows that the exponential fit worked well to remove the the time dependant resonance drift.
Right: The response with the drift removed plotted as a function of blackbody temperature for the
blackbody temperature ramp up (blue dots), ramp down (orange squares) and the average response
of the ramp up and ramp down (black stars).

chip heating which creates thermally generated quasiparticles. We see that there is a noticeable
difference in the response between the two type of resonators at 60, 80, and 100 K. The average
response calculated from the distributions seen in the histograms for optically-coupled and dark
resonators at 60, 80 and 100 K are listed in Table This shows that the microlenses are focusing
radiation onto the absorbers efficiently with responses greater than the dark resonators by a factor
of 23, 60 and 54 at 60 K, 80 K, and 100 K, respectively. The dark resonators are known because
they are within the expected resonant frequencies of the design dark resonators. In the following

section we use these measured responses to calculate the responsivity of the PRIMA prototype

array.
df/f Temp (K) | Optically-Coupled Resonators | Dark Resonators
60 -5 x 107" —2x1078
80 —5x 1076 —9x 1078
100 —2x107° -3 x 1077

Table 7.1: This table shows the average response at each blackbody temperature.
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Figure 7.12: Histograms of the average fractional frequency response at each blackbody temperature
relative to the resonant frequencies at 3 K. The orange bars are the dark resonators that are not
coupled to a microlens. The blue bars are the resonators that are coupled to a microlens.

7.4.2 Measurement Results: Respounsivities (R;)

The absorbed blackbody power (Pgp qbs) for the experimental set up must first be calculated

by taking the following integral over a given wavelength range,

Ag
PBB aps = pizelQnopt/)\ B(\,T)F\ Ax NDydA, (7.15)

where Aze; = 0.64 mm? is the area of the microlens circular profile, 2 = 2 x 1076 is the solid angle
subtended by the blackbody onto the microlens, and 7o, = 0.55 is the optical efficiency (Table
, F), is the transmittance of the filter stacks as a function of wavelength, A, is the absorption
efficiency of the inductor as a function of wavelength and N D) is the transmittance of a neutral
density (ND) filter as a function of wavelength. Table shows the calculated absorbed blackbody
power. The spread in the R, is likely due to the the placement of the detector along the array.
Detectors in the middle of the array directly below the blackbody aperture will receive more power

than the detectors at the edge of the chip, where the beam intensity decreases.
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Efficiency description value
Blackbody emissivity 0.8
Microlens efficiency 0.76
Blackbody aperture diffraction efficiency | 0.9

Table 7.2: The efficiencies that make up 7,y for the BEGINS prototype array optical set up.

Tep (K) | PpB,abs (fW)
3 9.2 x 1072
40 4.6 x 10~*
50 82x 1073
60 5.6 x 1072
80 6.4 x 1071
100 2.8

Table 7.3: Cryogenic blackbody optical power absorbed by PRIMA KID prototype array. First
column: the blackbody temperature. Second Column: The calculated power absorbed by each KID
on the array.

The fractional frequency response as a function of Pppg s was fit to Model 2 (Eq. for
all optically-coupled resonators. An example of the fits are shown for three resonators in Fig. [7.13]
Left. Fig Right shows the calculated responsivity for the three resonators. The responsivity
was calculated using the method explained in Sec. with Eq. The responsivities at the
low optical loading are in the range of 7.0 x 10 to 1.1 x 10'® W-L. Fig. shows histograms of
R, for all resonators at each Pgp 4ps. The histograms show the variation in the responsivity across
the array. The average responsivity of R, at each Ppp qs is listed in Table @ The decrease
in responsivity is due to shorter quasiparticle lifetimes as the quasiparticle density increases with

increasing absorbed optical power.
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Figure 7.13: Left: The response of three resonators as a function of Ppp 4s. Right: The calculated
responsivity for the three resonators as a function of Ppp 45s. The responsivity was calculated using

the method explained in Sec. with Eq.
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Figure 7.14: Histograms of R, for all resonators at each Ppp gps.

Ppp.abs (fW) | Average R, (107 W—1)
9.2 x 10729 8.8+ 1.0
4.6 x 1074 8.8+1.0
8.2 x 1073 8.8+1.0
5.6 x 1072 87+1.0
6.4 x 1071 74+£0.7
2.8 5.240.5

Table 7.4: The average responsivity of R, at each Ppp gps.
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7.4.3 Measurments Results: Noise PSDs S,, & Empirical NEPs

Noise measurements were made on three resonators with f. = 340.7, 512.36, and 1284.41
MHz to calculate empirical NEPs, and characterize TLS noise. The PSDs of the three resonators
are shown in the left panel of Fig. for blackbody temperatures of 3, 60, 73, 80, 89 and 100 K.
The resonator with f, = 340.7 MHz, only has PSDs for 3, 60, 80, and 100 K. The PSDs are shown
for the frequency/phase (solid lines) and dissipation/amplitude (dashed lines) noise (discussion on
PSD features in Sec. [5.3.3). The signature feature that indicates TLS noise is 1/f noise in the
frequency noise which is only seen for resonators, f, = 341 MHz and 1284 MHz from ~ 0.1 to 10
Hz. For f, = 341 MHz at the 80 K and 100 K the white noise level, due to photon noise and G-R
noise, dominates over the 1/f noise. Since the resonator at 1284.41 MHz has TLS noise present at
each temperature it is used to set an upper limit on the TLS noise (S7rg) of this prototype array.
The upper limit is set by fitting the PSDs to the model discussed in Sec. The results of the
fits are discussed in Sec. [7.4.4] where the empirical NEPs are compared to the expected NEPs.

From the frequency noise PSDs shown in the left panel of Fig. we calculated N E Py, at
1 Hz (dark green dots), 10 Hz (cyan dots) and 100 Hz (pink dots) for each blackbody temperature.
NEPy,., was calculated using the formula NEPj,., = V/Szz/R;. This resulted in the empirical
NEPy,qq as a function of Ppp 4, shown in the right panel of Fig. m The colored dots with
a dashed line represent the the NEPy,., at 1 Hz (dark green dots), 10 Hz (cyan dots) and 100
Hz (pink dots). Since the 1/f noise was either not present or very low the NEPj,.., values are
similar at 1 Hz, 10 Hz and 100 Hz. All three resonators demonstrate an asymptotic behavior above
3 x 10716 W that follows NEPg B,photon this shows that at high optical loading the resonators are
photon-noise limited and that our system optical efficiency is well understood. At low powers the
NEPs reach a minimum NEP of ~ 6.5 x 10717, 9.5 x 107!® and 1.5 x 10718 W/\/Iﬁ for f. = 340.7,
512.36, and 1284.41 MHz, respectively. This indicates that there are other noise sources limiting
the empirical NEPs such as TLS noise, G-R noise, microwave power quasiparticle generation noise,

readout noise, and/or stray light in the cryostat. The expected KID absorbed optical load for



134

PRIMA is a few attoWatts with NEPs on the order of 2.5 x 107 W/+/Hz which are not met by

the prototype array. The following section discusses what may be limiting the empirical NEPs.
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Figure 7.15: Left: Noise PSDs of three resonators with f, = 340.7, 512.36, and 1284.41 MHz. The
PSDs for each resonator are shown for blackbody temperatures of 3, 60, 73, 80, 89 and 100 K. The
resonator with f, = 340.7 MHz, only has PSDs for 3, 60, 80, and 100 K. Right: Empirical N E Py,
as a function of Pgp s The colored dots with a dashed line represent the the NEP}.., at 1 Hz
(dark green dots), 10 Hz (cyan dots) and 100 Hz (pink dots).
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7.4.4 Results: Expected NEP vs. Empirical NEP

The estimated values from the measurements made to characterize the prototype array are
used as input parameters to calculate the total expected NEP of the resonator at 1284.41 MHz.
The input parameters are listed in Table This resonator displayed the largest amount of TLS
noise and was used to set an upper limit on the TLS noise. The value for S7;,¢ was estimated from
a PSD fit at Tsp = 3 K which yielded Srrs = 8 x 10717 Hz'! at 1 Hz (Fig. Bottom Left).
This is comparable to those found for PPCs in the BEGINS TiN KID which were on the order of
10'7Hz . The value for Tpae was also estimated from the PSD fit under the assumption that at
3 K Tpaz = 7gp. This was applied because 7,4, is the maximum lifetime that quasiparticles have
been observed to saturate to in the low temperature limit of dark measurements. Therefore, this
assumption is only an approximation and may be underestimating 7,q;. The fit yielded 7y, ~ 40
s, which is much shorter than expected for aluminum of a few milliseconds. Short lifetimes around
150 us were also measured by Elijah Kane on a prototype array from the same wafer E| . At low
temperatures impurities and disorder in superconductors have shown to reduce 74, [22, 6, 37]. The
short lifetimes limit the responsivity and sensitivity of the detectors.

Fig. shows the expected NEPs plotted as a function of absorbed optical power along
with the empirical NEPs for f, = 1284.41 MHz. The model agrees well with the empirical NEP
at 1 Hz. The model indicates that TLS noise is the main source limiting the total NEP. Since
NEPrpg R%c o %, the short quasiparticle lifetimes are also liming the NEP. To address the
short quasiparticle lifetimes we changed the fabrication method on a new prototype array to the
method used on the aluminum KID arrays for the longer wavelength range of PRIMA. The longer
wavelength range array employed electron beam lithography over UV stepper lithography and
displayed lifetimes on the order of 1 ms. To address TLS noise we will test IDCs against PPCs on
the same array to determine which reduces TLS noise. The responsivity will also be improved with

a small volume absorber and adjusted absorption peak to be at 25 pym to increase responsivity.

5 Value provided by Elijah Kane from Caltech through private discussion. His work on this measurement will be
published in the Journal of Low Temperature Physics.



Table 7.5: Input Parameters for PRIMA KIDs Expected NEPs

Symbol Parameter Value Source
fr resonant freq 1284.41 MHz measured
v optical freq 12.5 THz known
Qi0 Internal quality factor 8 x 10% estimated from So; fits
Q. Coupling quality factor 7 x 10% estimated from Sop fits
Xg generator efficiency 1 108
Npb Pair-breaking efficiency 0.57 108
To characteristic electron-phonon interaction time 438 ns [51]
Tmaz max lifetime 40 us estimated from PSD fit
1% Inductor volume 17 pm? calculated
Na qp breaking Readout efficiency .001 [44]
«a Kinetic inductance fraction 0.8 known
T. critical temperature 1.37 K estimated from 7. fits
Toper bath temp 150 mK known
SrLs TLS noise 9.2e-17 Hz~" | estimated from PSD fit
P, Drive power 10 fW known

NEPs for f, = 1284.41 MHz

NEPs for f, = 1284.41 MHz
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Figure 7.16: The expected NEPs plotted as a function of absorbed optical power along with the
empirical NEPs for f,. = 1284.41 MHz. Both plots display the same data. The left plot shows the
total expected NEP at the lowest optical load which agrees with NEPy,., at 1 Hz. The right plot
is included to show that the total expected NEP and data also agree well at the higher optical

loading.
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7.5 Discussion and Future Work

In this chapter I have discussed the results of dark and optical measurements made on a 25
pum PRIMA KID prototype array coupled to a silicon microlens array. The goal of this work was
to determine if the PRIMA NEP requirement of 2.5 x 107! W/+/Hz for an optical load of a few
attoWatts was achievable in a lab set up. The most sensitive detector was photon-noise limited
down to 0.1 fW with a limiting detector NEP of ~ 6.5 x 10~ W/\/E Which indicates that we did
not meet the PRIMA NEP requirements. We found that short quasiparticle lifetimes around 50-150
us and TLS noise are limiting the NEP. To address the short quasiparticle lifetimes we changed the
fabrication method on a new prototype array to the method used on the aluminum KID arrays for
the longer wavelength range of PRIMA. The longer wavelength range array employed electron beam
lithography over UV stepper lithography and displayed lifetimes on the order of 1 ms. Preliminary
measurements of the new 25 um prototype array have shown improved lifetimes around 1 ms and
NEPs below the PRIMA requirement. The inductor volume of the new array was also decreased
to improve responsivity. The analysis on this new prototype array is on-going. We will investigate
TLS noise by testing IDCs against PPCs on the same array to determine which reduces TLS noise.
Below I highlight the results of the dark and optical measurements made on this prototype array
discussed in this chapter.

Dark measurements on the prototype array indicate T, = 1.37 K, which is around the expected
value for aluminum and similar to what was measured for GEP. The array had a high yield of 94
% with a frequency span close to the design frequency span. We also estimated high internal Qs of
1.7 x 10°. High internal quality factors indicate that there is low dissipation loss in the resonator.
The dark measurements were important to use as input parameters in the sensitivity model and
show that the prototype array does not deviate from design expectations.

Highlight optical measurement results:

(1) The KIDs employ an inductor designed to have an absorption peak at 25 pym in both po-

larizations. FTS measurements were made on a 1-inch sample with the aluminum inductor
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trace on a Si substrate to measure the absorption. We found that the fabricated inductor
had an absorption peak of 70-75 % at 22 pum in both polarizations. The next generation of
prototype arrays have the absorption peak adjusted to 25 pum to improve the response of

the detectors.

We found that the fractional frequency response as a function of absorbed optical power
fit Model 2, derived in Sec. well. This was also confirmed in the BEGINS chapter

which shows this model is reliable for estimating the R, of KIDs.

An upper limit on the TLS noise of the prototype array was set by fitting the noise PSD
of the KID displaying the largest amount of TLS noise (f, = 1284.41 MHz). We found
Strs = 9.2 x 10717 Hz'! at 1 Hz. The fit also estimated a short Tgp = 40 ps. A short
lifetime of 150 pus was also estimated on an array from the same wafer by Elijah Kane at

Caltech.

The sensitivity model agreed well with the empirical NEP at 1 Hz. The model indicated

that TLS noise and short quasiparticle lifetime are the main sources limiting the total NEP.

The optical measurements show the Si microlens array developed at GSFC was a success
and performed well in focusing radiation onto the absorbers of the KIDs. This enables a

compact design at the focal plane of the instrument.



Chapter 8

Linear Variable Filter Development for BEGINS

Observations in the far-IR require optical filters to define the instrument bands of observato-
ries with a specific resolving power (or spectral resolution) R = A\g/A\, where )\ is the bandpass
peak wavelength. Metal-mesh filters have been studied for far-IR instruments since the first pub-
lication by Ulrich [I00]. The simplest form consist of a single layer of metal-mesh which can be
free-standing or deposited on a substrate. The mesh consists of a periodic structure the geometry
of which determines whether the filter is a low-pass, high-pass or bandpass filter. Due to their
compactness and ease of fabrication scheme we have chosen metal-mesh bandpass filters (MMBP)
to define the BEGINS and PRIMA instrument bands. Our goal is to create a linear variable filter
(LVF) made up of MMBPs, with a bandpass that varies linearly along one direction of the filter
(Fig. . The LVFs will enable hyperspectral imaging from 25 pym to 65 pm with a lower limit
resolving power of R=7.5 and target R=10 and multispectral imaging for wavebands centered at
70, 100, 160, and 250 pm with R = 3-6 (discussed in Sec. [1.3.1.1]).

In this chapter I will discuss how we simulate the filters to determine the cross-slot parameters
before fabrication; I will present a transmission line model for the filters; and I will discuss the results
of transmission measurements of a 44 ym MMBP and a BEGINS prototype LVF and how they
compare to the modeled filters. The work on the 44 pm MMBP was preliminary works towards the
development of the LVF. This wavelength range was also investigated for the future high priority
flagship mission Uranus Orbiter and Probe which will carry a net flux radiometer (NFR) to study

the in situ heat flux of the icy giants atmosphere to 10 bar pressure[4], [77]. The NFR will measure
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Uranus’s net radiation flux in seven spectral bands, spanning solar to infrared wavelengths (0.2 ym
to 300 pum) [4]. All simulations and measurement analysis were performed by me, all fabrication
was performed by Kevin Denis at the GSFC DDL, and all filter transmission measurements were

made by the GSFC Optics Group.
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Figure 8.1: Left: A schematic showing how a continuous LVF is placed in an imaging optical system
to create a spectral mapper. The LVF is placed directly in front of the focal plane array. Right:
A schematic of the spectral transmission for the LVF. The bandpass central wavelength Ag varies
continuously and smoothly along the filter length [41]

8.1 MMBP Cross-Slot Geometry and Transmission Profile

The transmission profile of a MMBP is similar to a Lorentzian with asymmetry, explained
later in the chapter, and is determined by its cross-slot parameters; the periodicity (G), the cross
length (K) and the cross width (B) (Fig. [8.2) [99, 88, [75] [73] [74]. The bandpass center peak scales
with K (the cross length) and the bandwidth becomes small as the ratios of G/K and G/B increase
[88]. The filters discussed in this chapter are made of thin film gold and supported by a silicon (Si)
substrate. Gold was chosen because of its low resistivity which allows for high transmission. We
use high-resistivity floatzone Si wafers for low dielectric loss. For the LVFs the cross-slots vary in

sizes along the length of the silicon (Si) substrate.
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Figure 8.2: Illustration of metal-mesh cross-slot parameters. G is the periodicity, K is the cross-
length and B is the cross-width. Gray represents gold film. Blue represents bare Si substrate.

8.2 Filter Methodology

In this section I present two methods of modeling the metal-mesh bandpass filters, electro-

magnetic simulations and a transmission line model.

8.2.1 Ansys HFSS Simulation Method

In order to predict and model the MMBP performance we used Ansys High Frequency Struc-
ture Simulator (HFSS)[l software. HFSS, is a full-wave frequency domain electromagnetic field
solver based on the finite element method and numerically solves Maxwell’s equations across a
specified frequency range for a specified structure geometry, material configuration, and bound-
ary conditions. HFSS is used to extract S-parameters and predict the transmission profiles of the
metal-mesh filters. Through symmetry, an array of cross apertures in a gold film on a Si substrate
can be simulated by a single unit cell with perfect electric (E) and magnetic (ﬁ ) field boundary
conditions [74], [88]. The unit cell structure is shown in the left panel of Fig. Wave ports in
vacuum at the top and bottom of the unit cell are used to simulate a normal incident wave. A

wave port is equivalent to a semi-infinite waveguide. Since the cross has four-fold symmetry we

only used a quarter of the structure shown in the left panel of Fig. as seen in the right panel

! https://www.ansys.com/products/electronics/ansys—-hfss


https://www.ansys.com/products/electronics/ansys-hfss
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of Fig. to reduce the simulation time.

The gold is modeled with bulk conductivities at room and cryogenic temperatures. The room
temperature conductivity is determined from DC resistivity measurements of the gold film used to
fabricate the filters. The cryogenic bulk conductivity is calculated using the DC residual resistivity
ratio (RRR) of the gold film which is the ratio of the electrical resistance of a metal measured at
room temperature and 4.2 K.

The dielectric permittivity of the Si substrate is set to eg; = 11.7. There is ~0.3 reflectance
at each vacuum-Si interface, so we implemented quarter-wave AR coatings on both the metal-mesh
side and on the back side of the filter. To assess the effect of the quarter-wave filters we ran
simulations of the structure shown in the right panel of Fig. [8.3]

The cross-slot parameters are initially calculated using formulae from the literature [73] [75],
given the desired bandpass center wavelength (A\g). The cross length parameter K is approximately
Ao/2, where \g is the band center wavelength in the medium, in this case silicon (ng; = 3.42). The
estimated parameters are then optimized using simulations to achieve the desired bandpass profile.

The simulations will be thoroughly investigated against transmission measurements in Sec. [8.4.2]

Wave Port
Top Face

Red Box: Vacuum
Blue Box: Silicon
Orange: AR Coating

Red Box: Vacuum
Blue Box: Silicon

Perfect E Boundaries

r Unit Cell
Front and Back Walls Quarter Unit Ce

Gold Mesh
Unit Cell

Perfect H Boundaries
Side Walls

Wave Port
Bottom Face

Figure 8.3: Left: 3D model of an HFSS unit cell simulation for a non-AR, coated MMBP. Right:
3D model of an HFSS unit cell simulation for a double sided AR coated MMBP. The quarter unit
cell is used to reduce the simulation time. For illustration purposes, the vacuum, Si substrate and
AR coating box heights are not to scale.



143

8.2.2 Transmission Line Model

Another method used to model the transmission of the metal-mesh filters is an analytical
transmission line model. The transmission line model provides a faster method to determine how
the losses due to the resistivity of the gold film or the dielectric substrate will affect the transmission
profile of the filter. It can also be used to model the effect of AR coatings.

The metal-mesh cross-slots are self-resonant structures with an impedance that can be mod-
eled as a passive LRC circuit [19, 88 3]. The reactive part of the LRC circuit determines the shape
of the bandpass. The real part, while still contributing to the bandwidth, is responsible for the
losses in the circuit due to ohmic losses. The transmittance of our filters is modeled by using the
transmission line model shown in Fig. where Zg = 377 Q/sq, is the characteristic impedance
of free-space. The Si is modeled as a transmission line with length equal to thickness of the Si sub-
strate and characteristic impedance, Zs; = Zo/\/€si = 110 €/sq. An expression for the reflection
coefficient of the transmission line model can be derived to model the transmission of the filters.
This derivation discussed is based on the transmission line model used by Al-Azzawi, et al.[3].

The impedance of the LRC circuit is given by

R+ jwL
1+ jwRC — (w/wp)?’

ZLRrC = (8.1)

where R is the resistance, C is the capacitance, L is the inductance, w is the angular frequency and
wo is the is the circuit resonant angular frequency. The input impedance at the bottom of the Si

substrate looking towards the mesh is then given by [89]

2o + jZsitan((asi + jBsi)lsi)

Zoad = Zs . : , 8.2
* " Zsi + jZotan((osi + jB)Lsi) (8:2)
where [g; is the Si thickness and 8g; = /\2% is the wave-number, \g; = % is the wavelength in the

Si substrate, and «g; is the attenuation constant due to any dielectric losses. The load impedance

and equivalent impedance of the LRC circuit (Zprc) are in parallel with an equivalent impedance
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of

_ ZLoad * ZLRC

Loqg = . 8.3
4 Zioad + Zrre (®.3)
The reflection coefficient, I, is given by
Zieq — 20
r=>-%_" 8.4
Zeo + 70 (8.4)

The transmittance, or the fraction of incident power transmitted, is |T'|> = 1 — |T'|2. This trans-
mission line model is used to fit the output of the HFSS simulated transmission of the MMBP to

estimate R, C and L of the filter and compared to transmission measurements.

Incident

Wave Z Zs; H Z,

4

r ZLoad

Figure 8.4: Transmission line model representation of a MMBP on a Si substrate. Zj, is the
impedance of free-space, Zrrc is the impedance of the MMBP, Zg; is the impedance of Si, Zj44
is the load impedance at the beginning of the Si transmission line of length, lg;. T, is the reflection
coefficient used to calculate the fraction of incident power transmitted from the incident wave.

The same method can be used to derive the reflection coefficient for a transmission line model
that includes the AR coatings to increase the transmission of a filter. Similar to the Si substrate, the
AR coatings are modeled as a transmission line with length equal to thickness of the AR coatings
and characteristic impedance Zar = Zy/\/€ar, where e4p is the relative permittivity of the AR
coating material. Fig. shows the process used to derive the reflection coefficient. Starting at

the input to the transmission line on the left, we calculate the load impedance due to the first AR
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coating layer,

Zo+ jZartan((aar + jBar)lAR)

Zoad 1 = ZAR : : , 8.5
” Zar + jZotan((aar + jBar)laR) (8.5)
where [ o is the AR coating thickness, far = % is the wave-number, Ay = ﬁ is the wavelength

in the AR coating, and a4p is the attenuation constant due to any losses in the AR coating. Next

the load impedance due to the Si transmission line is calculated,

Z1oad 1+ jZgi tan((asi + jBsi)lsi)

Z =Zg - : . 8.6
Load 2 " ZLoad 1+ jZo tan((csi + jBsi)lsi) (8.6)
Now Z1oeq 2 and Zppco are added in parallel,
ZLoad 2 * ZLRC
Zeg AR = . 8.7
AR oad 2 + ZLRC 8.7)
Finally, the load impedance due to the second AR coating can be calculated,
Zios s = Zan ZEeg AR + jZartan((car + jBar)AR) (8.8)
o ZaARr + jZpgartan((aar + jBar)AR) '
The reflection coefficient is then
Z — 7
_ “Load 3 0 ) (89)
ZLoad 3+ ZO

The transmittance is calculated in the same manner as above.

In Sec. the transmission line model is fit to the output of the HFSS simulated trans-
mission where the resonant frequency, sheet resistance and capacitance are free parameters. The
resulting fit transmission is compared to the measured transmission. We learn that the transmis-
sion line model can be used to determine how resistive losses, dielectric losses and losses in the AR

coatings will change the peak transmission of the bandpass.
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Figure 8.5: Transmission line model of a MMBP on a Si substrate with AR coatings. The figure
shows how the transmission line model simplifies as the steps are taken to derive T'.

8.3 FTS Transmission Measurement Setup

The transmission measurements were made using a Bruker Optics — IFS 125HR, which is a
high resolution Fourier transform infrared spectrometer (FTS) (Fig. left panel). Measurements
were made at 5 K and at room temperature. The filters are placed in a sample holder, shown
in Fig. right panel. An aperture is placed in front of the holder to control the beams size.
The sample holder with both the filter and an open aperture is attached to a rod which can be
moved through the optical path. First, a reference spectrum is collected for the open aperture
(without filter). Then, for the linear variable filters the rod is moved down manually in segments
to measure the transmission of the varying bandpasses along the filters. The transmission spectra

is then calculated by taking the ratio of the beam spectrum going through the filter divided by the
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reference beam spectrum going through the hole.

Figure 8.6: Left: Bruker Optics — IFS 125HR, a high resolution Fourier transform infrared spec-
trometer. This instrument was used to make the transmission measurements of the metal-mesh
filters. Right: Sample holder used to hold the metal-mesh filters in the optical set up.

8.4 44 ym BP

In this section I present the development of a prototype 44 ym MMBP filter including sim-
ulations, fabrication, and measurement results. The simulations are compared to measurements
of the fabricated filters and fit to the transmission line model. All simulations and measurement
analysis were performed by me, fabrication was performed by Kevin Denis at the GSFC DDL, and

filter transmission measurements were made by the GSFC Optics Group.

8.4.1 44 ym MMBP Design and Fabrication

The 44 pm MMBP was fabricated in a simple single layer process. Double side polished
intrinsic float zone silicon wafers (p > 20 kQ2-cm) were coated with a 5 nm thick Ti adhesion layer
and 100 nm thick gold layer by electron beam evaporation in the GSFC Detector Development
Laboratory (DDL). Table shows the filter design parameters. Gold was chosen as the mesh
material because of its low resistivity which minimizes ohmic losses. It is also ~5 times thicker

than the skin depth of gold at the desired bandpass frequency, making the Au layer optically thick.
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The sheet resistance of the gold was measured to be 0.3 Q/sq at 300 K which for 100 nm thick
gold corresponds to 3.33 x 107 S/m. It has minimum features of 1 zm which were lithographically
patterned by a Heidelburg DWL 66+ direct write laser system and a single layer of S1805 resist.
The gold was etched by argon ion milling (4-Wave) and the titanium was further etched by a
combination of fluorine plasma and hydrofluoric acid. Several filters were fabricated on a single
100 mm silicon wafer. After etching, the photoresist was removed by oxygen plasma and solvent
cleaning.

Next, the filters were coated with cyclic olefin copolymer (COC) on both sides of the wafer to
serve as a low-loss AR coating. COC has a low index of refraction (~1.5) that provides low reflective
loss over a modest bandwidth at the vacuum-to-Si interfaces [106]. In the simulations, the COC-AR
coatings are defined as \o/4 thick volumes with a relative dielectric permittivity of 2.37 [106]. From
the simulation we found that the addition of the AR coatings causes the original bandpass peak
to shift to longer wavelengths by ~ 1 um because of a change in the effective capacitance of the
MMBP. This shift was taken into consideration when choosing the design cross-slot parameters in
Table

A scanning electron microscope (SEM) image of the fabricated filter is shown in Fig. 8.7} The
fabricated cross-slot parameters were measured over various positions along the filter and averaged
(Table . The fabricated cross-slot parameters were similar to the design parameters and should
not cause a significant difference in the transmission of the filter. However, a close up SEM image
of one of the cross-slots shows the fabricated filter has rounded inner and outer edges. The rounded
corners were measured to have a radius of curvature of ~0.5 um and do cause a difference between

the simulated and measured transmission which is discussed in detail in the following section.
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Table 8.1: Filter properties and design parameters for a bandpass filter with peak transmission at
44 pm.

Feature Dimensions
Silicon substrate thickness (eg; = 11.7) 540 pm
Au film thickness (Rs = 0.3 Q/sq) 100 nm
Cross pitch 11.4 pm
Cross length 7.5 pm
Cross width 1.0 pm
A/4 COC anti-reflection coating thickness (ecoc=2.37) 7.2 pm

Figure 8.7: Scanning electron microscope (SEM) image of the fabricated 44 pm MMBP with cross-
slot parameters presented in Table The light gray is gold metal film and the dark gray is bare
Si. The fabricated MMBP filter has rounded inner and outer edges with radius of curvature ~0.5

pm.

Table 8.2: 44 um MMBP design vs fabricated cross parameters.

Cross Parameter Designed (um) | Fabricated (pum)
Horizontal cross length 7.5 7.5240.04
Vertical cross length 7.5 7.50£0.06
Horizontal cross width 1.0 1.03+0.03
Vertical cross width 1.0 1.054+0.03
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8.4.2 Comparison of Simulations to Measurements

Only room temperature FTS measurements were made on non-AR coated and COC-AR
coated 44 pm MMBPs since liquid helium was not available at the time. The measurements were
made with an FTS resolution of 1 cm™ and 2 mm aperture. Fig. shows the measured filter

transmission and the design HFSS simulated transmission.
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Figure 8.8: 300 K measured and simulated transmission of the non-AR coated and COC-AR coated
44 pm MMBP. Solid lines: HFSS simulated transmission using design cross parameters listed in
table B.Il Dotted lines: FTS measured transmission.

The measured filters (dotted lines) show what are referred to as grating lobes at high fre-
quencies above the bandpass. The grating lobes occur because the periodic cross-slots act as a
diffraction grating that diffracts a wave when the lattice size (or periodicity) is electrically large.
The location of the grating lobe frequency cut-offs, where the transmission is nearly zero in the
plot, can be predicted using Floquet’s Theorem [I3]. Since the mesh is periodic only one period
of the structure, referred to as the unit cell, needs to be examined to determine the behavior of
the electromagnetic fields in the mesh. In Floquet theory this is done by applying a periodic func-
tion to a uniform plane wave incident on the periodic structure and applying periodic boundary
conditions. For a 2D structure this yields a set of solutions known as Floquet modes which are

plane waves referred to as Transverse Electric (T'Ey,,) or Transverse Magnetic (T'M,,,) modes.
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For a normal incident wave these set of modes have frequency cut-offs that are determined by the

following equation [13],

_ c 2rm \ 2 27n )\ 2 8.10
fc,mn—27_‘_\/a <Gx)+<GYy)7 ( )

where c is the speed of light, €, is the relative permittivity of the medium which in our case is
Si and G and G are the cross pitch in the x and y direction. The black dashed lines indicate
the expected frequency cutoffs for Floquet modes T'Ey /91, TE11, T Eog /92 and T'Ey; /1. The same
frequency cutoffs would apply to the TM modes. For a cross pitch of 11.4 um the frequency cutoffs
are at 7.7 THz, 10.9 THz, 15.4 and 17.2 THz. As shown in the plot, there is excellent agreement
between predicted and measured cutoff frequencies. The relative power distribution between the
bandpass peak and the first three lobes shown in the plot is determined by finding the normalized
area under the curves of the bandpass peak and the grating lobes. Table B.3] shows the power
distribution for the non-AR coated filter. Only about half of the power goes into the bandpass
peak while the other half is primarily distributed between the first two grating lobes. This is
undesirable, because a broadband KID inductor/absorber will absorb a comparable amount of
radiation in an undesired wavelength range. A technique used to block or reduce the transmission

of the grating lobes are filters with multiple mesh layers.

Table 8.3: Power distribution between the bandpass peak and grating lobes of the non-AR coated
44 ym MMBP.

Transmission Feature | Relative Power (%)
Bandpass Peak 45.4
Lobe 1 34.5
Lobe 2 18.4
Lobe 3 1.7

Differences in the simulated and measured transmission are also shown in Fig. [8.8] The non-
AR coated 44 ym MMBP was designed to have a band-pass peak at 7 THz with a resolving power

(or spectral resolution), R~9. However the measured filter has a bandpass peak at a slightly higher



152

frequency (7.1 THz) with a higher resolving power (R~11). The transmission of the measured filters
is also less than the simulations transmission with an average error of 6.1 %. These differences are
also seen for the COC-AR coated sample. Table lists the bandpass peak, resolving power, peak
transmission, and the average percent error between the measurements and simulations for the FTS
measurements and the HFSS simulations. The discrepancies are likely due to the cross-slot rounded
corners in the fabricated filter shown in Fig. We expect this to change the transmission profile
because it changes the capacitance and inductance of the filter which leads to a change in the

resonant frequency, since f o< 1 v LC.

Table 8.4: 44 pm MMBP HFSS simulated vs. measured bandpass peak, resolving power, and
transmission.

Filter Type Peak Center (THz) | R = A/AMX | Peak Trans (%)
FTS Measurement | 300 K COC-AR 7.0 (43.4pum) 8 53

300 K No-AR 7.1 (42.4 pm) 11 27
HFSS Sim 300 K COC-AR | 6.8 (44.2 ym) 7 58

300 K No-AR 7.0 (43.2 pum) 9 28
Avg Error (%) 2.2 18.3 6.1

To determine the effects of the rounded edges three different simulations were run. The left
panel of Fig. shows different quarter unit-cells investigated one with rounded inner edges, one
with rounded outer edges and one with both inner and outer rounded edges. The right plot in
Fig. shows the change in the simulated filter transmission for each unit cell. Note that the
fringing along the transmission profile is due to the Si cavity created between the metal-mesh and
the vacuum interface on the opposite side, which was resolved by the FTS. The simulation fringing
was smoothed to approximate the resolution of the FTS. When the the inner edges are rounded
there is an increase in transmission because the area of the slot increases. There is also a slight shift
in the bandpass peak to higher frequency, by 0.1 THz. For a cross-slot with only rounded outer
edges, the transmission decreases due to a decrease in the slot area with a shift to higher frequency
as well but it still does not match the measured bandpass peak. The bandpass peak shifts to higher

frequencies because the rounding of the edges decreases the capacitance. When both the inner and
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outer edges are rounded the simulated transmission aligns better with the FT'S measurement. The
bandpass peak is at 7.1 THz, with a transmission of 26% and resolving power of ~11, which is very
similar to the measured filter.

Simulated Quarter Cross-Slot Unit Cells

Figure 8.9: Left: The HFSS simulated quarter cross-slot unit cells of the simulated transmission
shown in the right plot of Fig. Right: HFSS simulated and FTS measured transmittance of
the non-AR coated, room temperature 44 ym MMBP. Red Line: HFSS unit cell with cross-slot
parameters in Table Green Line: HFSS Sim 1 has rounded inner corners (radius of curvature
= 0.5 pm). Orange Line: HFSS Sim 2 has rounded cross-ends (radius of curvature = 0.5 pm).
Black Line: HFSS Sim 3 has rounded cross-ends and inner corners (radius of curvature = 0.5 pm).
Blue: F'TS measured transmission of fabricated 44 pm MMBP. The fringing along the transmission
profile is due to the Si cavity created between the metal-mesh and the vacuum interface on the

opposite side. The FTS resolution was small enough to barely resolve the fringes. In order for the

simulations to match this, they were smoothed using a Gaussian filter to approximate the FTS
apodization and resolution.
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Table 8.5: The band-pass peak, resolving power, and transmission of HFSS Sim 1, HFSS Sim 2,

HFSS Sim3, and FTS measured performances shown in Fig. Left of the room temperature,
non-AR coated 44 ym MMBP.

| | HFSS Sim 1 | HFSS Sim 2 | HFSS Sim 3 | FTS Measurements |

Peak Center (THz) 7.0 (43 pm) | 7.0 (43 pm) | 7.1 (42 pm) 7.1 (42 pm)
A/AN 9 10 11 11
Peak Transmission (%) 28 27 26 27

Since HFSS Sim 3 matched the non-AR coated measurement so well, COC-AR coatings were

applied to HFSS Sim 3 to compare to the AR coated measurements. The results are shown in Fig.
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The green line shows that HFSS Sim 3, does match the peak location better than the design
parameter simulation (orange line). The peak location of HFSS Sim 3 with the AR coatings is
43.2 pm which is a 0.5% difference in comparison to the FTS measurement. The resolving power
(R=9) was still approximated to be within an 11.0% difference from the FTS measurement. The
simulated peak transmission decreased from 58% to 56% which is still higher than the measured
transmission of 53 %. Differences may be due to non-uniformity in the filters fabricated across the
same wafer. These simulations along with non-AR coated simulations demonstrate how the filter’s
response is sensitive to changes in the cross-slot features and incorporating them allows us to model

our measurements more accurately.
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Figure 8.10: Orange: HFSS simulated transmission of a room temperature COC-AR coated 44 pm
MMBP with the design parameters. Bandpass peak = 6.8 THz (44.2 pum), peak transmission =
58%, and resolving power = 7. Green: HFSS simulated transmission of a room temperature COC-
AR coated 44 um MMBP with the cross-slot unit cell used in HFSS Sim 3. Bandpass peak = 7.0

THz (43.2 um), peak transmission = 56%, and resolving power = 9. Blue Dots: FTS measurement
of the COC-Ar coated 44 pym MMBP.

8.4.3 Transmission Line Model Fitting to Simulations

The transmission line model without AR coatings, described in Sec. [8:2.2] was fit to HFSS

Sim 3 in Fig. B9 The fit has three fit parameters: fy the resonant frequency, R and C. L is not
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a fit parameter because it can be rewritten is terms of C' and fy, where L = m. A second
fit was performed with only two free parameters, fo and C, while R was fixed to match the DC
resistance of the gold film, 0.3 £2/sq. The fit results are shown in the left plot of Fig. In
both fits the bandpass frequency is fit well. However, the fringe amplitudes on either side of the
bandpass peak are not well fit. This means our transmission line model does not fully capture the
impedance mismatch at the metal-mesh and Si interface. The model is also unable to capture the
asymmetry of the filter’s transmission profile due to the higher order grating lobes. The right plot
of Fig. compares the smoothed fits to the smoothed HFSS Sim 3 and the FTS measurement.
Since the model does not incorporate the affects of the grating lobes the bandwidth is larger than
HFSS Sim 3 and the FTS measurement. The maximum transmission is fit well when R is fixed to
0.3 Q/sq. When R is a free parameter it is estimated to be 2.75x10™! €/sq, which leads to a slightly
larger maximum transmission. This further confirms the DC measurement of the gold film and
shows that the maximum transmission is mostly dependent on ohmic losses. Table [8:6] shows the
estimated fit parameters. The estimated inductance was calculated from the resonant frequency

and capacitance fits.
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Figure 8.11: Left: Transmission line model (TLM) fits to HFSS Sim 3 in Fig. Black Line:
Simulated transmission of HFSS Sim 3 in Fig. Blue Dashed Line: TLM fit to HFSS Sim 3
with three fit parameters: fp, R and C. Orange Dashed-Dotted Line: TLM fit to HFSS Sim 3
with 2 fit parameters: fp and C'. R was fixed to the measured gold DC resistance of the fabricated
44 pm MMBP, 0.3 Q/sq. Right: Smoothed TLM fits compared to smoothed HFSS Sim 3 simulated
transmission and the 44 pm MMBP measured transmission (dotted blue line).

The same analysis was performed to compare the transmission line model with AR coatings
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Table 8.6: TLM fit parameter values for fy, R, C' and L. The middle column contains the fit
parameters from the blue dashed line in Fig. Left. The right column contains the fit parameters
from the orange dashed-dotted line in Fig. Left, where R was fixed.

| | TLM Fit | Fixed R, TLM Fit

fo (THz) | 7.09 7.09
R (Q/sq) | 0.275 0.300
C (fF) 6.61 6.55
L (fH) 76.2 76.9

to the simulations and measurements. The fit parameters for the sheet resistance and capacitance
listed in the second column of Table were taken and applied to the AR coated transmission
line model. The AR coating relative permittivity was set to 2.37 for COC and the thickness of the
coating was set to 7.2 um. For COC the measured resonant frequency shifts to 7.1 THz, so this
value was used for the fy input parameter of the AR coated transmission line model. Fig.
shows the results of the AR coated model. The transmission of the AR coated model has a peak
transmission of 52% and resolving power of R = 7. The resolving power and transmission profile
still do not match the measurements for the same reasons listed above for the non-AR coated model.
The difference in the peak transmission between the AR coated and non-AR coated model is 26%,
which is the same as the difference in the measured transmission. Therefore, the model correctly
predicts the increase in transmission when AR coatings are applied to samples with the same sheet
resistance and mesh geometry. It also suggests that we achieved the targeted AR coating thickness.

Although the transmission line model does not fully capture the simulation or measurement
it is a useful tool, because it enables fast estimation of transmission characteristics as a function
of design parameters. It helps us understand how the maximum transmission changes with resis-
tance, allows us to determine how the fringe rate will change with different substrate materials and
thicknesses, and predicts the increase in transmission when AR coatings are applied as long as the

thickness and relative permittivity of the material is known.
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Figure 8.12: Transmission results of the AR coated model along with measured transmission and the
HFSS sim 3 simulations. The blue lines are the COC AR coated transmission and the orange lines
are the non-AR coated transmission. The dashed lines represent the transmission line model, the
dotted lines represent the FT'S measurements and the solid lines represent the HFSS simulations.

8.5 Linear Variable Filter Development

Here I present work on a non-AR coated and ParyleneT -AR coated LVF. They were designed
to span 24 to 36 pum, with a resolving power of 6. This is in the lower wavelength range of BEGINS.
It was designed as prototype filter for preliminary measurements and work towards a flight-ready
filter. In this section I compare the design and fabricated LVF, present simulations to predict
the transmission of the filter, and discuss the FTS-measured transmission. All simulations and
measurement analysis were performed by me, fabrication was performed by Kevin Denis at the

GSFC DDL, and filter transmission measurements were made by the GSFC Optics Group.

8.5.1 LVF Design and Fabrication

The prototype LVFs were made of 300-nm thick gold on a high-resistivity floatzone silicon

(Si) substrate. The cross-slots vary continuously in size along one direction, referred to as the x-

! https://www.hzo.com/technology /material-science/parylene-conformal-coating-services/
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direction, for band centers from 24 to 36 ym. Simulations to to determine the cross parameters were
done for a bandpass at 24 pm under the assumption that the 300 nm thick gold had a resistivity
of 3 uQ2-cm and that the Si substrate had no loss. The parameters were then scaled up across the

LVF to 36 pum. The design parameters at 24 pym are listed in Table

Table 8.7: Design cross parameters for a bandpass peak at 24 pm. These parameters were scaled
up to 36 pum for a 17 mm long LVF.

Cross-Parameter | Dimensions (pm)
Cross pitch 6.17
Cross length 4.95
Cross width 0.8

The LVFs were fabricated in the same way as the 44 ym MMBP. However they were not
COC-AR coated, but instead coated with Parylene-C, a thermoplastic polymer that is known to
have thermal stability, good adhesion properties, and low water absorption. It is a popular AR
coating for the THz region (far-IR) because of its high transmission. It has been successfully used
between 1 to 8 THz as an AR coating for germanium lenses on the ISO satellite [39]. At THz
frequencies its refractive index has been measured to be 1.62 [39]. Non-coated samples were sent
to HZOE| for the parylene coating deposition. They developed a method to deposit a coating with
a gradient thickness across the filter. This way the thickness varied to approximately A/4 of the
bandpass peak across the filter. The filters were diced into 1 inch samples.

Measurements of the cross-slots were made on an LVF sample after fabrication. The mea-
surements were made at y = 3, 8.5, and 12 mm and at positions x = 0, 3, 6, 8, 12, and 17 mm,
where the bandpass varies along the x-axis. The top left image in Fig. [8.13|shows an SEM image of
the cross-slot at (x,y) = (9, 8.5) mm with an example of how the measurements were made. There
was also rounding at the corners of the cross that were measured. The results of the measurements
are shown in the bottom panel of Fig. [8.13] The black markers on the first two plots are the

average of the measurements made at y = 3, 8.5, and 12 mm which belong to the same bandpass

2 https://www.hzo.com/technology /material-science/parylene-conformal-coating-services/
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peak column at the specified x-position. The left plot shows that the cross widths deviated signif-
icantly from the design cross widths. There was an average error in “B-x" of 25% and in “B-y”
of 20%. The middle plot shows the measured cross lengths were similar in the horizontal (K-x)
and vertical (K-y) directions and had an average error of 3% when compared to the design cross
length. The right plot shows the radii of the rounding at the cross corners. The inner radii are the
radii of the corners at the cross ends and the outer radii are the radii of the corners at the cross
intersection, as shown in the top right image of Fig. This measurement was only made at y
= 8.5 mm. The measurement was difficult, so it was repeated four times at each x-position. The
dots are the average of the four measurements. The error bars are the average uncertainty in the
measurement. On average the inner radii were 470 nm 4 110 nm and the outer radii were 375 £ 54
nm. The cross modifications were added to the simulations to determine how the bandpass peak
would shift before AR coating the samples to calculate the correct AR coating thickness. The LVF
gold resistivity was measured to be 2.94 puf)-cm and was included in the modified simulations, as
well. Incorporating these modifications shifted the simulated bandpass peak from 24 pm to 23.82
pm. Therefore, the bandpass peak was predicted to vary from 23.82 pm to 35.74 um across the 17

mm filter which required a Parylene-C thickness that varied from ~3.7 ym to 5.5 pm.
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Figure 8.13: Top Left: SEM image of the cross-slot at (x,y) = (9, 8.5) mm. Top Right: SEM image
with labels referencing the measurements plotted in the bottom panel of the figure. Bottom: Plots
showing the results of the fabricated cross parameters as a function of length along the 17 mm
filter. The left plot shows the measurements of the cross width in the horizontal (B-x) and vertical
(B-y) directions. The solid line is the design dimension. The different color markers represent the
measurements made at y = 3, 8.5, and 12 mm, which belong to the same bandpass peak column
at the specified x-position. The black markers are the average of the measurements made at y =
3, 8.5, and 12 mm. The middle plot shows the measurements of the cross length in the horizontal
(K-x) and vertical (K-y) directions. The solid line is the design dimension. The black markers
are the average of the measurements made at y = 3, 8.5, and 12 mm. The right plot, plots the
average inner radii and outer radii of the corners of the crosses across the length of the filter. This
measurement was only made at y = 8.5 mm.

8.5.2 LVF Comparison of Simulations to Measurements

Room temperature (300 K) and cryogenic temperature FTS measurements (5 K) were made
of two different LVF samples. One sample was non-AR coated and the other was AR coated on

both sides with Parylene-C. The measurements were made with an FTS resolution of 2 cm™ and
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a 2 mm aperture. In this section I discuss the FTS measurements results and compare them to

simulations.
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Figure 8.14: LVF FTS measurements at x = 3, 6, 9, 12 and 15 mm. Left: Measurements of the
AR coated (dashed lines) and non-AR coated (dotted lines) at 300 K. Right: Measurements of the
AR coated (dashed lines) and non-AR coated (dotted lines) at 5 K.

Fig. [8.14]shows the measured transmission across the LVF at locations x = 3, 6, 9, 12, 15 mm
with an uncertainty of +1.25 mm. This uncertainty is derived from the size of the aperture and the
uncertainty of the location of the aperture, which is 0.5 mm. The left plot shows the transmission
of the AR and non-AR coated samples at 300 K and the right plot shows their transmission at 5
K. The 5 K transmission is greater due to a decrease in lattice vibrations in the Si which decreases
the random motion of electrons. From 300 K to 5 K, the non-AR coated samples increase in
transmission by ~10% and the AR coated sample increase in transmission by ~17%, whereas
simulations predict an increase of 7% and 10% for the non-AR coated and AR coated samples,
respectively. The addition of AR coatings increases the transmission at the bandpass peak by 35%
at 300 K and 42% at 5 K, whereas simulations predict an increase in transmission of 38% at 300
K and 41% at 5 K. Considering how sensitive the transmission profile is to the cross features the
measured and simulated values are in good agreement.

Grating lobes are also identified in the measured transmission. However these measurements

only span 0 to 19 THz, so only the first grating lobe is shown. For the non-AR coated sample the
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first grating lobe increases in peak transmission along the filter from ~4%-8% and ~5.5%-9.5% for
the 300 K and 5 K measurements, respectively. For the AR coated sample the peak transmission
of the grating lobes does not vary drastically and stays around 10% and 12.5 % at 300 K and 5 K,
respectively. The addition of the AR coating cause the grating lobes to increase in transmission,
but fractionally less than the increase in transmission of the bandpass peak where the quarter-
wave AR coating is more effective. This out-of-band transmission is undesirable for BEGINS,
but is an inherent property of the periodicity of the cross-slot filter design. However, this out-of-
band transmission has been shown to decrease significantly with different aperture geometries and
stacking mesh filters [65]. Through simulations we will experiment with both methods to further

reduce and if possible eliminate the grating lobes for the next prototype LVF.
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Figure 8.15: Plots of the bandpass peak as a function of length along the LVF. Left: Non-Ar coated
LVF sample. Black line: expected design bandpass beak. Pink line: Predicted bandpass peak after
the modification discussed in Sec. were made to the cross. Blue dots: Bandpass peaks for
the 300 K measurements. Orange dots: Bandpass peaks for the 5 K measurements. Right: AR
coated LVF sample. Pink line: Predicted bandpass peak after the modification discussed in Sec.
[8:5.1] were made to the cross and AR coating were applied. Green dots: Bandpass peaks for the
300 K measurements. Red dots: Bandpass peaks for the 5 K measurements.

We also examined how the bandpass peak center wavelengths compare between simulations
and measurements. Fig. [8.15/shows how the measured and predicted bandpass peaks vary along the
filter. The black line shows the expected design bandpass beak, before the modifications discussed

in Sec. [8.5.1] were made to the cross. The pink line is the predicted bandpass peak after the
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modifications to the cross were made. There is only a 0.7% difference between the design and
modified predicted bandpass peaks along the filter. The orange and blue dots represents the 5
K and 300 K non-AR coated LVF measurements, respectively. The error bars take into account
the 0.5 mm tolerance in sample holder location and the 2 mm aperture. There is an average of
0.9 pm and 0.6 pum difference between the 300 K and 5 K measurements when compared to the
predicated bandpass peaks for the modified cross (pink line), respectively. This should not be a
problem for the BEGINS LVF, since there is 5 % design tolerance in the BEGINS bandpass peak
center. There is also an average difference in the bandpass peak center of 0.7 um between the 5 K
and 300 K non-AR coated LVF measurements. Since the resistivity is the only characteristic that
should change from 300 K to 5 K we would expect the 300 K and 5 K peak bandpass wavelengths
to be the same. The difference is likely due to the uncertainty in the initial placement of the sample
holder.

The right plot in Fig. shows the same results but for the AR coated LVF. The measured
bandpass peaks at 300 K and 5 K in this case are more similar, with an average difference of 0.2
pm. This further supports the hypothesis that the difference in the bandpass peak wavelengths
between 300 K and 5 K are due to the sample holder alignment. Also, as shown by the pink line in
Fig. [B:15| right panel, there is an average of 1.2 um difference between the measured and predicted
bandpass peaks. The slightly larger deviation in comparison to the non-AR coated sample could
be due to fabrication variations in the cross features. However this is still within the BEGINS
tolerance.

Finally, we also discuss the results of the transmission and resolving power of the crosses along
the LVF. It is important to achieve high transmission such that the filters do not limit the amount
of power received by the detectors. Fig. [8.16| shows how the measured transmission and resolving
power vary along the filter. The squares represent the simulated transmission and resolving power
for the bandpass at x=0 mm. The circles show the measured transmission and resolving power. The
measured transmission increases along the length of the filter or as the bandpass increases. This is

expected, since all the cross features (cross width, cross length and cross pitch) are scaled up with
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Figure 8.16: Left: Dots: Measured transmission along the filter. Squares: Simulated transmission
for bandpass at x=0 on the filter. Right: Dots: Measured resolving power along the filter. Squares:
Simulated resolving power for bandpass at x=0 on the filter.

the bandpass to preserve the resolving power along the filter, and the transmission is proportional
to the cross width. Also, note that the measured transmission at x=3 mm is generally lower than
the simulation at x=0 mm. This is likely due to the convolution of a range of bandpasses within
the 2 mm FTS aperture, whereas the simulation assumes uniform cross features and bandpass. The
AR coated filters measured at 5 K have high transmission and show that the gradient AR coating
works well to increase transmission by the expected amount.

The resolving power should stay constant, however, it appears to decrease along the length
of the filter. This could be due to the discrepancies between designed and fabricated cross-slot
parameters along the filter. At both 300 K and 5K the resolving power of the AR-coated sample
varies from ~ 4.5 to 3.5 along the length of the filter, and for the non-AR coated sample varies from
~ 6 to 5. The measured resolving power is on average 0.85 less than the simulated resolving power.
This occurs because varying bandpasses within the 2 mm FTS aperture decrease the resolving
power, whereas the simulation assumes a uniform bandpass. In order to reduce the spread in
resolving power along the filter, the filters need to be made with higher resolution lithography to

better match design cross-slot parameters and reduce the radii of the rounded corners. The filters
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are currently made with ion milling lithography. If better resolution cannot be achieved with this

technique, another fabrication method to test is electron beam lithography.

8.6 Conclusion and Future Work

We successfully fabricated, measured, and modeled a non-AR coated and AR coated 44 ym
MMBP filter and BEGINS prototype LVF with high transmission when AR coated. When cooled
to cryogenic temperatures the LVF displayed a transmission greater than 80%. Comparisons be-
tween simulations and measurements show how the filter’s response is sensitive to changes in the
design cross-slot features when fabricated. Incorporating the changes in the cross-slot features after
fabrication allows us to model our measurements more accurately. However, for the LVF this is
more challenging since the cross parameters are changing across the filter. There was a 4% percent
difference between the measured and predicted bandpass peak centers which is within the 5% tol-
erance for the BEGINS LVF. We also discovered that for the LVF the measured resolving power
decreased along the length of filter. This can be improved with higher resolution lithography, in
which the fabricated cross-slot geometry will more closely match the design geometry. To combat
out-of-band power transmitted in the grating lobes we will experiment with different mesh aperture
geometries to further reduce or eliminate the grating lobes for the next prototype LVF. Lastly, the
transmission line model developed helps us to understand how the maximum transmission changes
with resistance, determine how the fringe rate changes with substrate material and thicknesses,

and predicts the increase in transmission when AR coatings are applied.



Chapter 9

Conclusions and Future Work

In this thesis I have discussed my contribution towards the technological advancement of KIDs
and metal-mesh LVFs for mid- to far-IR observatories, specifically the proposed sub-orbital and
orbital observatories BEGINS and PRIMA. Both observatories have the potential to demonstrate
new technology and enable new observations in mid- to far-IR astronomy. Below I highlight my
accomplishments and future work.

TiN KIDs for BEGINS: In this chapter I discussed the design and characterization of a 25
pm BEGINS KID prototype array which was optically coupled to a Fresnel zone plate lens array.
We discovered that although the FZP lenses provide a quick path to optical measurements they do
not efficiently focus radiation onto the KID absorber/inductor. This, along with possible stray light
in our cryostat, is likely the reason that the empirical NEP was a factor of 1.2 above the required
NEP of 7.58 x 10~17 W/\/E for A = 25 pm. To improve the NEPs the next prototype array will
be bonded to a Si microlens array. This will ensure that the inductors do not absorb stray light
from neighboring lenses. We have already fabricated a new 25 ym BEGINS TiN KID prototype
array for microlens array bonding. The inductor volumes of the new array were reduced to 70 um
to increase responsivity. This work also displayed the use of PPCs as the capacitor geometry for
KIDs to reduce S7ps and reduce KID pixel size. We found that the S7;¢ was comparable to KIDs
with IDCs.

Mid-IR KIDs for GEP: The Galaxy Evolution Probe (GEP) was the predecessor concept

probe to PRIMA. The shortest detection wavelength was 10 pm, compared to 25 pm for PRIMA.
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In this chapter I presented an inductor geometry for aluminum KIDs sensitive to wavelengths of 10
pm and preliminary dark measurement of a prototype array. This is not within a wavelength range
that has been well developed for KIDs. The inductor was shown to have around 73% absorption
efficiency through simulations. From dark measurements the 7T, and « were estimated to be 1.32 K
and 0.763, respectively. This device was made with IDCs and had an estimated Syrg = 2.84 x 10716
Hz'. The measured Syrg limits the predicted NEP of the array. However, employing PPCs like
those in BEGINS and PRIMA decreases the NEP. After this work we shifted our focus to PRIMA
KIDs and did not continue to optical measurements for NEPs of the device. This work is still
promising for future observatories that plan to utilize KIDs in this wavelength range.

Aluminum KIDs for PRIMA: In this chapter I discussed the first generation of PRIMA
KIDs and characterization of a 25 ym PRIMA KID prototype array optically coupled to a Si
microlens array. This work displayed the successful bonding of a microlens array to the back-side
of a KID array and successful optical measurements. The most sensitive detector on the prototype
array was photon-noise limited down to 0.1 fW with a limiting detector NEP ~ 6.5x 10~ W/\/ﬁ
This is greater than the PRIMA NEP requirement at 25 ym which is on the order of 2.5 x 10719
W/ vHz. We found that short quasiparticle lifetimes around 50-150 us and TLS noise were limiting
the NEP. To address the short quasiparticle lifetimes we changed the fabrication method to the
method used on aluminum KID arrays for the longer wavelength range of PRIMA. This array
employed electron beam lithography over UV stepper lithography and displayed lifetimes on the
order of 1 ms. Preliminary measurements of the new 25 pum prototype array have shown improved
lifetimes around 1 ms and NEPs below the PRIMA requirement. The inductor volume of the new
array was also decreased to improve responsivity. We will investigate TLS noise by testing IDCs
against PPCs on the same array to determine which reduces TLS noise. This chapter also included
a derivation to determine the absorption efficiency of the KID absorbers from FTS measurements
of a 1-inch Si substrate with the KID aluminum inductor trace patterned on it. This derivation
can be applied to FT'S measurements of detectors with other inductor geometries.

Linear Variable Filter Development for BEGINS: In this chapter I present the devel-



168

opment and characterization of a 44 ym MMBP and prototype LVF for BEGINS. I explain how
the filter can be modeled through simulations and present a transmission line model. We success-
fully developed an AR coated LVF with high transmission of over 80% at cryogenic temperatures.
This is a promising start for the future LVFs to be employed in BEGINS and possibly PRIMA.
Comparisons between simulations and measurements show how the filter’s response is sensitive to
changes in the design cross-slot features when fabricated. Incorporating the changes in the cross-
slot parameters after fabrication allowed us to model our measurements more accurately. There is
still work to be done to improve the filters because of the high frequency grating lobes that will
introduce power at undesired wavelengths. To combat the grating lobes we will experiment with
different aperture geometries to further reduce and if possible eliminate the grating lobes for the

next prototype LVF.
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