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Abstract

The temperature anisotropy of the cosmic microwave background (CMB) is now being
probed with unprecedented accuracy and sky coverage by the Wilkinson Microwave Anisotropy
Probe (WMAP), and will be definitively mapped by the Planck Surveyor after its launch in
2007. However, the polarization of the CMB will not be mapped with sufficient accuracy. In
particular, the measurement of the curl-polarization, which may be used to probe the energy
scale of the inflationary epoch, requires a large advance in the format of millimeter-wave
bolometer arrays. SAMBA (Superconducting Antenna-coupled Multi-frequency Bolometric
Array) is being developed to address these needs for the next generation of submillimeter
astronomical detectors. SAMBA consists of a focal plane populated with microstrip-coupled
slot antennas, whose signals are coherently added and sent to transition-edge superconduct-
ing (TES) bolometers via microstrip lines. SAMBA eliminates the need for the feedhorns
and optical filters currently used on CMB observational instruments, such as Planck and
Boomerang. The SAMBA architecture allows for a high density of pixels in the focal plane
with minimal sub-Kelvin mass. As a precursor to a full monolithic high-density antenna
array, we are developing a single-band antenna-coupled bolometric detector.

In this thesis, I report test results for a single-pixel antenna-coupled bolometric detector.
Our device consists of a dual slot microstrip-coupled slot antenna coupled to an Al/Ti/Au
voltage-biased TES. The coupling architecture involves propagating the signal along super-
conducting microstrip lines and terminating the lines at a normal metal resistor collocated
with a TES on a thermally isolated island. The device, which is inherently polarization
sensitive, is optimized for 140 GHz measurements. In the thermal bandwidth of the TES,
we measure a noise equivalent power (NEP) of 2.0 x 1077 W/v/Hz in dark tests which
agrees with the calculated NEP including only contributions from phonon, Johnson and
amplifier noise. We do not measure any excess noise above this expectation at frequencies
between 1 and 200 Hz. We measure a thermal conductance G = 55 pW /K. We measure
a thermal time constant as low as 437 us at 3 pV bias when stimulating the TES directly

using a light emitting diode.
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Chapter 1

Introduction

1.1 History of the early Universe

Cosmology is the study of the large-scale properties of the Universe as a whole. Cosmologists
try to understand the origin, evolution, and fate of the Universe.

A fossil record of the Universe exists just after the Big Bang, long before the formation
of the first galaxy or star. Shortly after the Big Bang, the Universe was a hot, dense,
opaque soup of subatomic particles and light. About 300,000 years after the Big Bang,
the Universe had expanded and cooled enough that this thick, opaque plasma became a
transparent gas made up of mostly hydrogen and helium, and the photons were allowed
to travel unhindered towards us. This primordial radiation is imprinted on the sky as the
cosmic microwave background, or CMB. The CMB is the oldest electromagnetic radiation
we can observe, and it has been travelling for about 15 billion years from this “surface of
last scattering” to us today. To understand the early Universe, we need to make precise

measurements of the CMB.

1.1.1 Understanding the origins of the CMB

To understand how the features of the CMB originate, we need to examine the physical
processes that occur in the Universe during the epoch between the Big Bang through the
surface of last scattering. The Big Bang model describes our Universe as a dynamic and
evolving entity which started from an extremely hot and dense state at a finite time in the
past, then expanded and cooled to what we now observe [73]. We know that the Universe is
expanding [35], which implies that at an earlier time the Universe was much hotter, denser
and smaller than it is now. If we extrapolate the expansion back far enough, the radius of

the Universe goes to zero and the density approaches infinity.
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The early Universe was hot and ionized, made up of subatomic particles (protons, free
electrons, etc.), photons, and dark matter! [73]. Photons were easily scattered by the
free electrons, so they had a very short mean free path: the Universe was opaque. This
strong coupling between photons and electrons results in the photons and baryons acting
as a coupled fluid. For example, the motion of baryonic material is strongly affected by
radiation pressure.

The photons were repeatedly absorbed and scattered, coming into thermal equilibrium
with their surroundings, and so obtaining a blackbody spectrum. As the Universe expanded
and cooled to a temperature of approximately 3000 K about 300,000 years after the Big
Bang, the electrons were able to combine with protons to form neutral hydrogen; this
was the era of recombination [63]. The photons no longer scattered, and the Universe
became transparent to the microwave background. These photons propagated from this
“surface of last scattering” virtually unhindered until they reached us today. As the Universe
expanded, the wavelengths of the photons increased (redshifted) from the near-infrared at
approximately 3000 K to the millimeter-wave at 3 K. The cosmic microwave background
we observe today consists of photons that originate from this opaque surface.

The CMB is not completely isotropic. This anisotropy comes from several sources.
First, there is a very large scale temperature fluctuation in the CMB due to the motion of
the observer relative to the CMB rest frame. This motion causes a Doppler effect where
the radiation is blueshifted in the direction of motion of the observer and redshifted in the
opposite direction, and smoothly varying in between. (See Figure 1.1 for a map of this
effect.) We observe a temperature difference of 0.008 K between the hot and cold spots
in this dipole. From these measurements, we can ascertain that the relative motion of the
Earth compared to CMB rest frame is about 370 km/s [43].

There are also temperature anisotropies in the microwave background due to density
perturbations of matter in the primordial Universe [72, 67]. Any small density perturbation
in the Universe will tend to collapse under its own gravitational pull, thereby becoming
ever denser. For baryonic material, however, when its density becomes sufficiently high,

radiation pressure, which is the dominant pressure, will resist further gravitational collapse.

'Dark matter is matter that only interacts gravitationally and does not absorb or emit photons. This
exotic stuff has never been directly detected, nor do we know exactly of what it is made. By measuring
the masses of galaxies and clusters of galaxies, astronomers infer that there is approximately 10 times as
much mass as can be accounted for from luminous matter alone, and so they postulate the existence of dark
matter.



Figure 1.1: COBE-DMR temperature fluctuation map of the CMB, with the mean value,
2.728 K, subtracted, leaving the dominant dipole feature. Blue corresponds to 2.724 Kelvin,
the value of the CMB blueshifted in the direction of the motion of the earth. Red is 2.732
Kelvin, the value of the CMB redshifted opposite the direction of the relative motion of the
earth. The whole temperature range mapped here is 0.008 K from blue to red [1].

This pressure will cause the dense region to expand again. Eventually the pressure becomes
so low due to this expansion that gravity dominates once more, and the cycle starts all
over again, causing oscillations? [33]. When the baryonic material is at high density and
high pressure, it is also at a high temperature. The photons that are frequently scattered
come into thermal equilibrium with the local region of baryonic material, resulting in small
scale temperature variations. The CMB has preserved a snapshot of these oscillations as
they were at the surface of last scattering. (See Figure 1.6 for a full sky snapshot of these
perturbations.) A perturbation which has reached the densest part of its cycle at the
surface of last scattering will impart a particularly strong signal in the CMB; rarefactions
will impart a signal of similar strength. The characteristic length scale of these fluctuations
is 1° on the sky, twice the size of the full moon. Quantitative calculations of the distribution
of anisotropies have been made, and take into account other effects such as gravitational
redshifts and the Doppler effect due to motions of baryons at the last scattering surface
[40, 9]. The density perturbations in the early Universe ultimately lead to the large scale

structures we observe today, such as galaxies and galaxy clusters.

2Unlike baryonic matter, dark matter does not exhibit density oscillations because it has no pressure.
Dark matter has no pressure because it has no electromagnetic interactions like baryons; i.e., it does not
interact with the photons.
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1.1.2 Anisotropies in the cosmic microwave background: a wealth of in-

formation

What can the temperature fluctuations tell us? Cosmologists measure the anisotropy of
the CMB to understand, among other things, the isotropy, geometry, and the partition of
matter and energy of the Universe.

The temperature of the CMB is almost the same in every direction, which means
that the Universe is nearly homogeneous and isotropic. Measurements of the temperature
anisotropies tell us that it is isotropic to one part in 100,000 [19]. This extreme isotropy has
a couple of important implications. First, this isotropy leads to the horizon problem [70].
The horizon defines the extent of the observable Universe. Since light has a finite speed, c,
and since the Universe has a finite age, #,4¢, we can only observe regions of the Universe
within a distance of order c - #44.. More importantly, only regions within each other’s hori-
zons have had time to interact and thereby come into (thermal) equilibrium. For example,
take two CMB photons coming from opposite directions on the sky. On Earth we can ob-
serve these photons, i.e., they are in our horizon. However, they are not within each other’s
horizons. So, the problem is, how can the CMB be the same temperature in all directions
if the entirety of it has not had chance to interact? This problem remained unsolved until
the theory of inflation was developed [25], which will be discussed in section 1.1.3. The sec-
ond implication of measurements of the extreme isotropy of the Universe is that the simple
models, which assume an isotropic and homogeneous Universe, and which have been used
to describe the expanding Universe for decades are reasonable approximations [20, 21, 50].

From a map of the temperature anisotropy, we can measure the characteristic angular
length scale of the fluctuations. This acts as a ‘ruler’ that we are observing from a great
distance. Since the physical size of this ruler can be calculated, the observed angular size has
implications for the geometry of the Universe. Two parallel lines on surfaces of different
geometry will either converge, diverge or remain parallel. See Figure 1.2 for a graphic
representation of this concept. Measurements of this ruler show that its size is exactly that
which we would expect if the path the light took since this ‘surface of last scattering’ was
that expected in a flat geometry. In this way, several experiments have confirmed that the
Universe is flat [13, 27, 2].

The temperature anisotropies in the CMB preserve the conditions of the Universe at



Figure 1.2: Measuring the geometry of the Universe. The top image is a 25° wide piece of
the Boomerang field observed in December 1998 from Antarctica [71]. The hot spots in red
give a characteristic length scale that we can measure. In the bottom panels, representa-
tions of three different geometries of the Universe are given—spherical, flat and hyperbolic,
respectively. In addition, a simulated CMB temperature anisotropy map is given for each
geometry. For a spherical Universe (left bottom panel), the hot spots appear much larger
than those measured by Boomerang. In the hyperbolic Universe (right bottom panel) the
hot spots appear smaller than those measured. The 1° hot spots measured by Boomerang
indicate that the Universe has a nearly flat geometry. This has been confirmed by the first
all-sky survey of WMAP [2].
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the surface of last scattering. Different initial conditions, such as the amount of baryonic
matter, amount of dark matter, and their interactions, would lead to different patterns left
in the CMB. Understanding the details of the power levels at different angular scales can
tell us about the relative amounts of different types of matter in the Universe [40, 9]. The

temperature angular power spectrum can be seen as the black line in Figure 1.3.

1.1.3 Polarization

Besides the temperature anisotropies in the CMB, the radiation is also polarized. This
polarization can yield its own wealth of information about the early Universe. Measure-
ments of the polarization can verify our understanding of the primordial fluctuations in
the Universe. The polarization is a powerful tool for studying the early Universe because
it directly probes the epoch of last scattering. Whereas the temperature fluctuations can
evolve over time since the surface of last scattering, the polarization experiences little to

no evolution over time?

. In this way, we can more accurately reconstruct the sources of
the anisotropy. The polarization of the CMB gives some complementary information to
the temperature power spectrum that can be used to break degeneracies and constrain
cosmological parameters.

Thompson scattering of the photons off electrons transforms the temperature anisotropy
into a local polarization field. In this way, the polarization in the CMB radiation arises
from fluctuations in the early Universe. There are three geometrically distinct types of
fluctuations in the early Universe that give rise to different polarization signals in the CMB:
scalar, vector and tensor. Scalar perturbations are compressional fluctuations and are the
most commonly considered fluctuations. These arise from density fluctuations at the surface
of last scattering. Vector perturbations come from a shear force to the radiation field and
give rise to a vortical component to the polarization signal, much like eddies in water. There
is no associated density fluctuation with the vector perturbation. The tensor perturbations
arise from gravitational waves interacting with the photons. The net polarization signal of
the CMB is a superposition of these three perturbations.

There are four observable modes of anisotropies in the CMB: the temperature anisotropy,

E-mode or grad mode polarization, B-mode or curl mode polarization, and a cross-correlation

3The temperature anisotropies change due to the integrated Sachs-Wolfe effect, gravitational lensing,
the Rees-Sciama effect, scattering from free electrons after reionization, and the Sunyaev-Zeldovich effect to
name a few. For a more detailed discussion of all these effects, the reader is referred to reference [32].
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Figure 1.3: Angular power spectra of various features the CMB. The curves are plotted
in terms of power (uK?) versus angular scale. The top black curve is a model which
reproduces experimentally measured temperature anisotropy. The next lowest power curve
is the gradient polarization shown in red. The curl polarization curve is estimated and
shown in blue. Note how at small angular scales gravitational lensing overcomes the curl
signal.

between the temperature and polarization. The CMB has sufficient information to distin-
guish between the modes which arise from the three types of fluctuations [34].

See Figure 1.3 for an estimate of the power of the gradient and curl angular power spec-
tra. The black line at the top is the best fit temperature anisotropy power spectrum to the
WMAP data [2]. The peak of the E-mode, or grad signal is expected to be almost 2 orders of
magnitude below the temperature power spectrum. The curl signal is thought to be about
4 orders of magnitude below that. While gravitational waves should be detectable in the
cosmic microwave background embedded in the curl polarization mode, their characteristic
signal is much weaker than the temperature fluctuations and so is difficult to distinguish.
To add to the confusion, there is also power from a polarization signal from gravitational
lensing that begins to overtake the curl signal at small angular scales.

The ‘holy grail’ of polarization measurements is to show direct evidence of the inflation-
ary epoch. At a time of about 10732 seconds after the Big Bang, the Universe is thought to
have undergone a very short period of extremely rapid acceleration, called inflation. The

radius of the Universe jumped about 60 orders of magnitude in 10~38s. Inflation predicts
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that the Universe is flat due to this enormous expansion of space. Inflation also resolves
the horizon problem, and predicts that the Universe is isotropic and homogeneous on large
scales. Current observations of the temperature anisotropy are consistent with the theory
of inflation, however we need a more direct measurement of the consequences of inflation.

The rapid acceleration of the Universe produces gravitational waves, or ripples in the
gravitational field of the Universe [33]. The gravitational waves impart a curl component
to the polarization of the CMB due to the quadrupole stretching of space. The strength of
this signal, however, is unknown. It depends on the details of this inflationary epoch, for
example when it occurred. (See Figure 1.3 for an estimate of the curl polarization power
spectrum.) Theory predicts that the strongest gravitational wave signal should be at the
longest wavelengths, especially those approaching the size of the Universe [34]. Thus, the
CMB and the Universe may provide the best gravitational wave detector known. If we
can observe evidence of these gravitational waves, this would be the first direct evidence of
inflation in the early Universe.

Just as with the temperature anisotropy, if we are clever enough, we should be able to
make maps of the polarization of the CMB across the sky. Figure 1.4 shows a model of what
this polarization signal might look like superimposed on the temperature anisotropy map.
The next big challenge for observational cosmology is to precisely measure the polarization
of the CMB, which can provide direct proof of the inflationary epoch and perhaps detect

signatures of gravitational waves.

1.2 History of CMB Science

The existence of the CMB was first posited by George Gamow in 1948 [22] and by Ralph
Alpher and Robert Herman in 1950 [6]. It was another 15 years before Arno Penzias and
Robert Wilson at the Bell Laboratories found a constant noisy background in their mi-
crowave radiometer in New Jersey [64]. Unaware of the cosmic microwave radiation posited
by theorists, they investigated various explanations of their “antenna temperature prob-
lem” [82]. They thought through the possibilities of atmospheric microwave absorption,
man-made sources, galactic sources, extraterrestrial sources, and inherent antenna prob-
lems. One by one they ruled these out, even going so far as to clean pigeon poop off parts

of the horn antenna! It was not until Penzias mentioned their spurious antenna noise when
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Figure 1.4: Simulated map of the polarization of the CMB superimposed on a tempera-
ture fluctuation map. Regions with a curl component are remnants of gravitational waves
produced by inflation.
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he was working with some collaborators at MIT that they found an explanation. They had
remembered some theoretical work done at Princeton about a relic blackbody radiation
filling the Universe. Wilson said in 1978 in his speech to the Nobel Prize committee, “We
were pleased that the mysterious noise appearing in our antenna had an explanation of any
kind, especially one with such significant cosmological implications. Our mood, however,
remained one of cautious optimism for some time” [82]. Within the year they received
independent confirmation of the measurement from Roll and Wilkinson at Princeton [15];
CMB experimental science was born.

In 1967, Rees and Sciama suggested that large scale temperature fluctuations in the
CMB “should be looked for” [67]. At that time, observations and theoretical calculations
suggested that these fluctuations should be on the order of a few percent, or tens of mil-
likelvin [72, 61]. Kip Thorne even said, “...we may soon be able to determine with some
confidence the large-scale geometry and dynamics of the Universe. In order to prepare for
the time—only a few years hence—when greatly improved observations will be available, it
would be useful to examine in detail the microwave predictions...” [77]. Unfortunately this
was an extremely optimistic estimate of the time needed to make those definitive observa-
tions of the small scale anisotropies that would shed light on the beginnings of the Universe
and its cosmological consequences. More than 25 years passed after Penzias and Wilson’s
initial discovery before detector technology was mature enough to detect the small scale
CMB temperature fluctuations.

The CMB field slowly progressed during this quarter century. The greatest achievements
were in measuring the spectrum of the CMB. Observations were made at over 30 different
wavelengths measuring the absolute temperature of the CMB. These observations provided
unambiguous evidence that the CMB fit a Planck blackbody spectrum (as in Figure 1.5),
just as theorists predicted. The compilation of data yielded strong, direct evidence in
support of the Big Bang theory.

It was not until the late 1970’s that the dipole of the CMB due to the Earth’s motion
was measured. This anisotropy was first posited in 1968 by Peebles and Wilkinson [62], and
was sought after by observationalists using ground-based techniques. These measurements
were plagued by large systematic errors, Galactic emission problems, and atmospheric fluc-
tuations. The dipole was unambiguously observed by two groups who took great pains

to carefully design their instrument to reduce the systematic errors. In addition, they
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made their measurements from the upper atmosphere to avoid the atmospheric problems of
ground-based instruments. The Berkeley group achieved this by flying their instrument in
a NASA U-2 aircraft at 20 km [74], while the Princeton/MIT group flew their instrument in
balloon flights, covering half the sky [12]. Neither group was able to measure an appreciable
quadrupole or smaller angular scale component to the radiation.

During those 25 years, groups continued to make tighter restrictions on the upper limit
of the temperature fluctuations of the background radiation. Unfortunately, no one was
totally sure how large the temperature fluctuations were. In the early 1980’s, the Soviet
Union launched the RELIKT instrument aboard the Prognoz 9 satellite to make a detection
of the temperature anisotropy of the CMB. Unfortunately, their radiometer was just not
sensitive enough; it could only measure temperature variations of 100 uK with a beam size
of 5.5° [76].

NASA’s Cosmic Background Explorer (COBE) satellite was proposed in 1974, but not
launched until late 1989 [1]. A spaceborn mission has several major advantages over high-
altitude experiments (balloon or U-2 aircraft) — atmospheric emission is reduced to a
minimum, the instrument can map the entire sky, and observations can be made over
an extended period of time. COBE contained three instruments: FIRAS to measure the
spectrum of the CMB, DMR to measure the temperature anisotropies across the entire sky,
and DIRBE to look at shorter wavelengths. FIRAS made a high precision measurement of
the blackbody spectrum of the CMB (Figure 1.5). DMR was the first instrument to make
a positive measurement of the small scale anisotropies of the CMB at several wavelengths,
and they were found to be 36 £ 5 u K at the 7° scale. Since the beam was 7°, it could not
resolve details on the characteristic 1° scale, however.

It was another 10 years before the instruments were sensitive enough to make the first
maps of the small scale anisotropies, and extract a viable extended power spectrum around
the first peaks. These results were first released in 2000 by Boomerang [13] and in 2001 by
DASI [27], from Caltech and University of Chicago consortia, respectively. These instru-
ments, remarkably, were very different. Boomerang was a balloon-born telescope making
direct maps of the temperature fluctuations at several wavelengths using bolometers. DASI
was a ground-based telescope in Antarctica using interferometry to measure the power spec-

trum with HEMT receivers*. Both experiments found the first peak of the power spectrum,

“Detector technology will be discussed in greater detail in Chapters 2 and 4.
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Figure 1.5: The temperature spectrum of the CMB compared to a thermal blackbody
emission curve at 2.725K. The error bars are so small that they cannot be seen under the
thickness of the red spectrum curve [19].

or the characteristic angular length scale of the fluctuations, to be ~ 1° to within 10% of
each other [18, 56].

The Wilkinson Microwave Anisotropy Probe, or WMAP, is a NASA space probe launched
in 2001 that has made some of the most sensitive, full-sky measurements of the CMB [2].
Like COBE, it employs interferometry to measure the power spectrum and extract maps
of the temperature fluctuations of the CMB. Whereas Boomerang and DASI could only
observe a relatively small patch of sky, WMAP has been able to observe the entire sky. It
will observe for four years, remapping the entire sky 8 times to increase sensitivity. WMAP
has confirmed the previous results from Boomerang and DASI. It has also detected the
correlation between the temperature and the polarization anisotropy of the CMB. While
WDMAP’s success is unquestioned, it was not designed to make measurements at fine angular
scales, nor was it designed to precisely map the polarization of the CMB.

A future spaceborn instrument that will be able to address these issues is the Planck
Surveyor scheduled to be launched in 2007 by the European Space Agency (ESA). [3] It will
employ both HEMT receivers and bolometer arrays in 9 frequency bands. Planck has a wide
spectral coverage, and will measure the temperature power spectrum from a few degrees
down to 5. In addition, it has polarization sensitive bolometers that could measure the
E-mode power spectrum to a tenth of a degree. Planck is at the leading edge of what we can

do with the state-of-the-art technology—its focal plane is packed densely with feedhorns,
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Figure 1.6: Full-sky map of the temperature anisotropies of the CMB as measured by
WMAP.

and the bolometers are background limited. Unfortunately Planck will not have the same
sensitivity in the curl component of the polarization signal.

In the far future, NASA is proposing an “Inflation Probe” as a part of the Beyond
Einstein road map of future missions to understand our Universe in more detail [4]. The
goal of the Inflation Probe is to map the polarization of the CMB, both the gradient and
curl components, to determine the sources of the polarization and to look for the direct
evidence of gravitational waves from the Big Bang. The plan calls for large arrays of
polarization sensitive detectors operating with a large bandwidth. To achieve these science
goals, the instrument will have to increase its sensitivity by about 100 times over the
projected sensitivity for the Planck surveyor. Since Planck is already at the limit of the
state-of-the-art technology, radically new advances will have to be made in the detectors
and the overall architecture in order to fulfill the science goals laid out by NASA.

The state of the field today is that we are making very precise measurements of the
temperature fluctuations over the whole sky. Future experiments will definitively map
the whole sky even to small angular scales, and will attempt to measure the polarization.
In addition, several experiments (DASI, Maxipol, Boomerang 2K2) have begun to make
polarization sensitive maps of patches of the sky [49, 44]. Future spaceborne experiments
will map the polarization with high precision and accuracy, provided the technology has

advanced enough to meet these goals.
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Chapter 2

Bolometers: History and Current
Technology

2.1 What is a bolometer?

A bolometer is a thermal radiation detector whose output is an electrical signal'. Bolometers
are very broad band detectors and are used from X-ray through millimeter-wave regimes
[29, 10, 65]. Bolometers are the most sensitive direct detectors between wavelengths of
200pm and dSmm, a range that includes most of the CMB. In this regime there are no
photoconductive detectors that can efficiently couple to the radiation. The work in this
thesis is concerned with bolometers in this range for submillimeter and millimeter-wave
cosmology.

A simple model of a bolometer is shown in Figure 2.1. It consists of an absorbing
element of heat capacity C, which is connected to a thermal bath by a weak thermal
link of conductance G. When illuminated with radiation, a power P is absorbed in C,
and the detector temperature T rises above the bath temperature, Ty. The heat then
dissipates through the weak thermal link, and the absorbing element equilibrates back to
its quiescent temperature. This temperature change is measured with a sensitive thermistor.
The temperature rise is related to the power deposited in the absorber, which makes the
bolometer a thermal radiation detector.

This chapter first describes a brief history of bolometer technology, then discusses cur-
rent technology. The shortcomings of the currently implemented bolometer technology are

highlighted with reference to future CMB missions.

! “Thermal radiation detector” is a confusing phrase often used in the bolometer community. We mean
that the bolometer detects radiation thermally, not that the bolometer exclusively detects thermal radiation.
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Figure 2.1: A schematic of a simple bolometer. The bolometer consists of an absorbing
element of heat capacity C which is weakly coupled to a thermal bath at temperature Tj
through a weak thermal conductance G. When a power P is absorbed in C', the temperature
of the absorbing element increases, and equilibrates in a characteristic time scale of Typerm =
C/@G. This temperature rise is related to the power deposited in the absorber, which makes
the bolometer a thermal radiation detector.

2.2 Previous bolometer technology

Herschel developed one of the first thermal detectors: a mercury-glass thermometer to
detect radiation that was not visible to the eye but just beyond the red light dispersed by
a prism [28].

The word bolometer comes from the Greek, “bole”, which means “ray of light”. The
term was first coined in 1881 by Samuel P. Langley [47]. Langley used a bolometer to make
infrared measurements of astronomical objects, most notably the infrared portion of the
Solar spectrum. Langley’s bolometer used a pair of matched platinum strips, which were
the arms in a Wheatstone bridge. When one strip was exposed to radiation while the other
remained dark, the change in temperature of the exposed strip changed its resistance and
unbalanced the bridge. He successfully measured temperature differences of 104K in the
Solar spectrum.

P. Richards reviews in reference [68] a detailed history of bolometers for the wave-
lengths discussed in this thesis, that is infrared to millimeter wavelengths. We will pick up

the story in 1983, just before the modern history of bolometers begins. At that time, ‘com-
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Figure 2.2: A drawing of the old composite bolometers. This type of bolometer had to be
assembled by hand, had high heat capacities and high thermal conductance. They were
also susceptible to cosmic rays, which would saturate the detector.

posite bolometers’ were the state-of-the-art. The individual elements of these composite
bolometers (Figure 2.2) had to be assembled by hand one at a time; the leads were soldered
to the thermistor, the thermistor was soldered to the absorber, and it was all suspended by
delicate kevlar threads [46].

In 1984 P. M. Downey et al. developed monolithic silicon bolometers [17]. These were
different from the old ‘composite bolometers’ because they could be mass produced using
silicon microfabrication techniques. The monolithic bolometers had integrated components
on one chip; the wires, absorber, and thermally isolated island are patterned using pho-
tolithography. This allowed the features to be much smaller than before, reducing the heat
capacity, lowering the thermal conductance, and reducing the noise levels. The bolometer

technology in use today is a variation of the original monolithic bolometers.

2.3 Current bolometer technology

The state of the art in millimeter-wave direct detection are spiderweb bolometers (Figure
2.3). The absorbing area is a free-standing mesh of silicon nitride, which provides support,
covered by a thin film of metal to aid in the absorption. The thermal supports are bare legs
of silicon nitride typically 1 mm long by 5 pm wide by 1 ym thick. The open areas in the web
are much smaller than the wavelength being detected, so the web acts as a solid absorber
to incoming radiation. One large advantage in this design is the greatly reduced total heat

capacity of the bolometer. In a spiderweb bolometer the heat capacity of the absorber is
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Figure 2.3: Spiderweb bolometer. The absorber is a micromesh of silicon nitride substrate
with metal film absorber. There are 12 supporting legs, each 1mm long, with two leg
supporting the readout leads from the NTD-Ge chip. The mesh and legs give the bolometer
the look of a ‘spiderweb.” The thermistor is a doped semiconductor chip made of neutron
transmutation doped Ge (NTD-Ge), and is bonded in the center of the web. The whole
structure is supported by a silicon frame. The bolometer pictured here is a typical example
of the spiderweb bolometers used in many CMB temperature anisotropy missions, including
Archeops, Boomerang, and the Planck Surveyor.

minimized. The total heat capacity of the bolometer is dominated by the thermistor and
the In-bump bonds connecting the thermistor to the absorber. The reduced heat capacity
decreases the thermalization time of the absorber. This, coupled with the reduced thermal
conductance, increases its sensitivity. Another advantage to the spiderweb design is the
considerable reduction in microphonic noise due to the greatly reduced suspended mass. In
addition, this device provides a 95% reduction in cosmic ray cross section due to the small
geometric cross section [8, 59].

Spiderweb bolometers are not inherently polarization sensitive, polarization being a key
feature necessary for detectors on future CMB missions. There has been some work using
polarized grids, which act as a beam splitter to orthogonal polarizations which are fed to a
separate set of filters then to spiderweb bolometers. However, this work was plagued with
errors from the differences in filtering between the polarizations and uncertainty arising from
mixing of the polarizations before hitting the beam splitters [7]. Recent work by Maxipol
uses a waveplate to extract one polarization utilizing a spiderweb bolometer as the detector
[5]. A modified spiderweb bolometer is showing great promise for polarization CMB work.
Dubbed ‘PSB’ for polarization sensitive bolometer, the ‘web’ absorbing structure is replaced

with parallel metallized slats (Figure 2.4). In this way the bolometer itself is sensitive to only
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Figure 2.4: This polarization sensitive bolometer pair, also referred to as a PSB pair, is
of a similar type as that used on Boomerang 2K2 and will be used on some channels in
the Planck Surveyor. The PSB pair is mounted with absorbing grids perpendicular to each
other and only 60 pum separation. The NTD-Ge chips can be seen as black rectangles on
the left side of the image for the horizontally oriented grid and the top of the image for
the vertically oriented one. The author of this thesis fabricated the proof-of-science PSBs
shown in this photograph.

one polarization. A PSB pair is mounted with absorbing grids perpendicular to each other
so that the same pixel on the sky is sensitive to orthogonal polarizations. These bolometers
have been shown to have higher sensitivity to one polarization than the previous Boomerang
flight, which detected all polarizations. In addition, the total system cross-polarization was
only 5% [39].

The traditional spiderweb bolometer and its polarization sensitive counterpart, the PSB,
typically sit at the back of a feedhorn structure. The feedhorn collects the radiation and
focuses it on the absorbing area of the detector, increasing the optical efficiency. The
feedhorn also houses filters that define the band of interest. A typical feedhorn structure is

shown in Figure 2.5, and its drawbacks are discussed in Section 2.3.2.

2.3.1 Thermistor technologies

The monolithic bolometers allow for various types of thermistors to be either integrated or
attached to the absorber. There are several thermistor technologies in use today: doped
semiconductors, including neutron transmutation doped Ge (NTD-Ge) and ion-implanted
Si, and superconducting transition edge sensors (TES).

A sensitive bolometer uses a thermometer material with a strongly temperature depen-

dant resistivity. Currently the most common thermistor in use for sub-mm bolometers is a
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Figure 2.5: A single feedhorn structure for one frequency band. The feedhorn is made
of electroformed copper, and a detector sits at the back end of the optical structure. In
between the feedhorn and detector are various filters needed to define the frequency band.
This structure typically weighs 100g, and is cooled to 2-4K.

neutron-transmutation-doped Ge crystal (NTD-Ge) [26, 83], used by Archeops, Boomerang,
and the Planck Surveyor to name a few. NTD-Ge is doped by thermal neutron irradiation
of a Ge crystal, thereby converting some Ge atoms into As or Ga dopants [38]. NTD-Ge has
a resistance that is a strong function of temperature, can be optimized for a given operating
temperature, and the neutron irradiation yields highly reproducible doping levels. Although
NTD-Ge has been used in many ground breaking CMB experiments, it has several signif-
icant drawbacks. First, the thermistors are relatively bulky: 25 ym x 300 pgm x 100 pm
for Boomerang 2K2 compared to the 1 ym substrate thickness. This not only creates en-
gineering difficulties in tight spaces, but also means it has a high heat capacity and thus a
relatively large time constant. Second, NTD-Ge thermistors have to be bonded to the sub-
strate wafer by hand using indium bumps. This makes reproduction reliability difficult in
large arrays, and results in a high cost of woman-hours needed to assemble the thermistors.
Third, the thermistor needs to be in good thermal contact with the absorber, which often
means being in the optical path and thus being susceptible to cosmic ray hits.

An alternate thermistor to NTD-Ge is ion-implanted Si. The advantage of this technol-
ogy is that the thermistor is integrated into the absorber by implanting the dopants directly
into the support structure. Ion-implanted Si tends to show 1/f noise at low frequencies and
has limited resolution for X-ray astronomy [60]. For submillimeter astronomy, SHARC II
uses ion-implanted Si on ‘pop-up bolometers’ [16, 80]. They have minimized 1/f noise in-

herent in other ion-implanted detectors by increasing the volume of the doped region. The
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drawback of this technology is that the final dopant concentration is difficult to predict.
Typically a series of wafers are doped by increasing amounts to obtain a range of dopant
concentration values, then an optimal wafer for a given application is chosen. This is time
consuming and not practical for very large format arrays.

The resistive transition of a superconductor has one of the strongest known dependencies
of resistivity on temperature. A superconductor with a critical temperature T, in the
operating range of a system is therefore an ideal choice for a thermistor, and are dubbed
transition edge sensors (TES). TES detectors can be an order of magnitude faster than
semiconducting thermistors. In addition, they are mass produced directly on the device
wafer using standard lithographic techniques, eliminating the need to bond thermistors by
hand, as is necessary with NTD-Ge chips. TES detectors can have a very small active area,
reducing the total heat capacity of the detector. The small area of the TES also has the
advantage of thermalizing quickly. The work in this thesis centers around TES detectors.
Their advantages, disadvantages, and characteristics will be discussed in the remaining

chapters.

2.3.2 Drawbacks of current technology

The spiderweb bolometer and PSB described above work very well, but unfortunately they
have several drawbacks that make them unrealistic candidates for large format arrays.
Compared to the array formats and spectroscopic capabilities available in other regions
of the electromagnetic spectrum, current CMB bolometers and their overall systems are
primitive.

The current spiderweb bolometers generally have a semiconductor thermistor in the
form of NTD-Ge chips that have to be placed and bonded by hand. It takes considerable
time and woman-power to bond one NTD-Ge chip by hand, let alone the thousands needed
for a large format array. In addition, the chip is usually directly in the optical path, so it is
susceptible to cosmic rays. Currently this relatively massive component on the bolometer
contains a large piece of the heat capacity budget when designing a bolometer. For the
bolometers in the Planck Surveyor, the NTD-Ge and its components are 35-45% of the
total heat capacity of the device.

The scientific requirements needed in the mm to sub-mm wavelength regime demand

large format arrays that contain 1000 elements. The readout electronics of the doped
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semiconductor chips do not lend themselves to large arrays. Multiplexing is not possible,
and the number of amplifiers and the number of cables quickly become overwhelming. In
addition, Si JFET amplifiers are used to read out the doped semiconducting thermistors.
These amplifiers dissipate a lot of power, increasing the cooling requirements. Typically
JFETs dissipate ~ uW at 120 K. Large format arrays require many JFETSs, complicating
the systems requirements.

Another obstacle to building the large format arrays is the large size of the absorbing
area. Often, much of the area is devoted to the delicate thermal offset architecture, reducing
photon throughput. ‘Pop-up’ bolometers developed at NASA Goddard Space Flight Center
(GSFC) minimize the in-plane size of these legs, but they still require a large absorber area
that couples directly to the radiation [16, 80]. The large absorbing area is susceptible to
stray radiation as well as cosmic rays.

Aside from the drawbacks in the detector technology itself, one of the main problems
with the current systems technology is the need for massive optics, including feedhorns
and optical filter stacks. For the Planck Surveyor, a typical feedhorn is approximately
100 g (depending on the wavelength), and there are 36 feedhorn structures on the High
Frequency Instrument. The more massive the detection system is, the harder it is to cool
down cryogenically, and the more expensive it is to fly for a space-borne mission. The filters
in particular are a dielectric with high heat capacity and therefore difficult to cool down.

The same feedhorns that are difficult to cool also limit the pixel density that can be
achieved. Even though the Planck Surveyor’s focal plane is as densely packed as possible,
each feedhorn has a physical aperture that is many times the area of the effective optical
aperture. Roughly 90% of photons are lost due to this size discrepancy. 90% of the remaining
10% of photons are lost in the band-defining filter stacks. In the end, only ~ 1% of the
total energy of interest that is incident on the focal plane ever reaches a detector.

The state of the art in CMB bolometer technology in use today has led to great advances
in our ability to measure the CMB temperature anisotropies, and the polarization of the
CMB is starting to be measured. However, this technology is not good enough to make
detailed polarization maps that are required in order to find the characteristic polarization

signal imparted by gravitational waves.



22

Chapter 3

Antenna-Coupled Detector
Architecture

3.1 SAMBA architecture

SAMBA (Superconducting Antenna-coupled Multi-frequency Bolometric Array) has been
developed at Caltech and the Jet Propulsion Laboratory (JPL) as a next generation detector
architecture to address the issues facing future CMB missions. SAMBA represents a great
departure from the bolometer technology in use today. It will be an ideal multi-color camera
system for sub-mm wave cosmology because it increases the number of detectors in the focal
plane by an order of magnitude and simultaneously decreases by an order of magnitude the
mass, volume and cooling requirements of the focal plane.

SAMBA consists of a focal plane populated with multi-slot antennas, whose signals are
sampled by taps placed along each slot. These signals are sent outside the active area of the
antenna array and are coherently added. They are then sent to a bank of microstrip filters
to define multiple bandpass regimes. The microstrip transmission line is terminated and it
dissipates the electromagnetic power in a normal metal resistor, which acts as an ‘absorber.’
A transition edge sensor (TES) measures the temperature change of the absorber, which is
related to the power of the radiation incident on the antenna.

There are several advantages to the SAMBA design. The microstrip architecture, in-
cluding both the antennas and the transmission lines, offers up many of these advantages.
Microstrip-coupled slot antennas couple to one polarization, and are thus a natural choice
for CMB polarimetry [11]. Slot antennas can be densely packed and arranged in the focal
plane to measure several polarizations simultaneously. The antennas provide natural beam

directivity, controlling the detector field of view at the focal plane [24]. SAMBA eliminates
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the need for the massive feedhorns currently used on CMB bolometer-based observational
instruments, such as Planck and Boomerang. The SAMBA architecture allows for a high
density of pixels in the focal plane with minimal sub-Kelvin mass.

Another advantage is that microstrip filters can be inserted between the antennas and
the bolometer to define the frequency bands [24]. This filtering replaces conventional opti-
cal filter stacks that are massive and cumbersome in current millimeter wave experiments
such as Boomerang and Planck. Microstrip-coupled slot antennas can be engineered as
broadband receivers. By using both microstrip antennas and microstrip filters there is a
potential to define several frequency bands from the very same pixel, a feature not available
with current technology.

The terminating normal metal resistor replaces traditional absorbers whose areas that
need to have a large active area in order to couple efficiently to the radiation. Our resistor
can be as small as lithographic techniques permit. Such a small resistor does not couple
easily to stray radiation. In addition, a small absorber means reduced heat capacity and a
hence a faster detector.

Yet another advantage of the microstrip transmission line, is that can be quite long while
having only small losses. Vayonakis et al. report 1% loss per wavelength in the dielectric at
temperatures below 1.5K, and specifically measure this loss at 150 GHz [79]. For a densely
packed focal plane of microstrip antennas, this small loss allows the TES bolometers to
be placed out of the optically exposed focal plane, maximizing the focal plane area for
antennas.

Replacing the thermistor with TES films offer several advantages to the design. First,
the electrothermal feedback of a voltage-biased TES increases the speed of the detector,
the details of which are discussed in Chapter 4. Also, the feedback suppresses Johnson
noise at low frequencies. TES bolometers are read out using SQUID amplifiers which offer
a significant improvement in noise performance. SQUIDs dissipate several nW of power at
temperatures below 4K, while JFET amplifiers dissipate ~ yW at 120K. The use of SQUID

amplifiers greatly reduces the cooling requirements.



24

3.2 Single element device

As a precursor to a full monolithic high-density antenna array, we are developing a single
band antenna-coupled bolometric detector. The single element device presented in this
thesis consists of a dual slot antenna [84] coupled to a TES (Figure 3.1). This device was
designed to test two elements in the SAMBA design. First, it is a test structure for the
TES itself, studying the properties of the superconducting film while it is in operation,
both when it is illuminated with radiation and when it is dark. Second, this device was
designed to test the unique coupling structure between the microstrip antennas and the
TES thermistor.

In operation, the electric field from the slot antennas propagates along planar microstrip
lines. The microstrip consists of a niobium superconducting lead separated from a niobium
ground plane by 2000A of SiO dielectric. Both niobium layers are 2000A thick. The electric
fields from each antenna in the microstrip lines are passively and coherently added and
terminated at a thin film Au resistor. The resistor, which is designed to be used as the
microstrip termination or an ‘absorber,” can also be used as a heater to simulate optical
power. This resistor is located on a thermally isolated silicon nitride island. A close-up
photo of this island is shown in Figure 3.2. On the same island, an Al/Ti/Au TES film
responds to power dissipated in the resistor, and the signal is read out with a low impedance
superconducting quantum interference device (SQUID) current amplifier.

The TES film is a trilayer of aluminum, titanium, and gold. Typically TES films consist
of a bilayer of a normal metal and superconductor. The T, of these films can be adjusted by
changing the relative thickness of the layers, utilizing the so-called ‘proximity effect’ [55].
The normal metal is chosen to be a high conductivity material so the heat diffuses rapidly
through the film. Our trilayer has superconducting layers of aluminum and titanium, and
a normal layer of gold. The titanium acts as a diffusion barrier between the aluminum
and the gold. These materials are easy to deposit with few impurities in a standard e-beam
evaporation system. JPL has focused their TES efforts on this trilayer, so it was the natural

choice for the work in this thesis.
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Figure 3.1: A fully fabricated single element device studied in this thesis. A zoom-in of the
TES island is shown in Figure 3.2.
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Figure 3.2: Photo of the TES island. For scale, the TES itself is 100 gm long by 33.3 pm
wide.
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3.3 Device fabrication

Our device consists of a thermally isolated superconducting sensor coupled to a dual-slot
superconducting microstrip antenna. This concept has several complex fabrication issues.
Since this device is a test structure, we wanted to make the design as robust as possible.
We need to balance having the appropriate thermal isolation structure with having most
devices survive the processing involved. We also need to balance our needs for the TES
materials with maintaining its integrity through some of the harsh processes in fabrication.

Thermal isolation of the TES structure is provided by a thin support membrane made
of 1ym thick silicon nitride. This is the same isolation mechanism used in the spiderweb
bolometers. We want to make this thermal isolation structure very stable under the ‘etch
and release’ while providing enough thermal isolation for the speed and noise performance
of the device. We chose an island to support the TES with a four-leg support structure.
The bare support legs are 7um wide. The legs supporting the microstrip transmission line
and the TES readout lines are each 16pum wide, and can be seen in Figure 3.2. This width
was necessary to adequately and reliably support the thick transmission line structure.

To produce this structure, we start with a four-inch diameter silicon wafer and grow
200A of silicon dioxide via wet air oxidation (WetOx) simultaneously on both sides of the
wafer. A lpm thick layer of silicon nitride is deposited using low pressure chemical vapor
deposition (LPCVD), also on both sides of the wafer. After the metallization layers are
applied, the legs/island structure on the top-side of the wafer is patterned and removed
with a reactive ion etch (RIE). We stop the etch on the silicon dioxide layer using a UV
interference pattern sensor during the etch. The backside window is patterned and etched
in the same way, however the silicon dioxide on the backside only is removed in a buffered
oxide etch (BOE). The device wafer is then wax-mounted to a six-inch backing wafer placed
backside-up into a deep reactive ion etch, using SF4 and Os plasma etchants. This process
removes the silicon in the window down to the silicon dioxide and on the ‘streets’ that
separate individual devices. The silicon dioxide layer provides enough etch selectivity to
be a stop barrier for the plasma etch. The wafer is again placed into BOE to remove the
exposed topside silicon dioxide in the window. The device wafer, which is still mounted to
the backing wafer, is placed device side down into trichloroethylene to remove the wax. The

individual devices are released and gently cleaned with acetone and isopropyl alcohol. The
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relatively large width of our legs provides enough stability to remain intact while dipping
gently in these solutions.

Transferring the signal in the microstrip transmission line to a thermal signal for the
TES presented a challenge. A normal metal resistor is needed to short the transmission
line and be in good thermal contact with the TES. The impedance at this resistor must be
matched to the transmission line to minimize reflection. We chose to place the resistor on
the bottom of the other layers to avoid steps in the thin gold film. The gold film is an order
of magnitude thinner than an individual layer in the microstrip; 180A thick for the gold
versus 2000A thick for each layer of the microstrip transmission line. However, terminating
the top lead layer to the bottom ground plane through this resistor requires at least one
layer in the microstrip to step over a layer that is of equal thickness3. This termination
structure is shown in an optical photo in Figure 3.2, and in an SEM micrograph in Figure
3.3. A schematic of the cross section of the termination is shown in Fig. 3.4.

The length of the resistor, and hence its total impedance, is defined on the ground
plane. This makes a reproducible resistance by eliminating alignment error that would
cause varying resistances. The SiO layer covers the gold film and partially covers the
second ground plane pad. The top niobium layer makes contact to the resistor by touching
this second pad. The difficulty of this overlapping design is that the niobium and SiO layers
are of approximately the same thickness (ZOOOA) which may cause breaks at the overlap
edges. An arrow in Figure 3.3 shows the location of the potential breaks. We reduced this
problem by using a multi-layer resist technique that creates a gently sloping edge profile.
However, this difficult step structure produced the highest rate of failure in the devices. We
lost 1/3 of our devices due to breaks in this region.

Another processing challenge involves maintaining the TES integrity throughout the
various processing steps. The Al/Ti/Au trilayer is vulnerable to photoresist developer
(which will etch the aluminum) and high temperatures could potentially cause interdiffusion
between the layers. We deposited the TES and TES leads very early in the processing so
that we could check that the transition temperature (T;) of the superconducting film was in
an acceptable range. We aimed for a 7, of around 400mK. This means that the TES trilayer
is exposed to various processes such as developer (a mild KOH mixture), RIE etching, and
high temperatures of up to 120°C throughout the duration of the processing. To protect the

TES we applied a thin 25A layer of Ti on top of the Au layer, then applied a patch of the
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Figure 3.3: A false color SEM micrograph of the termination of the microstrip on the TES
island. The microstrip line propagates the signal from the antenna (off picture to the left)
to this termination region. A cross-section schematic of this region is shown in Figure 3.4
with the same color scheme. The region in red is the TES. The yellow region is the Au film
that defines the terminating resistor then extends to the TES, initially designed for good
thermal contact. The microstrip itself consists of the Nb ground plane in green, the SiO
dielectric in purple and the Nb lead on top in blue. The arrow indicates the step where
failures are most likely to occur as described in the text. Note that this micrograph was
taken before the silicon nitride structure was defined.
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Figure 3.4: A diagram of the cross section through the termination of the microstrip on the
TES island, not to scale. An SEM micrograph of this region is shown in Figure 3.3 with
the same color scheme. The Au film is 180 A thick, each Nb film is 2000 A thick, the SiO
dielectric is 2000 A thick, and the TES itself is 840 A thick.
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Figure 3.5: The TES electrical circuit. The current I; is reduced with a current limiting
resistor R,. A bias of Vj, is applied to the TES and a shunt resistor, R, in parallel with the
TES. The TES is voltage biased when R is small compared to the resistance of the TES.
An inductor is included in the circuit to couple to the SQUID amplifier.

same 2000A SiO layer to cover and protect the TES. We avoided using high temperatures in
the processing (such as annealing) as much as possible. The transition temperature of our
TES drops from that measured just after deposition compared to the that measured after
the full fabrication and release. In the case of a 1-square device, the transition temperature
dropped from T,y = 416 mK to a final T, = 368 mK. This could be due to some mild
interdiffusion of the TES layers. However, it is reproducible and is within the operating

range of between 350 and 450 mK for a *He cooled testbed.

3.4 Electronics

We voltage bias our TES, as shown in Figure 3.5 [37]. We apply a voltage, Vi, across the
circuit. A fully charged battery will introduce the least amount of noise, especially important
in low background-noise measurements such as measuring the noise in the device. However,
for other applications, we use a commercially available Data Acquisition Card (DAC). This
has the advantage of scanning through a range of voltages at a given speed.

A current limiting resistor, Ry, limits the bias voltage, V3, applied to the TES and the
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parallel shunt resistor, Ry. In this model the TES is a resistor R(I,T'), whose resistance is a
function of both its temperature, T, and the electric current I; through it. An inductor, L
is included as the input coil of a dc SQUID current amplifier, which is kept at a temperature
of 4 K. When the shunt resistor, R, is small compared to the TES resistance, the TES is
voltage biased. In the next Chapter, we develop a mathematical description of the thermal

and electrical behavior of this circuit.

3.5 Experimental setup

The detectors described in this thesis were tested in a *He cryostat equipped with a *He
refrigerator, all from Infrared Laboratories [36]. An individual detector is mounted on a
sample holder that is in good thermal contact to the *He stage. The temperature of the
3He stage and the sample mount were monitored with a commercially available cryogenic
Ge thermometer. Figure 3.6 shows a photograph of the dewar in operation. =~ We use a
Lake Shore Cryotronics 340 Temperature Controller [45] for monitoring the temperatures
of the *He stage and charcoal pump during cooldown and operation of the system. During
measurements, we use a 500dc SQUID Controller from Quantum Design [66], the same com-
pany that produced the SQUID amplifiers in our system. To measure the Ge thermometers,
the TES resistance, and to control the base temperature of our system, we use a Linear
Research LR-700 AC Resistance Bridge [53]. When measuring noise, we use the Stanford
Research Systems FFT spectrum analyzer [75].



Figure 3.6: Cryogenic dewar used for dark measurements. The dewar, from Infrared Lab-
oratories, is a *He cryostat equipped with a 3He refrigerator. The holding tank for the
3He gas is located on the outside of the dewar and is visible in this picture as the shiny
silver cylinder. A turbo pump is seen to the left of the dewar and is used to evacuate the
dewar’s vacuum insulation shield. To the right of the dewar is an instrument rack used to
take measurements, the bottom of which is visible. Attached to the outside of this rack
and seen at the far right of the picture is the valve setup for pumping on LHe to reduce its
temperature. This system is located in the Microdevices Laboratory at JPL.

Figure 3.7: Filling the dewar with liquid helium.
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Chapter 4

Millimeter-Wave Bolometers

A bolometer is a thermal radiation detector whose output is an electrical signal. Bolometers
are very broad band detectors and are used from X-ray through millimeter-wave regimes
[29, 10, 65]. Bolometers are the most sensitive direct detectors between 200 ym and 5 mm,
a wavelength range that includes most of the CMB. The work in this thesis is concerned
with bolometers in this range for sub-mm and mm-wave cosmology. In this chapter we
will first give an overview of basic bolometer theory, then extend the theory to supercon-
ducting bolometers as it applies to this thesis. We will also discuss the main sources of
noise in bolometers, and finally overview the problems with excess noise in superconducting

bolometers.

4.1 Basic bolometer theory

A simple model of a bolometer is shown in Figure 4.1. It consists of an absorbing element of
heat capacity C, which is connected to a thermal bath by a weak thermal link, G. A power
P is absorbed in C, and the detector temperature T rises above the bath temperature, Tj.
The heat then dissipates through the weak thermal link on a timescale of 744, = C/G, and
the absorbing element equilibrates back to its quiescent temperature assuming no additional
incident power.

It should be noted that the single ‘absorbing element’ in this simple model is in practice
a compound object including the absorber, the thermistor and the readout leads to the
thermistor. The simple bolometer model describes the behavior well, but in certain cases
the elements need to be accounted for separately. See Section 4.4 for a review of this case.

The bolometer measures the power of the incident radiation by measuring changes in

temperature using an electrical resistance thermometer. The total power absorbed in the
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Figure 4.1: A schematic of a simple bolometer. The bolometer consists of an absorbing
element of heat capacity C which is weakly coupled to a thermal bath at temperature Tj
through G. When a power P is absorbed in C, the temperature of the absorbing element
increases, and equilibrates in a characteristic time scale of T, = C/G. This temperature
rise is related to the power deposited in the absorber, which makes the bolometer a thermal
radiation detector.

bolometer is a sum of the bias power and the incident optical power:
P = Py+ Py (4.1)

One of the most important parameters in designing and characterizing a bolometer is
the thermal conductance, G. This weak thermal link partially determines how fast the
detector equilibrates to the bath temperature, and sets the phonon noise level as described

in Section 4.3. The dynamic thermal conductance G is given by

dpP

C=ar

(4.2)

With no other input power than the Joule power, P, needed to bias the detector, the equi-
librium temperature of the detector T is determined by integrating equation (4.2) between

the bath temperature T and the detector temperature:

Py(T) = TT G(T")dT" (4.3)
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We can now define the average thermal conductance G:

P(T)=G- (T —Tp) (4.4)

The thermal time constant of the detector, T¢perm, 1S determined by how well the absorbing

element can retain the heat divided by how easily the heat can flow to the heat bath.

C

= (4.5)

Ttherm —

The bias power, P, due to Joule heating in a resistive film held at a resistance R with

a bias Vj is
2
_ Y

P
"~ R

(4.6)

We can now construct the power balance equation for an operating bolometer as de-
scribed above. With no incident optical power, the electrical power dissipated is balanced
by the thermal power lost through conduction to the bath and the power lost due to a
temperature change in the bolometer. C is the heat capacity and does not change with
time, so

b G (T-Ty)+C—=T (4.7)

where V; is the bias voltage applied to the bolometer and R is its resistance. Here we
assume that the internal time constants (that is, the thermal equilibration times in the
absorbing element) are fast compared to the thermal time constant. This holds for the
detectors described in this thesis (Chapter 3) since the size of the absorbing element and
the TES are very small. Also, we assume that the temperature gradients in the device are
negligible.

The basic function of a detector is to convert a radiant input power to an output signal.
The responsivity of a bolometer is the change in output signal per unit of absorbed signal

power. The current responsivity is defined by

S;

S E=%
s

(4.8)
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4.2 Superconducting bolometer

This thesis describes measurements of a superconducting bolometer, also known as a transi-
tion edge sensor (TES). The superconducting film is voltage biased on its resistive transition.
This strong resistance versus temperature dependance in the transition is used as a very
sensitive thermometer. An input optical power causes changes in the bias current, I, which
can be measured.

The TES device uses the Joule heating as a negative feedback to hold the temperature
constant. When the device is voltage biased and the bath temperature Ty is well below
the transition temperature 7, the superconducting film will self-regulate its temperature in
the transition. This phenomenon is known as negative electrothermal feedback (ETF) [37].
The device is operating in equilibrium when the Joule heating exactly balances the heat
loss to the bath. Functionally, ETF works when an incident optical power, P,,;, causes the
temperature of the film to rise, which in turn causes an increase in the resistance. With this
rise in resistance, the electrical power, Vb2 /R, decreases which compensates for the increase
in incident power, keeping the device biased at the same point in the transition. The TES is
a null detector; the output readout is the feedback current needed to hold the temperature
constant.

The heat loss to the substrate from the superconducting film behaves like K (7" — T¢}'),
where K is related to the thermal conductivity and depends on material properties and
geometry of the device; n is a number whose value depends on the dominant thermal
impedance between the substrate and the electrons in the superconducting film [37]. The

thermal conductance in equation (4.2) is then
G =nKT"! (4.9)

For thicker films, the thermal conductance behaves like 7% (n = 4) because thermal bound-
ary (Kapitza) resistance tends to dominate [42]. For thinner films depending on the tem-
perature range, electron-phonon decoupling dominates and n is 5 [81].

Now we have the tools to apply perturbations of a time varying signal of power JPe’?

to our TES [68]. This varying signal causes a temperature rise, §Te™" which in turn causes
a decrease in the bias power as described above. We modify the dark power flow equation

(4.7) for this scenario. The power in the detector is a balance between the total power
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dissipated in the bolometer and the power flowing to the bath:
V2 V2dR

P + 6Pt + i ﬁﬁazﬂew =G (T —Ty) + GoTe™" + iwCoTe™" (4.10)

We define «, a dimensionless parameter that measures the steepness of the resistive super-
conducting transition:

o= (4.11)
We can separate equation (4.10) into a time-independent term:

VP
P+t =G (T-T) (4.12)

and into a time-dependant term using our definition of « in equation (4.11):

: P _ .
§Pe! = <Tba +G+ z’wC) STe™! (4.13)
As in the simple bolometer case where P(T) = G - (T —Tj), we see that equation (4.13) can

be rewritten as

0P = GeypyoT (4.14)

where we have substituted an effective thermal conductivity, Gy for the term in paren-
theses. Analogous to electronic circuits with negative feedback [31], we can define a loop

gain as the ratio of the change in bias power to the change in total power:

5P,

Z(w) = ~5P.,

(4.15)

The change in bias power can be derived from its definition in equation (4.6):

0P, = -2t (4.16)

- % (4.17)

We now combine this result with equation (4.13), which added together give us the total

change in power, and substitute them into equation (4.15). We find that the frequency-
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dependent loop gain is

Py
& = 4.18
@) = GTa+ o) (4.18)
where Typerm, is defined as C/G in equation (4.5). The DC loop gain is then
Pba
=2 4.1
Zz GT (4.19)

The loop gain is a measure of the strength of the electrothermal feedback. Note that the
gain rolls off at w > 1/7yperm = G/C

The electrothermal feedback shortens the time constant of a TES. This can be seen
by looking at the responsivity for a TES. From the definition of current responsivity in

equation (4.8) applied to the balance of power equation (4.13):

1 £ 1
o - 4.2
Si Vyl4+ 21+ iwr (4.20)

7 is the effective time constant, or the thermal time constant reduced by a factor of 1 + %
due to electrothermal feedback:

Ttherm
= - 4.21
TTiry (421)

Likewise, the responsivity of the bolometer rolls off at a higher characteristic frequency,
w = 1/7, than the loop gain. At frequencies w < 1/7 and large loop gain, the responsivity

for a superconducting bolometer is just

1

Si(0) = 7

(4.22)

Note that the responsivity of the voltage biased bolometer is independent of the bath
temperature, which means that the bolometer is not sensitive to fluctuations in the cold

stage temperature.

4.3 Bolometer noise theory

There are several noise sources in bolometers, all of which affect their performance [57,
58]. Ultimately we would like a detector which is ‘background limited,” that is, when the

dominant noise source is the random arrival rate and absorption of photons. This noise
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floor sets the intrinsic sensitivity of a bolometer.

The effect of noise on the detector performance is quantified by the noise equivalent
power, NEP. We define the NEP as the internal power change that produces a signal equal
to the total rms noise. In more practical terms, the NEP is the minimum optical power
a detector can accurately detect, or the signal power that yields a signal to noise ratio of
unity. The NEP is calculated as the ratio between the output current noise, I,,(w) and the

current responsivity of the device.

NEP?(w) = ; (4.23)
The NEP is typically measured in W/v/Hz.

The total NEP of our detector system is the sum in quadrature of all the NEP compo-
nents since the fluctuations we are considering are uncorrelated sources. The main funda-
mental sources of the NEP in our system are Johnson noise, phonon noise, amplifier noise,
and photon noise from both the signal being detected and from system background photons
due to the finite temperature of the cryostat.

NEP? = NEP?,, + NEP2, + NEP;,,,, + NEP2, .., (4.24)

Any resistor has Johnson noise which is due to the thermal fluctuations of the electrons.
In a resistor, the Johnson noise can be derived by considering a noiseless resistor in series
with an impedance matched noise source. The power dissipated in the resistor is equal to
the thermal fluctuations:

I? 2R = kpTAf (4.25)

where [ is the current applied to a resistance R at temperature 7' in Kelvin, and kp is

Boltzmann’s constant and Af is the bandwidth in Hz. The current noise corresponding to

 [akpTAf
I =\ =5 (4.26)

The Johnson noise in a TES can be derived in much the same way by applying a noiseless

these thermal fluctuations is then

resistor and a noise voltage generator in series with the TES. The Johnson noise in a TES



39
of resistance R at a temperature 1" and of responsivity S as expressed as a contribution to

the NEP per unit root-bandwidth is

4ksT (7 \° [ 1+ iw?r?
NEP?, = 5 ( ) < — (4.27)
R|S|1?> \ Ttherm 1 4iw?Ty,,.,.

Electrothermal feedback suppresses the Johnson noise for frequencies well below 1/7. Mather
first described this process in detail in reference [57] for a general bolometer. It has been
expanded for the case of strong electrothermal feedback in a TES by Irwin [37] and Lee
[48].

Phonon noise is thermal fluctuation noise caused by the random propagation of phonons
between the detector and the heat sink through the thermal link. The phonon noise varies

with frequency just as the signal, so the NEP is frequency independent.
NEP}, = v4kpT*G (4.28)

where 7y is a factor of order unity for the dielectric supports in the case of our detectors [37].
This factor represents the adjustment to the thermal fluctuation noise for the gradient in
temperature along the thermal link [57].

We use a low noise SQUID amplifier to read out the TES signal. We can generically
model the NEP contribution with the experimentally measured amplifier noise, I,,:

12
NEPQ n,SQUID

amp — ISle (429)

The current noise from a typical SQUID amplifier can range between 1-20pA/ VHz de-
pending on the specifics of the amplifier.

When the detector is illuminated with incident radiation, there is shot noise due to the
random arrival rates of the photons. This noise is inherently irreducible. The photon NEP

is approximately the square root of the photon flux multiplied by the energy per photon:

NEP2ot0n = \/ 2Popthc/ A (4.30)

Typically the required threshold noise level of a detector is set by the wavelength detected,

A. However, different observing conditions can introduce other non-intrinsic noise, such
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Figure 4.2: An example of current noise in a TES. This spectrum is a plot of the components
in equation (4.31) versus frequency with no optical input. The Johnson noise is represented
by the dotted line and rolls off at frequencies below 1/7, given by equation (4.21). The
phonon noise is represented by the short-dashed line and has the same frequency dependance
as the responsivity of a TES, given in equation (4.20). The amplifier noise is low and
represented by the long-dashed line. The total noise is represented by the dash-dot line and
is the sum in quadrature of these three components.

as atmospheric fluctuations when observing on the ground. The photon shot noise term
dominates at low incident optical power and at high frequencies. A more detailed discussion
of photon noise can be found in reference [68].

For a direct comparison with measurements, it is useful to write expression (4.24) in
terms of a current noise referred to the SQUID amplifier input.

4T (T\?% (1 + jw?7r?
I} = y4kpT*G|S;| + R (%> (m) + 17 sourp + 1 optical T 1o encess  (4:31)

We have also included an excess noise term that encompasses any noise contributions from
other sources. An example of current noise plotted against frequency is shown in Figure

4.2, where only the first three components in equation (4.31) are plotted.
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Figure 4.3: An example of excess current noise in a TES. This spectrum is of a Ti/Au
TES with Cu absorber, described in reference [14] at the Space Research Organization
Netherlands (SRON). The excess noise is modelled as an extended heat capacity coupled
with a finite thermal conductance due to to the TES as described in the text, and plotted
as the green line. Courtesy P. de Korte and SRON.

4.4 Excess noise problems

Historically, TES detectors have been plagued with excess noise problems. Over a wide
variety of superconducting films, groups find noise behavior above those outlined in Section
4.3. Typically this excess current noise in TES films appears as a broad peak at high
frequencies (500-10,000 Hz), an example of which can be seen in Figure 4.3. Although
there has been much discussion at conferences and in personal communications about the
cause of this excess noise, very little has been published. Groups working on TES detectors
mostly engineer devices for a particular application, and hence look for low noise devices
rather than attempt to explain anomalous behaviors.

This section is not meant to be an exhaustive review of all sources of excess noise, as
that is beyond the scope of this thesis. Rather, it is meant to be a review of the literature
to date to provide the reader with a background on the subject.

The detector groups at Berkeley [23] and at the Space Research Organization of the
Netherlands (SRON) [14, 30] first attempted to model and explain the excess noise in their
TES devices. Although they use different terminology and have different TES materials
(Ti/Al for Berkeley and Ti/Au for SRON), their approach is similar. Both use an extended

heat capacity model that incorporates each element of a TES detector. This is an extension
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Figure 4.4: A schematic of the extended heat capacity model used in references [23] and [30]
to explain an excess noise peak at high frequencies. Instead of lumping together the various
components of a bolometer (see Figure 4.1), the extended heat capacity model separates
them out into discreet heat capacities connected by their own thermal conductances.

of the simple model as described in Section 4.1 and used in the canonical Mather papers
[57, 58]. The extended heat capacity model breaks the single heat capacity detector into
an absorber heat capacity Cgups, a TES heat capacity Crgg, and in the case of the Berkeley
group, a leads heat capacity Cleqqs (see Figure 4.4). Elements can be lumped together only
if they have dimensions shorter than [ = \/W, the characteristic length that a heat
pulse propagates in a time 7 = [2c/k, where c is the specific heat and s is the thermal
conductivity. This approach can be generalized to an arbitrary number of thermal masses,
applying the small signal analysis to all. The power balance equation in (4.7) becomes a
matrix equation and can be solved for the current spectral density. The Berkeley group
fabricated devices with different heat capacities and found in general that the higher the
heat capacity, the lower frequency the peak of the excess noise and the greater the relative
amplitude of the peak. It should be noted that their heat capacities are dominated by the
leads, which are a Ti/Al/Ti/Al quadrilayer, and they suggest minimizing the heat capacity
in all elements. The SRON group uses the term ‘thermal fluctuation noise’ or TFN for
short, for these noise sources and attributes them to a finite internal thermal conductance
of the TES [30]. The TES TFN is proportional to the bias current I and «, the steepness

of the transition. The major drawback of this model is that it is not rigorous, because both
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G and C, the thermal conductance between the individual elements and their associated
heat capacities are not accurately known [23].

Edge effects parallel to the direction of the current appear to be important in under-
standing anomalous behavior in a TES. This effect was first noted by the electromagnetic
technology group at the National Institutes of Standards and Technology in Boulder (NIST),
detailed in reference [29]. The physics of how the edges induce excess noise and degrade
superconducting transition profiles is not understood. NIST posits that the quality of the
TES film is degraded at the edges due to fabrication errors that cause reduced proximity
coupling of the films (the proximity effect is discussed in Chapter 3), either by chemical
degradation or through poor physical contact. They solve the problem by adding strips of
thick normal metal on the edges to create a consistent boundary condition. This increases
a, the steepness of the transition, and reduces the excess noise.

Groups from University of Jyvaskyla, Helsinki University of Technology and SRON
have altered the geometry of the TES to eliminate the edges parallel to the current [54].
Dubbed a CorTES, it is an annulus with one lead attached to the center and the other
lead surrounding the outer edge. This causes the current to flow in the radial direction,
eliminating the edges in rectangular TES geometries. However the Ti/Au devices studied
still show excess noise, especially at low bias voltages. This excess noise cannot be explained
by the extended heat capacity model described above. They instead explain this excess noise
as ‘fluctuation superconductivity noise’ (FSN) arising from resistance fluctuations in the film
due to thermal fluctuations of the phase boundary [54]. They note that these fluctuations
should be present in all TES devices, but may not be observable depending on how the
phase boundaries present themselves.

Work is being done by other groups to investigate and control the boundary conditions of
the TES to understand the phenomenon in more detail. Both NIST and the detector group
at NASA Goddard Space Flight Center (GSFC) have mentioned in private communications
that they are developing TES films of varying geometries, looking for a connection to the
edge effects. M. Lindeman (GSFC) has been applying a complex impedance technique in
an attempt to measure the heat capacity of the TES through the phase transition. This
information can lead to a better understanding of the mechanics involved in the transition
and the sources of the noise. This technique will be discussed in detail in Chapter 6.

A more phenomenological approach is taken by GSFC in explaining their excess noise in
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Mo/Au TES devices [52]. They are able to fit the excess high frequency peak by including
a voltage noise source, akin to Johnson noise. Their excess noise is dependent only on the
resistance of the TES and independent of bias voltage and temperature. They do note
however, that their smallest device, i.e., the one with the lowest heat capacity, has the least
amount of excess noise. This is consistent with the results from the extended heat capacity
model.

Another source of noise possibly inherent to the superconducting film itself is flux-flow
noise of vortices [41]. Although to date there is no literature dealing specifically with this
phenomenon in TES devices, the concept often dominates conversations at conferences and
meetings. It is mentioned by the Finnish group in reference [54] and attributed to edge
effects. In the presence of a magnetic field perpendicular to the film, vortices form. If a
current is applied across the film, the vortices will move and dissipate power. There should
be a type of shot noise associated with the movement of the vortices. In 1965 van Ooijen
and van Gurp found such a spectrum, but it only behaved like the theoretical expectation
at the highest currents and fields [78]. At lower fields, the moving entities carried more
than a single flux quantum. This has been attributed to pinning, where bundles of vortices
move to overcome a pinning barrier. We can conclude that flux motion is generally correct,
but a real film has a complex defect structure that complicates the picture.

The state of the field in understanding the anomalous excess noise present in most
TES detectors is very immature. There are general strategies to try to avoid excess noise.
Reducing the heat capacity of the components is one of the easiest and most accepted ways
of avoiding excess noise. In the same vein, keeping the detector clean and free from residue
that tends to have a high heat capacity will assure that you are only looking at the heat
capacity of the TES system. Geometry and edge effects appear to be important, however

more work needs to be done to fully understand their contributions.
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Chapter 5

Experimental Results

5.1 Introduction to results

In this chapter we describe experimental results from four single element devices. The four
devices, dubbed ‘alpha,’ ‘beta,’ ‘gamma,’ and ‘delta,’ all originated from the same processing
wafer. The layers were deposited at the same time, so the properties of the layers, such as
thickness and electrical resistance, are uniform across the wafer to better than 10%. The
only difference between the devices is the geometry of the TES film. Devices alpha and
gamma have TES film dimensions 100 gm by 10 pm, and have a cold normal state resistance
of 5 . Device beta has TES film dimensions 100 pgm by 33.3 pm, and a cold normal state
resistance of 1.5 Q. Device delta has TES film dimensions 100 ym by 100 pym, and a cold
normal state resistance of 0.5 2. These parameters are summarized in Table 5.1. Perhaps
the biggest difference between the individual devices is the post-processing evolution. In
the final step, the release of the devices, each one has a different local environment. For
example, scum and particles can deposit themselves on the devices during the release in the
solvent used to removing wax and photoresist. In addition, the mounting and testing of the
devices is not done in a clean environment, so particles can accumulate on the devices. The
results for these four devices will be presented as a group, with similarities and differences

highlighted.

Table 5.1: Summary of the four devices studied in this thesis.

H alpha ‘ beta ‘ gamma ‘ delta

Ry ormal 5Q 1.5Q 50 0.5
length || 100pm | 100pm | 100pm | 100pm
width | 10pm | 33.3pm | 10pm | 100pm
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The intention of this chapter is not only to outline the specific results of the four devices,
but also to serve as a handbook for the scientist who is first embarking on testing transition
edge superconducting bolometers. The results are presented in the order in which they
were acquired, and the procedures are outlined. First, one does ‘basic measurements’ which
include taking load curves at different base temperatures, and measuring the device time
constant under different conditions. Next, tests can be done using a separate heater on
the TES island, if there is one. The more difficult measurements are usually those done
in a low-noise environment. This includes taking noise spectra and can include complex
impedance measurements, the latter of which is described in Chapter 6. The noise spectra
are generally the least understood aspect of TES devices, and the interpretation can be

tricky due to the many possible sources of excess noise.

5.2 Basic measurements

The ‘basic measurements’ are ones that do not require a low-noise testing environment.
These include measuring the superconducting transition, measuring load curves, measuring

the time constant of the device and probing the TES with an on-island heater.

5.2.1 Superconducting transition

The easiest way to obtain a resistance versus temperature curve for TES devices is a four-
point resistance measurement of the film in a cryostat with varying base temperatures. The
four-point measurement must be done on a TES device that is properly heat sunk. The
power used to probe the resistance warms up the device enough to change the characteristics
of the R vs. T curve if it is thermally isolated. For thermally isolated TES films, the
low thermal conductance of the silicon nitride support legs prevents the heat from being
dissipated out quickly, and the heating might put the device in a different part of the
transition. To avoid these problems, one row of devices is diced off the wafer before the
thermal isolation architecture is processed. Since the TES film and the electrical leads are
the first layers to be deposited, we can discover problems with the TES film, such as an
improper transition temperature. This way one can start on a new wafer and not waste
weeks of processing due to a poor TES film.

The resistance and temperature relation for an unreleased Al/Ti/Au TES film is shown
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Figure 5.1: Resistance vs. temperature of an Al/Ti/Au film. This curve was taken as a
4 point measurement of a 10-square TES film that was on a solid substrate, i.e., not on a
thermally isolated island.

in Figure 5.1. The transition temperature of the film is 417 mK. Its width is approximately
10 mK. The steepness of the transition can be characterized by & = T'/R dR/dT, which is
approximately 100 in the center of the transition. The ‘bottom’ of the transition is where
the resistance is very small, or equivalently at a low bias voltage while in operation. The
‘top’ of the transition refers to points where the TES is close to normal. The bottom of the

transition is generally much steeper than the top.

5.2.2 Load curve

Measuring the input voltage versus the output current for devices is key in understanding
some general TES properties. Perhaps of most importance while in the lab testing a new
device, the load curve can be used to determine if the device has a superconducting transition
in the thermodynamic range of the cryostat.

The load curve is easiest to understand in terms of an output current from the SQUID
vs. an input device current. Figure 5.2 shows an example of a typical TES load curve
taken at a bath temperature well below the transition temperature of the TES. There
are three distinct regions in the load curve. At the lowest applied currents, the device is
superconducting. Since all the input current is being detected by the SQUID, the slope of

this line is unity. At some finite current the device will begin to transition, and its resistance
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Figure 5.2: Example load curve of a TES. The curve has three distinct regions: At the
lowest bias, the device is superconducting and the current applied is the same as the current
through the SQUID. At the highest bias, there is sufficient power to drive the device normal.
In between, the device is in the superconducting resistive transition.

increases. The slope in the load curve becomes negative through this transition, and its
shape is governed by the specific transition properties of the device. When there is sufficient
bias to drive the TES normal, the load curve becomes a straight line with constant slope,
exactly as expected for a resistor. The slope of this line is set by the shunt resistor and the
TES normal-state resistance acting in series.

One can obtain a set of load curves at a series of bath temperatures, as shown in
Figure 5.3. As the bath temperature approaches the TES transition temperature, less
current is needed to drive the device through its superconducting transition. Note that
at warmer bath temperatures the load curve begins to become more and more distorted
in the transitions. Similar behavior has been noted for all four devices, however there is
little correlation of the current where this behavior appears. It is possible that this is in
part due to the difficulties of measuring a device so close to its superconducting transition.
Another explanation could be a region in the superconducting film that is proximitized due
to the gold layer that provides thermal contact to the absorber. This would cause a region
with a different critical temperature than the majority of the TES film, and would tend to
disfigure the single-transition film load curve.

One of the key parameters that characterizes a bolometer is G, the thermal conductance

to the heat bath. From Chapter 4, G = dP/dT. We therefore need to measure the power
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Figure 5.3: Set of load curves of a TES at different bath temperatures. The load curve with

the coldest bath temperature is the top black curve at 284 mK, while the warmest is the

curve on the bottom at 357 mK. The warmer the bath temperature, the smaller the bias

needed to push the superconducting film into the transition. The curves are superimposed
in the normal regime, yielding a normal state resistance of 0.5  for this particular device.

in the TES with respect to the temperature. In the superconducting transition, the TES
device power should remain constant due to the electrothermal feedback from the voltage

bias. One can calculate the power dissipated in the TES using
Prpg = s (5.1)

The quiescent bias power of the TES through the transition is shown in Figure 5.4 by
applying equation (5.1) to a load curve. One can calculate this constant power in the
transition for a given range of bath temperatures. The largest error in this measurement
is due to the SQUID amplifier losing lock at the bottom of the transition. The SQUID
will often lose count of the number of flux quanta here. When analyzing the data, we need
to insert an integral number of flux quanta at the peak in the bias curve to compensate
for this loss of lock. When adding these flux quanta, we look for alignment in the high
bias regions, as is the case in Figure 5.3. The flat region in the power versus bias curve
can in practice have a slight slope. The error from these experimental effects is estimated
to be approximately 5% for our data. Figure 5.5 shows the relationship between power

and temperature for our device. We can fit this data to equation (4.9) in Chapter 4. We
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Figure 5.4: Quiescent bias power of TES through transition. When the device is voltage
biased in the superconducting transition, the electrothermal feedback keeps the power in
the TES constant.
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Figure 5.5: Power versus temperature in the TES. These points are taken at a range of
temperatures at the constant power of the TES in the superconducting transition, as in
Figure 5.4. The curve is the relation P = k(T™ — T') as described in Chapter 4. The
thermal conductance, G is then % =nkT" !, Our four devices showed G = 55 pW/K to
within 6%
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discover that all four devices have G = 55 pW/K to within 6%. We expect this value to be
46 pW /K, based on the geometry of the silicon nitride legs and the empirical measurements
of past silicon nitride films. The small difference of 16% between measured and expected G
can be attributed to size variations in the legs due to lithographical errors and over-etching

of the silicon nitride.

5.2.3 Time constant

To measure the effective time constant of the device, the device must be pulsed with an
input power and the response examined. The effective time constant is the thermal time
constant, Typerm = C/G, reduced by electrothermal feedback in the voltage biased TES.
We chose a measurement method that would be electrically independent of the TES bias
circuit. To achieve this, we used a red LED coupled to the TES via an optical fiber to heat
the TES island directly. Care was taken to prevent stray LED radiation by coating the
LED in opaque paint. The LED pulsing technique has the advantages of being electrically
disconnected from the device and of being a relatively quick and easy measurement to make.
Although the LED does not emit light in the bandwidth of our antenna, it does simulate
optical power by dissipating power directly on the TES island. The LED was driven with
a pulse generator and the TES response was measured on an oscilloscope. The fastest
time constant measured was 437us in device alpha biased at 3uV, approximately 40% up
the transition as shown in Figure 5.6. Note that the time constant of the LED itself is
several ps, much shorter than the time constants measured. The error on the time constant
measurement is due to the scatter of data and the quality of the fit. It is typically 2% for
most curves. Occasionally, however, the experimental error can be up to 10% particularly
for noisy data. Since we do not know the coupling efficiency of the LED to the island,
we are not able to measure how much power is deposited directly into our TES with this
technique.

A set of time constants through the superconducting transition yields information which
is important when modelling the noise behavior. One example of the time constant through
the superconducting transition is given in Figure 5.7 for device delta. The time constant
of the device is shortest where the electrothermal feedback is the strongest, i.e., where « is
largest. Likewise, at the top and bottom of the transition the device has the longest time

constants because the electrothermal feedback is the weakest. For our four devices, those
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Figure 5.6: TES response (gray) to an LED pulse. The response of the device is fit by an
exponential decay e /7, as shown by the bold dashed line. This curve has the smallest time
constant measured: 437us biased at 3uV in device alpha.
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Figure 5.7: Time constants through the superconducting transition are shown with the solid
dark circles. The approximate bias curve corresponding to the time constants is given by the
gray line, and the y axis is labelled on the right in 4A. Note that at the top and bottom of
the transition the device has the longest time constants because the electrothermal feedback
is the smallest.
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Figure 5.8: Results of the on-island heater applying power to TES island. Although these
curves are equivalent, they demonstrate two important behaviors of our devices. In (a) we
show that when the loop gain gets very large the slope of Prpg vs. Pheater should approach
-1. We find this linear behavior to within 2%. In (b), with the same limit of a large loop
gain, the dc current responsivity (S; = dI/dP) should be well represented by —1/Vj;as.
Figure (b) was taken at a bias voltage of 1 4V, and the slope of the current versus heater
power line is -1 V™! to within 1%, just as we expect.

with the smallest heat capacity had the fastest overall time constants, as expected.

5.2.4 Heater

The Au terminating resistor was used as a heater to apply a known power to the TES
to study its current responsivity and linearity. Applying a bias across the resistor on the
thermally isolated island deposits heat into the TES, simulating optical power in a controlled
manner. While applying bias to the heater, we measure load curves of the TES, which yield
current responsivity and the transient power deposited in the TES. The loop gain of the
TES is given by .£ = —dP,/dP;y, where Py is the total power dissipated in the device,
i.e., bias power plus heater power. As the loop gain gets very large, the negative of the slope
of bias power vs. heater power approaches unity. Our device shows this linear behavior to
better than 2% as seen in Figure 5.8a. We also measure the current response of the TES
for a given bias voltage at different applied heater powers. The current responsivity is given
by: S; = dI/dP. Again, we take the limit as the loop gain becomes large and while taking
a DC measurement the current responsivity becomes: Si = —1/Vj;qs. For a bias of 1uV we
expect a DC current responsivity of -1V !, which is shown in Figure 5.8b to be matched
to better than 1%.

In the future, we will be able to measure and compare the time constants using the
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on-island heater and LED technique described above.

5.3 Noise

The characteristics of the noise spectrum is critical in characterizing a TES detector. The
level of the noise sets the sensitivity of the detector. For our application of CMB detection,
the signal is very low power, so the sources of noise must be understood in order to achieve
optimal performance.

Our four devices showed different phenomenological noise behavior. In this section, I
hope to take the reader through the process of understanding their noise behavior. First
we will look at the noise spectra compared with the basic theory of phonon noise, Johnson
noise and SQUID noise as outlined in Section 4.3. Next we will look at the general behavior
of the excess noise. Finally we will attempt to use the extended heat capacity model to fit
the excess noise with varying success.

Current noise spectra from all four devices were taken over a range of frequencies and
through the superconducting transition. The major challenge in taking noise spectra is
reducing the amount of outside interference. These sources are potentially many, and often
finding them is a challenge. Unnecessary instruments should be switched off, especially
those electrically connected to the experimental setup. Even those that are not directly
connected can create spurious noise sources. For low frequency spectra, movement in the
room can cause extra noise. We particularly noticed this when colleagues would move across
the floor in a chair with wheels or while closing the door to the room or even when tapping a
LHe dewar in the vicinity of the cryostat. Unfortunately, most of this low frequency pickup
was unavoidable as the room housing the experimental setup was crowded with several
other projects.

Steps were taken to minimize pickup and spurious noise sources. Noise spectra are
best taken at night or on the weekends when there is minimal activity in the room and
building. All wires leading into the dewar are RF-filtered. The device bias is provided with
a battery to reduce 60 Hz pickup, and fully charged to reduce low frequency noise. The best
prevention against spurious noise sources, however, is to place a shield around the device.
Since our TES superconducting film is especially susceptible to magnetic interference, a

niobium shield at the same temperature as the device surrounds the device with small



55
holes for wire feed-through ports. This superconducting barrier is quite good at shielding
magnetic fields. However, there is evidence that it is imperfect since pinning sites tend
to freeze into the material. Despite our best efforts, we frequently found different pickup
sources. For example, when testing device beta, we found a strong 1 Hz signal. We think
this is due to a resistance bridge on a neighboring experiment. In device delta we found high
frequency power at 402 Hz and corresponding harmonics. The source of this pickup was
never found. For future experiments, other magnetic shielding such as a mu-metal barrier

or conetic alloy should be installed in addition to the niobium shield already in place.

5.3.1 Data compared with basic theory

First, we compare the noise from our devices against the known sources of noise. We take
several noise traces with different frequency spans. This is to ensure the best resolution
and coverage at low frequencies as well as at high frequencies. The spectra are then pieced
together to cover a larger frequency range. We also take spectra at bias points through the
entire transition to understand the behavior with respect to the bias.

The first device we tested, device alpha, turned out to have noise behavior close to the
known sources of noise. We found that the best behavior was at the lowest bias voltages, so
we concentrated on this regime. Figure 5.9 shows four selected current noise plots from this
device, along with the expected noise from the phonon noise, Johnson noise and SQUID
noise. All spectra were taken at a base temperature of 282 mK. The noise from the device
at all biases matched the basic theory at frequencies below 100 Hz. In this range, the NEP
of the device is 1.5540.05x 10717 W/v/Hz. Above this frequency, we see some excess noise.
At a bias voltage of 0.301 pV, or 1% up the transition, the noise at frequencies greater
than several hundred Hz is only 50% above the expected value. However, at higher bias
voltages, this excess noise increased and the characteristic bend in the spectrum disappears
completely. There is also a small noticeable peak at 4500 Hz in all spectra taken. The
source of this broad peak is unknown.

Device beta, a 3-square device, has both similar and dissimilar noise characteristics
compared to device alpha. Four selected noise traces are shown in Figure 5.10. Again, at
frequencies below 100 Hz the noise in device beta agrees extremely well to the basic theory,
similar to device alpha. In this range, the NEP of the device is 2.04£0.3x10717 W/\/H—z

At frequencies above 100 Hz, however, the noise behavior is very different to device alpha.



10° T T T T
r — Data a
Z Phonon noise
< X
~ o Johnson noise
$  W07F —— SQUID noise 7§
3 }
S Total noise
] [
o
3 10%f 5

10'12 n fn n n

0.1 10 100 1000 1E4 1E5
frequency (Hz)

10° T T T T
~
< Cc
<
g o ;
o
z
c
IS
8 10" E

10-12 fn L L L

0.1 10 100 1000 1E4 1E5
frequency (Hz)

56

Current Noise (ANHZ)

Current Noise (AWHZ)

10° T T T T T
10™ E
10'11 L d
10'12 ! f f 1 !
0.1 1 10 100 1000 1E4 1E5
frequency (Hz)
10° T T T T T
10'10 L d
ot VA e i, e
10-12 | f f ! 1
0.1 1 10 100 1000 1E4 1E5
frequency (Hz)

Figure 5.9: Noise from device alpha, a 10-square device with normal state cold resistance of
5 Q. The separate plots show a) 1% up the transition, b) 3% up the transition, ¢) 12% up
the transition, and d) 25% up the transition. The colored lines show contributions to the
expected noise. The turquoise line is phonon noise, the green line is Johnson noise, the blue
line is SQUID noise and the red line is the sum in quadrature of all three contributions.



o7

T T T T T T T T T
140 E 140 4
Data a b
~ 120F Phonon noise 1 < 120 1
I ; I
Johnson noise
= =
< 100F Total noise 1 < 100 1
A= £
[0} 80| g [0) 80 | g
0 0
2 eof - 2 oo} -
c c
2 a0t 4 2 o} 1
> >
© 20+ E © 20 4
0 A TTY! B A R TTTY BRI TTTT PR 0 . L PP R o 1111 MRS A R T RS Ar iy v SN
0.1 1 10 100 1000 1E4 1E5 0.1 1 10 100 1000 1E4 1E5
frequency (Hz) frequency (Hz)
T T T T T T T T T T
140 F E 140 E
c d
< 120f g < 120t g
< <
< 100} - < 100} -
e =
[} 80 B [} 80 B
R p)
o o
z 60 |- E z 60 |- E
c c
2 40} 1 2 a0} 1
3 5
20+ E 20 4
0 s s aaanl PR | il 1L Peee | O " 1 PR | 1 i e |
0.1 1 10 100 1000 1E4 1E5 0.1 1 10 100 1000 1E4 1E5
frequency (Hz) frequency (Hz)

Figure 5.10: Noise from device beta, a 3-square device with a normal state cold resistance
of 1.5 Q. The separate plots show a) 3.5% up the transition, b) 4.4% up the transition, c)
7% up the transition, and d) 10% up the transition. The color scheme is the same as in
Figure 5.9, however the SQUID noise is not plotted.

Specifically, there is a large broad bump at high frequencies, most prominent in panels ¢
and d. The excess noise is generally greater in device beta than in device alpha for a given
percent through the transition.

Device gamma displayed unusual noise behavior. Noise spectra were taken on several
different days. The spectra were inconsistent from one day to the next. They showed
different amounts of excess noise and displayed different general shapes in the total noise.
The other devices had consistent and similar noise behavior on different days. During the
tests of device gamma, there was unusually high activity in the laboratory, both with other
experiments and with the facility. We have thus decided to disregard the noise data from
device gamma.

Device delta had perhaps the most remarkable noise performance. As seen in Figure

5.11, at the lowest bias voltages, the noise fits the basic theory extremely well. In this
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Figure 5.11: Noise from device delta, a 1-square device with a normal state cold resistance
of 0.5 2. The separate plots show a) 2% up the transition, b) 18% up the transition, c)
43% up the transition, and d) 51% up the transition. The color scheme is the same as in
Figure 5.9.

range, the NEP of the device is 2.2740.17x107'7 W/v/Hz. At higher biases, the noise
develops an excess noise bump, very similar in appearance to device beta. There is also
more low frequency noise at higher bias voltages, causing the data to lie slightly above the
basic theory. The apparent very low frequency excess noise below one Hz is most probably
due to activity in the laboratory, as described in the introduction to this section, as this
data was not taken at night. Note also the 402 Hz pickup. The source of this was never
determined.

In analyzing this data, the biggest shortcoming in the analysis is the lack of data at high
bias voltages. There were many difficulties in obtaining noise spectra at high bias voltages.
In general, in the limited experimental time available we decided to focus on the regime
where the noise fit the basic theory and where it began to deviate from it. This happened

at the lowest bias voltages. The cryostat had a 6—8 hour hold time, with channels available
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for two devices. It would be almost impossible to take a full data set from both devices
in this short time. A ‘full’ data set consists of load curves at different bath temperatures,
time constant measurements through the transition, and large frequency range noise spectra
through the transition.

When taking noise spectra, we used a load curve taken with the DAC to determine at
which bias voltages to take the noise spectra. At high biases, the load curve has a broad
minimum. One obstacle to taking spectra in this regime was the difficulty in determining
if the device was normal or if it was high in the transition.

The greatest difficulty in obtaining data at high bias points has to do with maintaining
the bath temperature. At the top of the transition, the bath temperature would slowly rise.
The TES was acting in effect as a resistive heater inside the dewar. Usually the temperature
would stabilize after approximately 20 minutes, except at the largest biases. Capturing the
noise spectra is a lengthy process, especially for the low frequency scans. The longer the
bath temperature was warmed up, the shorter the hold time of the dewar. Taking a careful
noise spectra of the device while it is normal can take up to 15 minutes, yet it shortens the
hold time of the dewar by roughly 30 minutes. To get the most data out of the short hold
time, we usually started at the low biases. More often than not, the dewar would run out
of cryogens while taking noise spectra.

It is clear that in the future, we should focus on the entirety of the transition, not just
at the lowest biases. To aid in this, it would be advantageous to have a refrigerator with
more cooling power. A longer hold time in the cryostat would allow for time to stabilize
the bath temperature at the high biases. In addition, extra care must be taken to ensure

that data is taken through the entirety of the transition.

5.3.2 Extrapolating general noise behavior

In order to get a handle on the general behavior of the excess noise, we need to quantify
the excess noise in such a way that we can compare the trends between devices. We also
need to quantify the excess noise independent of any excess noise model. The excess noise

is given by the quadrature difference between the data and the theory:

2 _ 72 2
In,ezcess - In,data - In,theory (5'2)
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Figure 5.12: Fractional excess noise from devices alpha, beta and delta. When the excess
noise is equal to the basic theory, the fractional change in the noise is 1, as in equation
(5.3). In the legend, each curve is denoted by its bias voltage and the corresponding percent
through the transition. For all three devices, the general trend is that the fractional change
in excess noise increases with increasing bias voltage.

Therefore, a suitable measure of the excess noise is the fractional change in excess current

noise:

2 _ 712
\/In,data In,theory
Fr =

I n,theory

(5.3)

When the excess noise is equal to the value predicted by theory, the fractional change will
yield a value of one; when it is twice as much the fractional change will yield a value of
two, and so on. This is clearly more intuitive than a simple ratio between data and theory.
For example, if the excess noise is equal to the value predicted by theory, a simple ratio
will yield a value of v/2. Figure 5.12 shows the fractional change in excess current noise for
devices alpha, beta and delta. For clarity, the data has been smoothed by taking frequency
bins and plotting the average of the data in the bin. The plot for device alpha uses bins
of 100 Hz, the plot for device beta uses bins of 40 Hz, while the plot for device delta uses
25 Hz. The bin size was chosen for clarity without degrading the quality of the data.

All devices show a general trend that the noise increases with bias voltage. However, the
details of the shape of the excess noise are quite different. The magnitude of the increase
does not scale with bias voltage between devices. Each device shows a peak in the fractional
change in the excess noise, but in each device this peak has a different shape and occurs at

different frequency.
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5.3.3 Models for excess noise

Upon inspection, device beta had a considerable amount of residue wrapped around the
TES island. Some of this residue on another device can be seen in Figure 3.2 on the TES
leads and on the silicon nitride leg on the left of the image. This residue was a pervasive
problem as a result of our processing, however most devices only had the residue on the
silicon nitride leg. If the residue is in contact with the TES, it will be weakly coupled
thermally to the TES itself. This residue has a high heat capacity and can potentially add
excess noise to our device. We believe that this is the source of excess noise in device beta,
and explains why the noise in this device at the low bias voltages is different from that in
devices alpha or delta.

We attempted to fit the noise from the three devices, alpha, beta, and delta to the
thermal fluctuation model as given in references [14, 23|, meeting with varying degrees of
success. Device beta was the only device which had noise that could be mostly modelled
by this description, as seen in Figure 5.13. In reference [14], the SRON group was able to
model their excess fluctuation noise with only two elements, the TES and the absorber, and
a constant thermal link between them. In our fit, we had to vary the strength of this thermal
link to get a good fit. This value of the thermal conductance, which we call G¢geess, varied
between 1.0 uW /K for the lowest bias and 35.0 uW /K for the highest bias, with Gegcess
increasing with increasing bias.

The noise in device alpha could not be fit to the same model. However, device delta
could with some exceptions be fit to the thermal fluctuation noise model. This can be seen
in Figure 5.14. Again, Gegcess varied between biases: 0.2 uyW /K for the two lowest biases
and 20 puW /K for the higher biases. To obtain a reasonable fit, however, we had to change
the measured time constant of the device. At the lowest bias voltages the time constant
stayed the same for the best fit. For the highest bias voltages, the best fit was achieved
with a time constant of 2.8 ms, about a factor of 3 longer than that measured with the LED
technique, as described in Section 5.2.3. Although this model may not reflect a physical
representation of the behavior of the device, the fit does suggest an avenue for a model of

the excess noise in this particular device.
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Figure 5.13: Noise from device beta, including the fit to the thermal fluctuation noise model.
The separate plots show a) 3.5% up the transition, b) 4.4% up the transition, ¢) 7% up
the transition, and d) 10% up the transition. The color scheme is the same as in Figure
5.9, however the SQUID noise is not plotted, and the thermal fluctuation noise is plotted
in purple. The total noise is less than the thermal fluctuation noise at high frequencies due
to the rolloff introduced by the inductor in the circuit.
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Figure 5.14: Noise from device delta, including the fit to thermal fluctuation noise model.
a) 2% up the transition b) 18% up the transition ¢) 43% up the transition d) 51% up the
transition. The color scheme is the same as in Figure 5.9, and the thermal fluctuation noise
is plotted in purple.



64

Chapter 6

Complex Impedance Analysis

6.1 Introduction to complex impedance analysis

Many groups are working on developing superconducting bolometers for widely varying
applications. In several cases TES detectors have proven to give better performance than
current technology for a given application. For example, in solid state X-ray emission studies
TES detectors yield a great bandwidth improvement over traditional scintillators [29]. TES
detectors have the promise of being very sensitive, fast and potentially easy to implement
in large arrays. Unfortunately they are not without their own problems. As discussed in
Chapter 4, transition edge sensors are almost universally plagued with excess noise at high
frequencies. Groups using different TES materials in different geometries see similar excess
noise behavior. A greater understanding of a bolometer operating in its superconducting
transition will shed more light on the design and successful implementation of this class of
detectors.

We need more clues as to the nature of the superconducting state of an operating TES,
and one such clue can be provided by heat capacity measurements through the transition
around T.. Near T, a superconductor has a higher heat capacity than in its normal resistive
state just above the transition due to an energy gap in the electronic state. There is a
discontinuity in the electronic contribution to the heat capacity in the phase transition at the
critical temperature, 7, [69]. However, in experiments we measure the total heat capacity,
that is the electronic contribution and other contributors, such as a lattice contribution.
The shape of the heat capacity transition through the superconducting resistive transition
might give us clues to the microscopic behavior of the device in the superconduting/normal
mixed state.

In the landmark 1982 paper, J. C. Mather discussed non-equilibrium noise theory for a
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general bolometer [57]. In this paper he suggests using complex impedance as a method of
measuring the heat capacity of the detector. In this way, complex impedance analysis can
provide a powerful tool to aid in our understanding of the physics of TES detectors while
in the superconducting resistive transition.

For TES detectors, the only published work on measuring the complex impedance is
by M. Lindeman at NASA Goddard Space Flight Center (GSFC) [51]. He studied X-ray
calorimeters that consisted of a Mo/Au TES. The X-ray TES detectors at GSFC consistently
showed excess noise [52], so they chose to study some of the underlying physics of the noise.
They speculate that if the TES film transitions from the superconducting state to the
normal state smoothly, the heat capacity profile would also transition smoothly. However,
if the TES transitions in some ‘chunky’ manner, that is with isolated islands of normal state
and superconducting state, then the heat capacity profile might have discrete steps. They
find that the heat capacity in their Mo/Au films transition in the latter fashion, lending
support to the ‘chunky’ transition hypothesis. One key difference between the TES films
studied at GSFC and those discussed in this thesis is that the GSFC films have relatively
low impedance, around 10 m{2 when normal.

Since the work at GSFC was only performed on one device of relatively low impedance,
there is considerable work to be done in understanding more about the heat capacity of a
TES while biased in the transition. In this chapter we will develop a mathematical expres-
sion for the complex impedance of a TES. We will then explain how complex impedance
measurements are obtained experimentally. Experimental data on the complex impedance
of the TES devices in this thesis are described. Finally we discuss how future measurements

can be performed to provide more accurate measurements of the heat capacity.

6.2 Deriving the complex impedance of a voltage-biased TES

To derive an expression for the impedance of a TES, we start by setting up the power
balance equation, as in equation (4.7) for the TES with no optical power. The electrical
power dissipated is balanced by the thermal power lost through conduction to the bath and

the power lost due to a temperature change in the TES. C is the heat capacity and does
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not change with time, so

V'b2

d
e = G (Tres = Tyan) + O Tres (6.1)
TES

dt

We want to apply a perturbation to the system and look at the system’s response. Ulti-
mately we are looking for the impedance, which is Zrps = %. We apply perturbations in

a linear approximation of the form:

Vi = Vio+ Ve

R Ry + dRel“"

Tres = Treso+ 0Trpse™ (6.2)

We insert the perturbations of equation (6.2) into equation (6.1), and expand the denomi-

nator on the left hand side in a Taylor series. Keeping only the first-order terms:

Vi Vo OR i | 2Vio oo
b0 o b0 ¥ —5V 1wt
Ro Ro Ro* | R, Tt¢

= G (Treso+ 0Trpse™ — Than) + iwCoTrpse™” (6.3)

2
The zero-order term is %’ = G (Treso — Tpatn). We subtract this from equation (6.3)
because we only want to look at the perturbations. We can divide through by e“! to

obtain:
2;;—205% — %’%)JR = G0Trgs +1wCoTrEs (6.4)
This equation describes the perturbations of the TES around equilibrium, where Ry is the
equilibrium resistance of the TES; Vj is the voltage of the TES; Trgg is the temperature
of the TES at the given bias point. We will remove the subscripts for ease of notation:
2V v?

0V — 5 0R = GOT + iwCsT (6.5)

Since the complex impedance is given by Z = %7 we eliminate all the 0Trgs and 0 R terms,

by writing them in terms of 61 and §V. We can achieve this by using the relations:
OR OR



and,

v
R
v v
0] = — — —0R 6.7

Combining (6.6) and (6.7) and solving for 67"

OR % R? OR
50T = (f - 51) v~ a7l (6.8)

We substitute equation (6.8) and equation (6.6) into equation (6.5), and use the definitions:

~ ROT
1 0R
6 = RaI (6.9)
We find,
B (2+B) I’R 1 +dwT
ZTES(W) =R |:(1 + 5) + ) CT aT 1+ 1+ iwr (610)
where,

I’Ra G17°
r= [ o7 C] (6.11)

We can express the complex impedance in equation (6.10) in terms of the loop gain, .Z,

analogous to electronic feedback circuits defined in equation (4.19):

aP
- 12
<z T (6.12)
Using T¢perm = C/G, the complex impedance is
2+ 06)%Z
Zrps = R |[(1+6) + 2+5) (6.13)

—Z + 1+ iWTtherm

6.3 Plotting and fitting complex impedance

In practice, the TES does not stand alone but is part of a circuit as shown in Figure 3.5.

In Section 6.2, we derived the expression of the complex impedance of the TES alone, as
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Figure 6.1: Example of complex impedance curves in the (a) real, (b) imaginary, and (c)
complex planes.

given by equation (6.10). The total impedance must include the shunt resistor, Rg, and the

SQUID-coupling inductor, L

Zror = Rg +iwL + Z1gs (6.14)

To measure the complex impedance, we apply a small chirp signal to the DC bias
and look at the differential spectrum output. We feed the chirp signal alone, and the

response from the circuit into two channels of a spectrum analyzer. We look at the signal

Of <FFTchirp>

TP TreaposS and obtain the total impedance of the system from:

Rs < FFTpip >
Rb < FFTresponse >

Zror = Vappl (615)

Figure (6.1) shows representative, yet real, data for the complex impedance expression in
equation (6.15). The real part of the complex impedance is plotted in Figure (6.1.a). Note
that at high frequencies, the curve approaches Ry + R(1 + ). The imaginary part of the
complex impedance is plotted in Figure (6.1.b). At high frequencies the curve approaches
iwL. Figure Figure (6.1.c) shows the combination of (a) and (b), the real and imaginary
parts, in the complex plane. This is a semicircle, with the value of the minimum yielding 7
from the frequency at this point; 7 = 1/27f.

The main difficulty with interpreting this measurement is breaking the degeneracy be-
tween a and C. In equation (6.10), o and C are perfectly degenerate appearing only in a

ratio a/C. The expression for the time constant in equation (6.11) breaks this degeneracy,
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Figure 6.2: Set of bias curves at different temperatures. The coldest temperature plotted
is 311 mK, while the warmest temperature plotted is 368 mK. In order to stay in the same
point in the transition as the bath temperature warms up, the bias current decreases as
shown by the arrow.

provided that the first term, I2 Ra/CT, is not too large. In a typical measurement scenario,
we are at the base temperature of the dewar, which causes the current for a given point in
the transition, Iy, to be large, and the first term dominates. To stay at a given point in
the transition but reduce the current needed to be at that point, we need to increase the
bath temperature of the system. Figure (6.2) shows a set of bias curves at different bath
temperatures, and an arrow illustrates how Iy decreases with increasing bath temperature
for a given point on the transition. Note also that the bias curves tend to develop unusual
features as the bath temperature gets closer to the transition temperature. These features
are repeatable between different load curves, and also between different cool-downs of the
same device. The cause of these features is not yet understood.

In an attempt to break the degeneracy, we warmed up the bath to 353.6 mK, just
16.4 mK below the superconducting transition of the device. We took a set of twelve complex
impedance curves through the transition, and curves when the device was superconducting
and when it was normal, as shown in Figure (6.3). We would like to fit each curve to
equation (6.10) to extract the heat capacity. The next section discusses the issue of this fit

in terms of the degeneracy between C and «.
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Figure 6.3: Set of complex impedance curves taken at a bath temperature 16.4 mK below the
superconducting transition of device delta. The black straight line on the right represents
the impedance when the device is normal at a resistance of 0.5 €2, while the small purple
line at a real impedance of zero is taken when the device is superconducting.
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Figure 6.4: x? surface for the pair of variables « and C where they are (a) non-degenerate,
(b) perfectly degenerate, and (c) partially degenerate. The ‘x’ denotes the minimum x?,
and a contour is drawn in containing all points within Ax? of the minimum. The errors in
a and C are approximately the extent of this ellipse in either direction. In (a), a and C
are perfectly non-degenerate: the ellipse is squared off, and Aa and AC are at a minimum.
In (b), a and C are perfectly degenerate: the ellipse is tilted and stretched out to form a
line. A and AC are infinite. In the mixed case (c), @ and C are partially degenerate: the
ellipse is tilted and elongated.

6.4 Degeneracy

In order to break the degeneracy, we need to reduce the current in the transition. If we
increase the bath temperature, we decrease the current needed to be at a particular point
on the transition. This helps to break the degeneracy between o and C. We would like
to be able to quantitatively calculate how well the degeneracy will be broken for a given
device and bath temperature. We would also like to calculate how low Iy must be to break
the degeneracy sufficiently.

In order to understand how to break the degeneracy, we need to understand the x? land-
scape of these two parameters. Calculating x? allows us to test the statistical independence

of two or more variables, in our case « and C.

_d)?
=Y Ui An (6.16)
; o;
i=1 ?

where f; is the fitting function, equation (6.10), and d; is the data value.

Figure (6.4) is meant to illustrate our method of minimizing the degeneracy between
these parameters. The three panels a, b, and ¢, show the y? surface for the pair of variables
a and C where they are non-degenerate, perfectly degenerate, and partially degenerate

respectively. The ‘x’ denotes the minimum x?, and a contour is drawn containing all points
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within Ax? of this minimum. If Ax? is chosen appropriately, then the errors in o and C
correspond to the extent of this ellipse in each direction. In Figure (6.4.a), @ and C are
perfectly non-degenerate: the ellipse is squared off, and Aa and AC are at a minimum.
In Figure (6.4.b), o and C' are perfectly degenerate: the ellipse is tilted and stretched out
forming a line, and the errors are then infinite. In the mixed case, Figure (6.4.c), @ and C
are partially degenerate: the ellipse is tilted and elongated.

If C changes by AC and o changes by Ac, then x? changes by Ax?, where

2
i afi —d:
N (fz+ AC + FiAa d) (fi — d;)?

2 2 )
A=) = - (6.17)
=1

This is the extent of our elliptical contour. Assume that the error ¢ is the same for each
data point, so we can move the o2 terms outside the sum. Expanding this expression and

regrouping terms:

Ja
£\’ af; Of;
( ) A02+(%> Aa2+2<608 )ACA

The first two terms in the sum average to 0 since (f; — d;) is random about 0, assuming our

N
Ax’o? = Z[ 8fZA(J+(f d)af’Aa

(6.18)

model provides a good fit to the data.

We can substitute into equation (6.18):

ANETT
c = Z(@C@a) (6.19)

giving
Ax%0? = aAC? + bAG? + 2cAC A (6.20)
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Now we can solve for Aa and AC in terms of a, b, ¢, and Ay?o?:

2 2 2\ 3
_ ¢ o G, o AxToT\?
Aa = bACi (bzAC’ bAC + = ) (6.21)

We want to find the extrema of the ellipse, or where A« is single-valued. This only happens

when
2 Av202
z—QACQ - %ACz + Xba =0 (6.22)
bAX?0?
We can follow the same procedure to obtain
alAx?o?

The ellipse is ‘squared’ when AC and A« are minimized, or when ¢? < ab.

We can easily calculate ¢, a, b, and x? from our complex impedance Zrps in equation
(6.10). Consider the case similar to our experimental data, where the warmed bath tem-
perature is T' = 353.6 mK, and at a bias point of 50% up the transition, or R = 0.25 Q and
Ip = 15.5 pA. In this case, ¢?/ab = 0.9996, which means that C' and « are almost perfectly
degenerate. We calculated the ratio for this detector scenario through the entire transition,
and found the ratio to be very close to unity. Unfortunately, for our device it is not possible
to sufficiently break the degeneracy between C' and «a to get a good measure of the heat
capacity in the transition.

To break the degeneracy, we need to lower I? Ra/C'T so that it is approximately equal
to G/C. The most obvious way to achieve this is to reduce I?R in the device. This
might explain why GSFC was able to easily measure the complex impedance in their TES
device, while we cannot. Their device had a normal state impedance of 0.02 €2, while our
impedance was 0.5 2. The choices for the impedances of our devices in this thesis were
somewhat arbitrary.

We have demonstrated that measuring the complex impedance of the device is straight-
forward. However, interpreting the results in the framework presented is both subtle and
complex. We can take the results of our measurements, and look at their shortcomings to

suggest specific experiments for the future. The bath temperature could be better controlled
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in order to bring the bath temperature very close to the transition temperature. Our warm
bath temperature was still 16.4 mK from the transition temperature of the device. Other
experiments at Caltech/JPL have shown temperature regulation down to fluctuations of
0.1 mK. We can also produce devices with much lower normal state impedance. It would
also be very useful to develop a model from empirical data and using the framework pre-
sented in this section. This model could predict the ability to break the degeneracy in the
parameters for a wide variety of devices. In order for this model to work, we need more
empirical data to show how both the impedance and bath temperature change the shape of

the load curve.
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Chapter 7

Conclusion

The SAMBA architecture has been devised as a next-generation solution to future CMB
missions. SAMBA is designed to be a large format array of antenna-coupled bolometers.
The antennas are polarization sensitive, and have a large bandwidth. This will enable the
construction of an array that has many pixels filling the entire focal plane, each with several
wavelength channels with use of microstrip filters. The SAMBA design addresses the need
for more sensitivity and throughput in future CMB experiments.

As a precursor to the complete SAMBA architecture, we have designed, developed and
studied a single-element device, which is presented in this thesis. This device consisted of a
dual-slot microstrip-coupled antenna coupled to an Al/Ti/Au TES on a thermally isolated
island. Several obstacles in processing these devices were overcome, resulting in a small
pool of test detectors. These obstacles included designing a new lithography process for
the many-layered device, maintaining the integrity of the TES through processing, and
designing a reliable microstrip termination structure for the normal metal resistor.

We tested four detectors under minimized optical loading conditions, commonly referred
to as ‘dark testing.” We found that the transition temperature of the TES decreased slightly
after processing the entire device. A measure of the steepness of the transition, «, was found
to be ~100 in the middle of the transition. This is lower than has been measured in other
TES films. This might be due to poor edge definition of the TES. We patterned the TES in
a liftoff process, which leads to jagged edges. In the future it would be good to use an etch-
back technique to obtain sharply defined edges of the TES. We measured load curves and
found the thermal conductance of the detector, G, to be 55 pW /K to within 6% for all four
devices. We measured the effective time constant of the devices by using an LED to apply a
pulse of radiation directly to the TES island. We find that the time constants are smallest

in the middle of the transition where the electrothermal feedback is the strongest. The
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fastest time constant measured was 437 us. Finally, we used the normal metal microstrip
termination resistor as an on-island heater. We found that the current responsivity of our
device is linear to 2%.

The most remarkable feature of our TES devices is their very small excess noise. Noise
so close to the theoretical limit has almost never been seen in TES detectors. We attribute
this to the reduced heat capacity of the TES film and absorber in our devices. However,
the increased excess noise at high bias voltages is not fully understood. More work must be
done to understand this excess noise if the device is to be operated in this regime.

In an effort to expand our understanding of the physics in the superconducting tran-
sition, we made the first measurements of the complex impedance in an Al/Ti/Au device.
This is only the second published work on this topic. Unfortunately, we were not able to
extract the heat capacity of the device through the transition, because the heat capacity
and « are degenerate for our detectors. However, we do believe that these measurements
can be successful on lower impedance devices if we design an efficient temperature control
system.

We have developed TES detectors with low noise. We believe they can be engineered
to have even lower noise, by decreasing G and C. We can also take care to make sure each
device is clean from residue and particles. These detectors are prime candidates for future
CMB missions.

Finally, the work in this thesis suggests many promising avenues for future research.
Future experiments could be devised to aid in the understanding of the topic. In the case
of TES detectors, the physics of the superconducting film in its transition while biased on
a thermally isolated island is perhaps more complicated than we initially expected. TES
development is usually conducted with the goal of developing a working instrument. Rarely
is there time or money to study just the TES film itself. With the widespread difficulties
in these films, it seems clear that more fundamental work must be undertaken before TES
detectors can be reliably engineered for implementation in the variety of applications pro-
posed. It seems that some of the phase-space of the parameters of the detectors must be
explored. For example, one could make ‘bare’ TES films on a thermally isolated island with
no absorber. The size of the films could also be varied, providing information which could
shed light on the extended heat capacity model for larger TES films. It could also shed

light on some of the characteristics of the superconducting transition, especially if complex
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impedance measurements are successful. As another example, one could design detectors
with the same small TES geometry, but using the different TES materials in use by various
groups. In the literature it is difficult to compare TES films based on the materials proper-
ties alone because their geometries, resistances and lead materials are different. Producing
a homogeneous set of detectors would resolve this problem.

Clearly more work is needed before TES detectors are a mature technology, capable of
being implemented in the same way as detectors in other wavelength regimes. However,
TES technology has much promise as a solution to detector needs in the astronomical and

solid state communities.
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Appendix A

Photoessay

For most experimental scientists working in the CMB field, the details of the processes
involved in fabricating a detector are mystifying. Often, the devices are made by a group
of skilled technicians in a cleanroom then handed over to the observers who integrate them
into instruments. As a scientist who stands on both sides of the line, I would like to show
pictorially the major steps in the fabrication process of a typical bolometer, and hopefully

shed some light on the workings of the cleanroom.

Figure A.1: When entering the cleanroom, an airshower greets you to blow off particles.
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Figure A.2: Although you might be working in the class 1000 area, it is mandatory to
satisfy class 10 gowning requirements since all areas are interconnected. Most of the gear
we don is not to protect us from the chemicals we will use, but to protect our devices from
us! Particulates can ruin a delicate device and make it difficult to work with.

Figure A.3: The next few figures will show an example of a process layer. Here is an
electron-beam evaporator, which can deposit various materials with relatively low impurity
rates. In an etch-back process, the layer (such as gold) will first be evaporated at the
appropriate thickness onto a silicon wafer.
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Figure A.4: This is the inside of the same e-beam evaporator. I am holding the plate on
which the wafer is mounted, inverted facing down. At the bottom of the picture, the gold
crucible can be seen.

Figure A.5: Other materials, such as niobium, can be deposited in this sputtering system.
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Figure A.6: After the metallization layer is deposited, a layer of photo resist is spun evenly
on the surface. No, my camera wasn’t broken. Photoresist is a liquid polymer solution that
reacts when exposed to UV radiation. When using resist, we have to work in a ‘UV-tight’
environment, causing the room to look yellow. For a ‘positive’ resist process, the exposed
polymers break under UV radiation. This reaction is used to create the desired pattern on
the wafer.

Figure A.7: A mask is used to create the desired pattern. The mask and wafer are placed
in an aligner system. Once the proper placement is achieved, the wafer is exposed with the
proper wavelength radiation for a set amount of time.
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Figure A.8: The wafer is unloaded from the aligner and. ..

Figure A.9: ...the wafer is placed in a developer for a precise amount of time. In our
‘positive’ resist example, the developer washes away the broken polymer areas, leaving the
pattern behind.



Figure A.10: The wafer has to be carefully dried before continuing the process. After this,
the materials in the exposed areas are removed either in a wet etch or in a plasma etch,
leaving behind a pattern under the photoresist. Finally the photoresist is removed in a
solvent.
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Figure A.11: For detectors with neutron transmutation doped germanium thermistors, the
chips must be placed and bonded by hand. It can be a very time-consuming and tedious
process.
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Figure A.12: The whole device must be protected before etching out the ‘window’ of silicon
that defines the open area under the silicon nitride membrane. Here I am melting wax on
the top side of the device.

Figure A.13: Safety first! This is the personal protective equipment donned when handling
acids. Besides the goggles, a faceshield, apron, and acid resistant gloves complete the
ensemble.
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Figure A.14: The silicon window is etched from the backside either in a dry plasma etch
process, or as shown here with hydrofluoric acid and nitric acid. After this step, the wax is
dissolved in solvents and the delicate device is removed from the liquid, taking care not to
break the membrane.
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Appendix B

Process Sheets

As requested by my thesis committee, these are the actual process sheets I developed and
used in fabricating the devices described in this thesis. The fabrication was performed exclu-
sively at the Microdevices Laboratory at NASA’s Jet Propulsion Laboratory in Pasadena,
California. These recipes are not meant to be ‘rules’ in recreating similar devices, but rather
guidelines for a starting point in developing a similar recipe. In general recipes vary from

cleanroom to cleanroom, and even machine to machine within a laboratory.

1. Ti/Au/Ti normal metal boundaries/load resistor
Thin normal metal layer will be placed on first to go underneath TES structure.
Top layer of Ti is to prevent diffusion of Au of this layer into the Al layer of
TES.
Preparation:
e C(lean wafer by rinsing in ACE followed by IPA for 1 m each, blow dry.
e Dehydrate wafer by placing on 115°C hot plate for 2 m, Cool wafer on plate
for ~1 m.
e Perform Og dry etch for 1 m using 100W, 50 sccm at 100 mT to clean wafer.
e Place HMDS on front side of wafer let sit for 30 sec
e Spread at 750 rpm for 3 sec and spin at 400 rpm for 40 seconds.
e Place AZ 5214E on front side of wafer
e Spread at 750 rpm for 3 sec and spin AZ 5214E at 4000 rpm for 40 seconds.
e Let PR settle 5 min
e Softbake at 95°C for 95 sec
Patterning:
Machine MJB3 MAe6
Mode | High precision (vac chamber) Hard vac
Exposure 20sec at 10mW /cm?, I=320nm 5 sec at 25mW /cm?
Develop| 4:1(DI:AZ400k) for 25-35sec | 4:1(DI:AZ400k) for 25-35sec

Inspect pattern under microscope. Proceed if all lines are well defined.

CD 2pm onto M10 TES boundary, 8um on ALL load resistor

Otherwise, strip photoresist and repeat step.

Plasma ash in O2 at .5Torr, 100W, 2min

Dip in diluted HF (10:1), or BOE for 5 sec then rinse in DI and blow dry.

Metallization:
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Evaporate using the Sloan or TSC e-beam evaporator at a base pressure of
<5 x 1077 Torr

25A of Ti at 1A/ sec

120A of Au at 2A/ sec

50A of Ti at 1A/ sec

Dip wafer in room temp ACETONE and heat to 50°C (water bath) for 30-
60min.

Perform DI flow rinse to remove microstrip and residual metals.

Observe under microscope to ensure all lines have metal

If metal was removed, strip metal and repeat evaporation

CD 2pm onto M10 TES boundary, 8um on ALL load resistor

TES patterning by liftoff
Al/Ti/Au TES, where Ti is diffusion barrier between Al and Au.
Top Ti structure is sticking layer for dielectric, which will be placed on top.

Preparation:

Clean wafer by rinsing in ACE followed by IPA for 1 m each, blow dry.

Dehydrate wafer by placing on 115°C hot plate for 2 m, Cool wafer on plate
for ~1 m.

Perform Os dry etch for 1 m using 100W, 50 sccm at 100 mT to clean wafer.

Place HMDS on front side of wafer let sit for 30 sec

Spread at 750 rpm for 3 sec and spin at 400 rpm for 40 seconds.

Place AZ 5214E on front side of wafer

Spread at 750 rpm for 3 sec and spin AZ 5214E at 4000 rpm for 40 seconds.

Let PR settle 5 min

Softbake at 95°C for 95 sec

Patterning:

Machine MJB3 MAG6

Mode | High precision (vac chamber) Hard vac

Exposure 20sec at 10mW /cm?, I=320nm 5 sec at 25mW /cm?

Develop| 4:1(DI:AZ400k) for 25-35sec | 4:1(DI:AZ400k) for 25-35sec

Inspect pattern under microscope. Proceed if all lines are well defined. Oth-
erwise, strip photoresist and repeat step.

CD 10pm on M10 or X10 type.

Plasma ash in O2 at .5Torr, 100W, 2min

Dip in diluted HF (10:1), or BOE for 5 sec then rinse in DI and blow dry.

Metallization:
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Evaporate using the Edwards e-beam evaporator at a base pressure of < 5 X
10~% Torr

280A of Al at 2A/ sec

280A of Ti at 2A/ sec

280A of Au at 2A/ sec

50A of Ti at 1A/ sec

Dip wafer in room temp ACETONE and heat to 50°C (water bath) for 30-
60min.

Slight agitation may be needed to have film lift off completely.

Perform IPA dip/flow rinse to remove ACE and residual metals.

Observe under microscope to ensure all lines have metal.

CD 10pm on M10 or X10 type.

If NOT well patterned, strip metal and repeat evaporation.

Nb Ground plane by liftoff

A good undercut is needed for this layer due to the fact that Nb is sputtered
onto the wafer, and a liftoff process is used.

We use a bi-layer process of PMMA (as it’s removed with chlorobenzene) and
PR.

Care must also be taken to not expose the underlying TES layer to 400K devel-
oper, as the Al will be stripped.

Preparation:

Clean wafer by rinsing in ACE followed by IPA for 1 m each, blow dry.

Dehydrate wafer by placing on 115°C hot plate for 2 m, Cool wafer on plate
for ~1 m.

Place HMDS on front side of wafer let sit for 30 sec using small spinner

Spread at 750 rpm for 3 sec and spin at 400 rpm for 40 seconds.

Place 6% 495K PMMA on front side of wafer using small spinner.

Spread at 750 rpm for 3 sec and spin 6% 495K PMMA at 4000 rpm for 40
seconds.

Softbake at 95°C for 65 sec followed by 105°C for 5 min.

Spread AZ5214E at 750 rpm for 3 sec and spin at 4000 rpm for 40 sec.

let PR settle 5 min.

Softbake at 95°C for 95 sec

Patterning: REGULAR 5124E DEVELOPMENT

Machine MJB3 MAG6

Mode | High precision (vac chamber) Hard vac

Exposure 20sec at 10mW /cm?, I=320nm 5 sec at 25mW /cm?

Develop| 4:1(DI:AZ400k) for 25-34sec | 4:1(DI:AZ400k) for 25-35sec




89

Oz RIE for descumming PMMA /PR interface layer.

Time: 6% PMMA 3.0 min

Power: 33%

Gas: 02 40 sccm (40%)

Pressure: 70mT turn-on followed by 10mT run pressure.

Deep UV flood PMMA 8 min at 25 mW /cm?

Develop PMMA in Chlorobenzene at 30°C for 30-40 sec

Toluene rinse. Dry quickly. If you leave the toluene on too long, the PR tends
to bubble.

Check if undercut is enough. If not place in chlorobenzene for 15-20 sec more
and repeat process as necessary.

02 RIE for final descumming of PMMA residue 0.5 min

CD 3pm on ALL leads from TES; 6pm gap in antenna.

Metallization: To be performed by H. LeDuc in his sputtering system

Slight Ar sputter to clean surface.

Sputter: Nb 2000A (aproximately 6 min) using Nb sputterer at a base pressure
of <5 x 1079 Torr

Dip wafer in room temp ACETONE and heat to 50°C (water bath) for 30-
60min.

Carefully use squirt bottle to remove residual metal, and swab while wet as
necessary.

Perform IPA dip/flow rinse to remove ACE and residual metals.

Observe under microscope to ensure all lines have metal.

CD 3um on ALL leads from TES; 6pm gap in antenna.

If NOT well patterned, strip metal and repeat evaporation.

Ti/SiO dielectric patterning
Dielectric for middle of microstrip and act as a passivation layer to protect TES
and resistors.

Preparation:

Clean wafer by rinsing in ACE followed by TPA for 1 m each, blow dry.

Dehydrate wafer by placing on 115°C hot plate for 2 m, Cool wafer on plate
for ~1 m.

Place HMDS on front side of wafer let sit for 30 sec using small spinner

Spread at 750 rpm for 3 sec and spin at 400 rpm for 40 seconds.

Place 6% 495K PMMA on front side of wafer using small spinner.

Spread at 750 rpm for 3 sec and spin 6% 495K PMMA at 4000 rpm for 40
seconds.

Softbake at 95°C for 65 sec followed by 105°C for 5 min.

Spread AZ5214E at 750 rpm for 3 sec and spin at 4000 rpm for 40 sec.

let PR settle 5 min.

Softbake at 95°C for 95 sec

Patterning: REGULAR 5124E DEVELOPMENT
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Machine MJB3 MAG6

Mode | High precision (vac chamber) Hard vac
Exposure 20sec at 10mW /cm?, I=320nm 5 sec at 25mW /cm?
Develop| 4:1(DI:AZ400k) for 25-34sec | 4:1(DI:AZ400k) for 25-35sec

Oz RIE for descumming PMMA /PR interface layer.

Time: 6% PMMA 3.0 min

Power: 33%

Gas: 02 40 sccm (40%)

Pressure: 70mT turn-on followed by 10mT run pressure.

Deep UV flood PMMA 8 min at 25 mW /cm?

Develop PMMA in Chlorobenzene at 30°C for 30-40 sec

Toluene rinse. Dry quickly. If you leave the toluene on too long, the PR tends
to bubble.

Check if undercut is enough. If not place in chlorobenzene for 15-20 sec more
and repeat process as necessary.

02 RIE for final descumming of PMMA residue 0.5 min

CD 10pm on ALL lead legs.

Metallization:

Evaporate 50 A of Ti at 1 A /sec in Sloan e-beam evaporator.

Load into SiO thermal evaporation chamber and evaporate 2000A of SiO at
5-10A /s

Dip wafer in room temp ACETONE and heat to 50°C (water bath) for 30-
60min.

Perform IPA dip/flow rinse to remove ACE and residual material.

Observe under microscope to ensure all lines have metal.

If NOT well patterned, strip metal and repeat evaporation.

CD 10pm on ALL leads from TES.

5.

Nb Leads by liftoff

Preparation:

Clean wafer by rinsing in ACE followed by IPA for 1 m each, blow dry.

Dehydrate wafer by placing on 115°C hot plate for 2 m, Cool wafer on plate
for ~1 m.

Place HMDS on front side of wafer let sit for 30 sec using small spinner

Spread at 750 rpm for 3 sec and spin at 400 rpm for 40 seconds.

Place 6% 495K PMMA on front side of wafer using small spinner.

Spread at 750 rpm for 3 sec and spin 6% 495K PMMA at 4000 rpm for 40
seconds.

Softbake at 95°C for 65 sec followed by 105°C for 5 min.

Spread AZ5214E at 750 rpm for 3 sec and spin at 4000 rpm for 40 sec.

let PR settle 5 min.

Softbake at 95°C for 95 sec
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Patterning: REGULAR 5124E DEVELOPMENT

Machine MJB3 MAG6

Mode | High precision (vac chamber) Hard vac
Exposure 20sec at 10mW /cm?, I=320nm 5 sec at 25mW /cm?
Develop| 4:1(DI:AZ400k) for 25-34sec | 4:1(DI:AZ400k) for 25-35sec

Oy RIE for descumming PMMA /PR interface layer.

Time: 6% PMMA 3.0 min

Power: 33%

Gas: 02 40 sccm (40%)

Pressure: 70mT turn-on followed by 10mT run pressure.

Deep UV flood PMMA 8 min at 25 mW /cm?

Develop PMMA in Chlorobenzene at 30°C for 30-40 sec

Toluene rinse. Dry quickly. If you leave the toluene on too long, the PR tends
to bubble.

Check if undercut is enough. If not place in chlorobenzene for 15-20 sec more
and repeat process as necessary.

02 RIE for final descumming of PMMA residue 0.5 min

CD 3.4pm on ALL leads from antenna; 5um on ALL wire on lead leg.

Metallization: To be performed by H. LeDuc in his sputtering system

Slight Ar sputter to clean surface.

Sputter: Nb 2000A (aproximately 6 min) using Nb sputterer at a base pressure
of <5 x 1079 Torr

Dip wafer in room temp ACETONE and heat to 50°C (water bath) for 30-
60min.

Carefully use squirt bottle to remove residual metal, and swab while wet as
necessary.

e Perform IPA dip/flow rinse to remove ACE and residual metals.
e Observe under microscope to ensure all lines have metal.
e CD 3.4pum on ALL leads from antenna; 5pum on ALL wire on lead leg.
e If NOT well patterned, strip metal and repeat evaporation.
“Normal” release process
6. Front-side SiN etch

Spread thick resist (AZ 4330) on backside to protect during etch.
Take care not to etch too much of SiOs, as this layer provides etch-stop during
deep Si etch.

Preparation:
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Clean wafer by rinsing in ACE followed by IPA for 1 m each, blow dry.

Dehydrate wafer by placing on 115°C hot plate for 2 m, Cool wafer on plate
for ~1 m.

Place HMDS on back (unpatterned) side of wafer let sit for 30 sec

Spread HMDS on back (unpatterned) side at 750 rpm for 3 sec and spin
at 400 rpm for 40 seconds.

Spread AZ4330 on back (unpatterned) side at 750 rpm for 3 sec and spin
at 4000 rpm for 40 sec.

let PR settle 5 min.

Hardbake wafer at 115°C for 60 sec

Gently clean PR beads on front (patterned) side with a swab dipped in
acetone.

Hardbake wafer at 115°C for 60 sec to dehydrate.

Place HMDS on front (patterned) side of wafer let sit for 30 sec

Spread HMDS on front (patterned) side at 750 rpm for 3 sec and spin at
400 rpm for 40 seconds.

Spread AZ4330 on front (patterned) side at 750 rpm for 3 sec and spin at
4000 rpm for 40 sec.

let PR settle 5 min.

Softbake at 95°C for 95 sec

Patterning:
Machine MJB3 MAG6
Mode High precision (vac chamber) Hard vac
Exposure 20sec at 10mW /cm?, I=320nm| 5 sec at 25mW /cm?
Develop 4:1(DI:AZ400k) 4:1(DI:AZ400k)
for 25-35sec for 120-10sec

Inspect pattern under microscope. Proceed if all lines are well defined. Oth-
erwise, repeat this step.

CD 7pum on ALL side SiN legs; 16pum on lead SiN leg.

Hardbake wafer at 115°C for 2 min.

Etching:

Hardbake wafer at 115°C for 5 min.

Dry etch using CF4 @ 22 sccm, 100mT, 100W for 44 min, base pressure <
2 x 1075 Torr

etch rate is approximately 25 nm/min for Si3N/.

Can use UV edge finder.

CD 7pum on ALL side SiN legs; 16pum on lead SiN leg.

Back-side SiN etch
Pattern backside window, etch SiN. SiO, layer needs to be completely removed
in prep. for deep Si etch.

Preparation:
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Clean wafer by rinsing in ACE followed by IPA for 1 m each, blow dry.

Dehydrate wafer by placing on 115°C hot plate for 2 m, Cool wafer on plate
for ~1 m.

Place HMDS on front (patterned) side of wafer let sit for 30 sec

Spread HMDS on front (patterned) side at 750 rpm for 3 sec and spin at
400 rpm for 40 seconds.

Spread AZ4330 on front (patterned) side at 750 rpm for 3 sec and spin at
4000 rpm for 40 sec.

let PR settle 5 min.

Hardbake wafer at 115°C for 60 sec

Gently clean PR beads on back (unpatterned) side with a swab dipped in
acetone.

Hardbake wafer at 115°C for 60 sec to dehydrate.

Place HMDS on back (unpatterned) side of wafer let sit for 30 sec

Spread HMDS on back (unpatterned) side at 750 rpm for 3 sec and spin
at 400 rpm for 40 seconds.

Spread AZ5740 on back (unpatterned) side at 750 rpm for 3 sec and spin
at 2000 rpm for 30 sec.

let PR settle 5 min.

Softbake at 110°C for 6 min

Patterning:
Machine MJB3 transmission IR MAG6 backside feature
Mode soft or hard
Exposure 65 sec at 25mW /cm?
Develop 3:1(DI:AZ400k) for 5-6 min

Hardbake wafer at 130°C for 5 min

Inspect pattern under microscope. Proceed if all lines are well defined. Oth-
erwise, repeat this step.

Etching:

Dry etch using RIE CF4 @ 40 sccm and Og @ 8 scem, 50mT, 100W for 14-15
min, base pressure < 2 x 1075 Torr

etch rate is approximately 170 nm/min for Si3sNy, slower for SiO,.
Can use UV edge finder.

If SiOy isn’t completely removed (surface should appear silvery) do BOE dip
for requisite time. Consult color chart for approximate thickness.

Deep silicon etch with STS
STS deep etch team will perform etch. Prep for process:
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Make sure no PR splatter remains in holes on backside.

Place 6” backing wafer onto hot plate @ 80-90¢rcC for yellow wax application.

Melt small piece of yellow wax onto backing wafer until it liquifies. Cover inside
area where wafer is to be placed. Removed and allow wax to cool. Reheat,
liquifying wax, place one edge of detector wafer on liquified wax (backside up),
then slowly lower wafer to reduce bubbles. Place weight on wafer, remove from
heat and allow to cool.

Cover exposed backing wafer with Kapton tape.

Use program Spider-2 for STS etch, ~2 nm/min. 200 ym takes about 1 hr 33
min, will stop on SiO9 layer.

Dip whole wafer sandwich into BOE to completely remove SiOg from behind
web. Watch out for bubbles!

Final Release

Remove Kapton tape from backing wafer. Scrape off excess yellow wax with
blade.

Place wafer sandwich on holder, device side down.

Fill with warm TCE. As yellow wax dissolves, devices will fall to bottom of
holder.

Rinse devices carefully in Acetone and IPA, taking care not to snap delicate
structures.
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