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Superconducting bolometers for millimeter and submillimeter wave
astronomy

Abstract

Bolometers are simple and robust incoherent continuum detectors which nevertheless can reach sen-
sitivities close to the fundamental noise limit. This thesis describes the theory, design, fabrication and
testing of the superconducting bolometers, developed in collaboration between the Max Planck Insti-
tute for Radio Astronomy (MPIfR), Bonn and the Institute for Photonic Technology (IPHT), Jena,
Germany. The voltage biased superconducting bolometer (VSB) offers various advantages over the tradi-
tional semiconducting bolometer; it is faster, more sensitive, has a higher dynamic range, allows complete
microlithographic fabrication and can be multiplexed with Superconducting Quantum Interference De-
vices (SQUIDs). The low noise SQUID amplifiers operate at bolometer temperatures and have very low
power dissipation. The low impedance characteristics of VSBs and SQUIDs makes them less sensitive to
microphonic pickup and it is possible to achieve very low noise equivalent power (NEP) levels. The fabri-
cation of bolometers with integrated SQUIDs and the multiplexing electronics will allow the production
of bolometer arrays with several hundred or more pixels.

The superconducting thermistor, deposited on the low stress silicon nitride membrane, is a bilayer
of gold-palladium and molybdenum and is designed for a transition temperature of 450 mK. Bolometers
for the 1.2 mm atmospheric window were designed, built and tested. Different test arrays with seven
bolometers were fabricated to study the properties of the thermistor and the silicon nitride membrane.
The thermal conductance (G) of the bolometer is tuned by structuring the silicon nitride membrane into
spider-like geometries. The bolometers are divided into three different categories, High-G, Medium-G
and Low-G, depending on their thermal conductance. The silicon nitride membrane is continuous for
the High-G and it is structured into a spider-like geometry for Medium-G and Low-G bolometers. The
thermal conductance of Low-G bolometers is too low for operating with a 300 K background, because
under this condition, the bolometer will be driven into the normal conducting state by the radiation
alone. The thermal conductance of Medium-G bolometers is appropriate for the operation with a 300 K
background and for the experimental purposes the silicon nitride membrane of the Medium-G bolometer
is structured into 8-legs, 16-legs and 32-legs spider geometries.

The incident radiation is absorbed by crossed dipoles made from gold-palladium (Au-Pd) alloy with a
surface resistance of 10 /0. The base temperature of 300 mK is provided by a liquid *He cryostat with
integrated *He stage. The time constant of the bolometer is derived by measuring the modulated signal of
a blackbody using a lock-in amplifier. The noise is measured as a timeseries and analyzed using National
Instruments’ LabVIEW package. A bolometer model has been developed to understand the physics of
the bolometer. Using the COSMOS finite element analysis (FEA) package, the thermal conductance is
obtained for the bolometers of different geometries. The ideal performance of the bolometer is derived
from VSB theory and the results from the bolometer model are compared with experimental results.

FEA simulations showed that the deposition of a gold (Au) ring around the absorbing area could
increase the sensitivity of the bolometer. Therefore, a new Medium-G layout was fabricated, with a gold
ring around the absorbing center patch of the silicon nitride membrane. For the Medium-G bolometer
without the gold ring, the measured optical noise equivalent power (NEP) is 1.9 x 10~ W/v/Hz and the
time constant is in the range between 0.2 and 0.38 ms. For the Medium-G bolometer with gold ring, the
measured NEP is 1.7 x 1071 W/v/Hz and the time constant is in the range between 1.4 and 2 ms. The
gold ring increases the heat capacity, and this is a way to increase the time constant of the bolometer.
This will be useful for time domain multiplexed arrays. The performance of Medium-G bolometers is
close to the 300 K background limit in the 1.2 mm atmospheric window.

Bonn, 2007
Nikhil Jethava
Key words: VSB, TES, Superconducting bolometer, SQUIDs.
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Chapter 1

Introduction

The aim of this dissertation is to develop very sensitive detectors for astronomical applications at wave-
lengths between few hundred pym and few mm.

1.1 Receiver Technologies

Receivers are instruments that convert incoming electromagnetic radiation to an electrical signal. Re-
ceivers in radio and (sub)millimeter astronomy are divided into mainly two categories depending on the
detection principle, namely coherent heterodyne mixers and incoherent broad band continuum detectors
of which bolometers are important examples. In addition, for each category, various detector technologies
exist and the choice for the one or the other depends on the frequency range of interest. Fig. 1.1 shows
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Figure 1.1: An overview of various receiver technologies at different frequency bands.
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Figure 1.2: The block diagram of heterodyne receiver assembly.

the various receiver technologies used in different frequency bands.

1.1.1 Coherent detectors

Coherent detectors respond to the electric field strength of the incoming radiation and can preserve
information about the phase of the signal. Most coherent (sub)millimeter receivers utilize the so-called
heterodyne principle. Fig. 1.2 shows the block diagram of typical heterodyne receiver used in radio
astronomy. The signal power with center frequency vgp is coupled to the receiver by an antenna. At
(sub)millimeter wavelengths, the antenna signal is coupled directly to the mixer assembly. There, it is
superposed (“mixed”) with a signal of a chosen frequency (e.g. that of a spectral line of interest). One
of the mixing products, namely the difference frequency (named intermediated frequency, IF), lies in the
radio range. This IF signal can be further processed with the well-known, low-noise amplifiers (LNAs)
available at the radio frequencies, fed and integrated into a spectrometer. In a heterodyne receiver the
largest gain is obtained in the IF amplifier, which also usually determines the pre-detector bandwidth of
the receiver. However, the sensitivity of the overall system depends on the gain of the first (mixer) stage,
which has to be as sensitive as possible. The most common submillimeter mixers use superconductor-
insulator-superconductor (SIS) devices.

Coherent heterodyne receivers are very useful for high resolution spectroscopy in radio and (sub)millimeter
astronomy. Since in the heterodyne process the phase of the signal is preserved. it allows their use in
the interferometers in which signals from various antennas are combined to “synthesize” high angular
resolution.

A drawback of SIS receivers is the relatively small bandwidth (a few GHz). Since a system’s sensitivity
changes are proportional to the square root of the bandwidth, this is a drawback for the detection of
continuum emission, i.e., emission whose intensity changes slowly with the frequency (in contrast to a
“sharp” spectral line).

1.1.2 Incoherent detectors

Incoherent detectors absorb the incoming radiation but they can not preserve the phase information of
incoming signal. Development of the incoherent thermal detector called bolometer, was started a century
ago (Langley 1900). In short, a bolometer system consists of an absorber connected to a heat sink (i.e.,
area of constant temperature) through an insulating link. The radiation absorbed by the absorber raises
its temperature above that of the heat sink. A sensitive thermistor, which is a resistor with a strong
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temperature coefficient, senses the temperature change, which is then calibrated to the intensity of the
absorbed radiation. Development efforts led to the production of the carbon resistance bolometer (Boyle
& Rogers 1959) and, finally, the germanium resistance thermometer (Low 1964). Born & Wolf (1975)
explain the absorption of radiation in metal films and Clarke (1971, 1974) applied such films as the
radiation absorbers in the bolometers. The semiconducting bolometer operating at 3He temperature was
introduced by Drew & Sievers (1969). Downey et al. (1984) introduced the ion implantation of doped
silicon for the thermometers. The principal advantage of the bolometric systems is the high achievable
sensitivity because of a large bandwidth. The old generation semiconducting bolometers are now replaced
by a new generation of transition edge superconducting voltage biased bolometers that have significant
advantages of sensitivity, performance and fabrication technology.

The observations of cosmic microwave background (CMB) radiation, the Sunyaev-Zel’dovich effect,
mapping of high z objects as well as of star forming regions require,

e very sensitive bolometer systems
e high mapping speed

Since the 1980s, the latter requirement has led to the development of arrays of bolometers, i.e, nowa-
days several hundreds of bolometers integrated on one silicon wafer. The new generation of voltage biased
superconducting transition edge sensors, the topic of this dissertation, have higher sensitivity and faster
response time than the old generation semiconducting bolometers. The response time is defined by the
time constant of the bolometer. It is possible to reach the fundamental noise limit and the time constant
is of the order of a few milliseconds. The fabrication of superconducting bolometer can be performed

completely with micro-lithography processes, hence it is possible to produce large number pixel arrays
(~ 102 — 10%).

1.2 Scientific background and motivation

Scientific research in cosmology and astronomy are the main drivers for the development of bolometers
at millimeter and submillimeter wavelengths. In this section, the main scientific applications of the
bolometers are summarized.

The cosmic microwave background radiation (CMBR) radiation is the remnant from the hot Big
Bang. Through its expansion the Universe has cooled to 2.728 K. To a very high degree of accuracy,
the CMB radiation is represented by a Planck function with a maximum near 2 mm and covers the sky
isotropically. Nevertheless, over the last decade tiny anisotropies (of order 1 part in 100000) have been
found and their distribution over angular scales has been determined. These anisotropy measurements
have shown that the geometry of the universe is Euclidean and have provided accurate measurements of
cosmological parameters.

The spectral energy distribution (i.e. emitted power versus wavelength) of galaxies peaks at optical or
near-infrared wavelengths and in the far-infrared range, around 60 — 80 pm. While the shorter wavelength
maximum is due to star light the longer wavelength one is due to warm dust heated by the ultraviolet
radiation from the massive stars. It falls very steeply with increasing wavelength in the (sub)millimeter
portion of the spectrum (see §1.2.3). The millimeter and submillimeter wavelength bands are well suited
to study comets and other objects in our solar system, the birth of stars, galaxies and the CMBR and
there is an enormous potential for scientific discovery.

Very sensitive bolometer arrays are ideally suited to meet many of the requirements for such dis-
coveries. Using the TES technology it is possible to build focal plane arrays with hundreds of pixels.
Additionally, TES arrays will have greater sensitivities than semiconductor bolometers. This combina-
tion will make TES bolometer arrays instruments of choice for (sub)millimeter astronomy.
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1.2.1 Star and planet formation

Star formation in our and external galaxies occurs in optically invisible regions of molecular clouds that
consist of gas and dust. Stars form when dense cloud condensations reach a point where the gravitational
forces overcomes the thermal pressure, turbulent motion, and the magnetic field that support the cloud.
During protostellar collapse, most protostars appear to form a disk since, because of angular momentum
conservation, the collapse can only occur along the rotation axis of an initially slowly rotating cloud. Dust
emission from molecular clouds is intrinsically weak at (sub)millimeter wavelengths. Because of this, the
measured flux density is proportional to the dust column density and, thus, to the total (molecular)
column density, meaning the number of hydrogen molecules (the by far most abundant species) per
square centimeter. It is also proportional to the temperature and A\=2~?, where \ is the wavelength and
the emissivity index, 3, has a value between 1 and 2 (Mezger et al. 1982). Pre-stellar cores (“protostars”)
in molecular clouds are the sites of ongoing star formation. Therefore, they are the prime laboratories to
study pre-conditions of star formation and the earliest stages of the stellar life cycle. Wide-area surveys of
these regions with bolometer arrays at (sub)millimeter wavelengths have proved very efficient in finding
protostellar condensations and still deeply embedded very young stars. Since the emission is proportional
to the total column density, masses of these objects can be directly determined from the observed fluxes.
(Motte et al. 1998; Johnstone & Bally 1999).

Many young Pre-Main-Sequence (PMS) stars (T Tauri, FU Ori and Herbig Ae/Be stars) have been
detected in thermal dust emission in the submm regime (Weintraub et al. 1989; Beckwith et al. 1990;
Mannings 1994). Such stars are still embedded in remnants of the dust clouds in which they formed.
In order to find the true properties of the circumstellar dust emission, one needs to separate the disk
emission with the emission from the surrounding clouds so it is essential to map the dust emission.
This can be done by mapping the region surrounding the stars (Aspin et al. 1994; Sandell & Weintraub
1994; Henning et al. 1998). High resolution mapping with the Submillimeter Common User Bolometers
Array (SCUBA) on the James Clerck Maxwell Telescope (JCMT) shows that the many PMS stars have
extended dust envelopes or disks (Weintraub et al. 1999). Such studies show that the dust emission from
these condensed regions has a surprisingly flat spectral energy distribution suggesting that their dust
emission has a lower emissivity index than the general interstellar dust emission (Simon & Guilloteau
1992; Koerner et al. 1993; Hogerheijde et al. 2002). These flat spectral energy distributions could be due
to very large dust grains, indicating perhaps the start of planetary system formation. By studying stars
of different ages it is possible to find out whether there exists a clear transition period when the dust
grains assemble into building blocks of planets (planetesimals) and when the disk is cleared by the newly
formed planets.

Observations in the mm/submm regime very sensitive to left-over material from planetary system
formation (so-called debris disks). First detected around Vega, such disks, which also have been found
around Fomalhaut, § Pictoris and € Eri, are very striking in the submm regime (Holland et al. 1998).
Fomalhaut shows a nearly edge-on disk around the central star, really suggesting a planetary system.
[ Pictoris and Vega show right blobs far from the central stars which might be density enhancements
in their disks (Greaves et al. 1998). Another typical Vega-like star, e Eri, shows a ring-like structure
seen nearly pole-on with a clump in the ring (Greaves et al. 1998). This may be indicative of a region
perturbed by the action of a planet.

The discovery of Trans-Neptunian Objects (TNO) has revolutionized the study of the outer solar
system in the past decade (Jewitt & Luu 1992). These objects orbit the Sun with orbital semi-major
axes of 30 to 50 AU, typically have temperatures of ~ 75 K and are thought to be fossil remnants of the
Sun’s accretion disk. More than 800 of such objects have been found (Trujillo et al. 2001; Schulz 2002).
TNOs were discovered by optical observations, but observations in the mm/submm regime are essential
to understand them physically, e.g., their optical magnitudes constrains the product of the TNO size and
albedo; by measuring the thermal emission in the mm regime this degeneracy is broken. Jewitt et al.
(2001) used SCUBA (850 pm) and optical observations to measure the albedo and the radius of Kuiper
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Figure 1.3: The spectrum of cosmic microwave background radiation and the microwave background radiation
after passage through an scattering atmosphere due to Sunyaev-Zel’dovich effect. The SZ effect causes a fractional
decrease in the low-frequency intensity of the CMBR that is proportional to y.

Belt Objects; they found an 850 pum flux density of ~ 2—3 mJy (with RMS of 1 Jy in 5 hours).

1.2.2 Clusters of galaxies and the Sunyaev-Zel’dovich effect

The Sunyaev-Zel'dovich (SZE) effect (Sunyaev & Zel’dovich 1970), arises from the scattering of CMBR
photons by electrons gas in the hot plasma filling clusters of galaxies. Photons passing the cluster and
collide with electrons gain a tiny amount of energy due to the inverse Compton effect. This causes a
distortion in the black body spectrum of the CMBR, namely a depression on the long-wavelength side
of it its peak near 2 mm and an enhancement on the short-wavelength side. When imaging a cluster at
wavelength longer than 2 mm one will find a depression (negative flux) at the position of the cluster and
a positive signal at the short-wavelength side. The intensity of the SZE is independent of the distance
to the cluster. Since x-ray emission is dependent on the distance, comparison of the SZE mm-signal and
the x-ray emission can yield a direct distance measurement. This can be compared with the distance
obtained from the Hubble relation, D = cz/H,, where c is the speed of light and z is the cluster’s redshift,
which can be obtained from optical observations. From this it is clear that SZE observations can be used
to determine the Hubble parameter H,, the expansion rate of the Universe. The SZ effect provides thus
an important cosmological probe.

Other applications in cosmology include measurements of the properties of gas in clusters of galaxies,
motions of clusters of galaxies and to study the evolution of the Universe.

Measurements of the Sunyaev-Zel'dovich effect have long been tried (Birkinshaw 1999) and finally
successfully accomplished by radio wavelength interferometry (Carlstrom et al. 1996; Reese et al. 2002).
High angular resolution data from Chandra have greatly improved our understandings of these objects.
They have revealed embedded colder blobs of gas which may be remnants of the past merger activity
(Kempner et al. 2002). SZE observations are currently limited to a much lower resolution view of the
Intra-Cluster Medium (ICM). When the instrument with sufficient sensitivity will become available, the
SZE will provide a valuable independent, detailed vies of these and other processes. For example, it is
clear that the dark matter profile in the galaxies is not well understood in detail since the giant radial arcs
are too abundant by a factor of 10 under currently accepted cosmological properties (Bartelmann et al.
1998). A high resolution view of the baryons in the clusters of both relaxed and violent, orthogonal to the
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view provided by the X-rays, will help to clarify this situation. The high resolution, high sensitivity maps
of the SZE in more distant clusters, in combination with X-ray, will allow to estimate the 3D structure
and orientation of galaxy clusters (Zaroubi et al. 2001).

The SZE can be used to understand the formation and evolution of structure at high redshift galaxies,
because the SZE surface brightness does not dim as the physical system moves further away. Measure-
ments of abundance of clusters of galaxies as a function of redshift also give the strong constraints on
the underlying cosmology (Mason et al. 2003; Kuo et al. 2004). The degree of substructure in clusters as
a function of mass and redshift is a powerful constraint on cosmology and structure formation scenarios
(Evrard et al. 2002; Bond et al. 2005).

1.2.3 Origin and evolution of galaxies

While the Spectral Energy Distribution (SEDs, i.e. emitted power vs. wavelength) of a normal spiral
galaxy like the Milky Way has comparable of maxima at optical/near-infrared and far infrared (FIR)
wavelengths, there are also very luminous, massive galaxies, whose SEDs are dominated by FIR emission.
These objects have been named ultraluminous IR-galaxies (ULIRGs). The FIR emission arises from dust
that absorbs the copious ultraviolet emission from hot (7' ~ 30000 K) stars, gets heated and re-emits
maximally at FIR wavelengths (between 50 and 100 pm). It is, thus, a direct measure of the rate of
star formation. ULIRGs are undergoing massive bursts of star formation with star formation rates of
hundreds to ~ a thousand solar masses per year. (The star formation rate in our Milky Way galaxy is a
few solar masses per year). Apart from active galactic nuclei (AGN), ULIRGs, with L;r > 10'?Lg), are
amongst the most luminous objects in the Universe.

In particular in the Early Universe this extreme starburst activity seems to be coeval with AGN
activity, at least in the extreme objects that can currently be observed.

Because of the expansion of the Universe, in distant objects this FIR peak in the SED becomes
shifted to longer wavelengths (i.e., “redshifted”). For high enough redshifts, this peak wanders into
the submillimeter range. This is illustrated by Fig. 1.4, which shows the SED of a typical L;r =
10*2 L, ULIRG calculated for increasing redshifts (top to bottom) for a cosmology with h=0.5 and Q,=1
(Guiderdoni et al. 1998). It is apparent that the flux in the submm range is nearly insensitive to redshift
for z > 0.5, because the shift of the 80-100 pym bump counterbalances the dimming with distance. This
strong so-called “negative K-correction” effect applies at wavelengths longer than about 250 um. At these
wavelengths the flux density from galaxies at z > 1 ceases to decline with the inverse square of distance,
but instead remains approximately constant with increasing redshift. A window is thus opened to the
detection of all galaxies with similar SEDs at redshifts up to z ~ 10-20. The effect is more pronounced
at longer wavelengths: in the millimeter waveband more distant galaxies are expected to produce greater
flux densities than their more proximate counterparts.

Observations in the 850 um and 450 pm bands with SCUBA and in the 1.2 mm band with the
Max-Planck Bolometer Array (MAMBO) on the IRAM 30m telescope have resulted in the discovery of
numerous high redshift (z > 2) Submillimeter Galaxies as well as dust emission around high redshift
quasars. The star formation rates derived from the observed dust emission are very high (hundreds to
thousands of solar masses per year) (Carilli & Yun 1999; Hughes et al. 2002). Many of these submm-
selected systems do not have optical counterparts as the dust which emits at submillimeter wavelength
absorbs very effectively in the rest frame ultraviolet range.

Many of these highly interesting high-redshift system are found by unbiased mapping of sky regions
as large as possible down to extremely low flux density limits. Here is a decisive advantage of array
receivers; in fact the whole field opened with the discovery of submillimeter sources in the famous Hubble
Deep Field with the 37 element SCUBA array at 850um (Hughes et al. 1998).



7 CHAPTER 1. INTRODUCTION

Figure 1.4: Emission from a galaxy with an IR luminosity of = 10'2L¢, at different redshifts for a cosmology
with h=0.5 and Qo=1 (Guiderdoni et al. 1998).

1.3 Thesis outline

This dissertation deals with bolometric direct detectors, which are currently the most sensitive broadband
detectors for wavelengths from 200 um to 3 mm. The present generation of bolometer arrays consists
of several hundred pixels. The current need of the astronomical community require larger arrays with
103—10* elements and performance near the fundamental noise limit. The results and model reported in
this dissertation are a contribution toward this goal.

At the Max Planck Institute for Radio Astronomy (MPIfR), Bonn, Germany, the development of su-
perconducting bolometer was started in collaboration with the Institute for Photonic Technology (IPHT),
Jena, Germany. The fabrication of bolometer and SQUID is performed at IPHT. The testing, experiments
and modeling of the bolometer is performed at MPIfR.

Chapter 2 - Bolometer theory

In this chapter, a detailed comparison between the theory of semiconducting and superconducting bolome-
ter, is performed. The responsivity comparison shows the advantages of the new generation TES bolome-
ters over the old semiconducting bolometers. The noise theory for conventional bolometer and super-
conducting bolometer is explained with inclusion of the photon noise. Signals from superconducting
bolometers are detected by Superconducting Quantum Interference Devices (SQUIDs). A brief introduc-
tion of SQUID amplifiers and their operating principle is presented.

Chapter 3 - Overview of Transition Edge Sensors and SQUIDs

This chapter introduces the superconducting transition edge sensors and SQUIDs. The incoming radiation
is coupled to an absorber and the temperature rise is detected by the superconducting thermistor. The
thermistor is deposited on the silicon nitride (SizN4) membrane. The fabrication of thermistor, absorber
and the method of structuring the low stress silicon nitride membrane are explained. The output of
several TESs can be time division multiplexed (TDM). The TDM scheme and its technical trade-offs are
explained.
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Chapter 4 - Test array and experimental setup

The layout of the 7-element array that has been fabricated and tested, is presented. The 7-element array
is maintained at a base temperature of 300 mK using a *He sorption cooler. The filters which define the
passband transmission of the bolometers are explained. The detailed explanation of the testing setup
is also presented. The temperature measurements are done with a Lakeshore Germanium Resistance
Temperature Detector (RTD) using a four wire conductance bridge. The schematics of readout system
is explained. The filters and absorbing structure define the spectral response of the system which can be
characterized using a Martin-Puplett interferometer. The experimental setup for the measurements of
the Martin-Puplett interferometer is shown.

Chapter 5 - Modeling of the bolometer

It is possible to derive the behavior of an ideal bolometer from theory, assuming that the value of the
thermal conductance (G) and the resistance-temperature relation are known. In order to understand
the bolometer behavior, a model has been developed to compare the experimental results with theory.
The values of thermal conductance for all the geometries are obtained from finite element analysis.
The thermal model of the bolometer and the procedure for finite element analysis is explained. The
derivation of voltage—current (I — V') characteristics from the value of the thermal conductance and
measured temperature—resistance (R — T') dependence is shown.

Chapter 6 - Experimental results and modeling

This chapter presents the experimental results which are important for the conclusions. The initial 7-
element array was fabricated into different configurations and the important results are presented. To
understand the effects of Au-Pd/Mo thermistor and the low stress silicon nitride membrane, the initial
layout was changed to a new layout. In this layout, the seven elements are fabricated with the seven
thermistors of different geometrical and physical properties. The comparison between experimental results
of different thermistors show that the performance of the 100 pum square thermistor is better than that
of the other thermistors, hence the 100 pm square geometry was chosen as standard for next bolometer
arrays. In order to increase sensitivity of the bolometer, the silicon nitride membrane is structured in
8-legs, 16-legs or 32-legs. The geometry is divided into three categories, High-G, Medium-G and Low-G,
depending on their thermal conductance values. The thermal conductance values decrease from High-G
to Low-G layout. The experimental results and the model for High-G , Medium-G and Low-G layouts
are discussed in detail. The measurements of time constant (7) of the bolometer and the calculations of
Noise Equivalent Power (NEP) are also presented. The Medium-G layout was found to be suitable to
work at 300 K background radiation. The deposition of gold ring on the center absorbing patch of the
silicon nitride membrane increases the sensitivity and reduces the time constant of the bolometer. The
experimental results and the bolometer model of Medium-G layout with and without addition of a gold
ring are shown. The heat capacity (C) budget calculations are performed for all the geometries.



Chapter 2

Bolometer theory

2.1 Basic concept of bolometers

The bolometer is a thermal detector, employing the temperature dependence of the electrical resistance to
measure a change in temperature caused by absorbed radiation. The resistivity of different materials has
been widely studied and a suitable material can be selected to optimize the bolometer design for various
applications. The radiation absorber has high absorptivity over the interested frequency range and has
small heat capacity. The supporting substrate (e.g. a Si wafer) has a low heat capacity and large thermal
conductivity so that it remains isothermal during the bolometer operation. The thermometer has low
heat capacity and low electrical noise and its electrical resistance is a sensitive function of temperature.
It is thermally attached to the absorber. A weak thermal link which has both low heat capacity and
thermal conductance, appropriate for the application of interest, connects the bolometer to the heat sink.
The heat sink is maintained at a stable bath temperature. The mechanical support for the bolometer
also has low heat capacity and low thermal conductance.

Bolometers are used for a wide variety of applications at infrared and millimeter wavelengths for lab-
oratory and astronomical measurements. Various applications have different requirements for sensitivity,
speed etc. The bolometers are operated at and below “He temperatures to increase the sensitivity. The
3He cooled bolometers (Drew & Sievers 1969) that work at a temperature of 300 mK are widely used in
astronomy.

Bolometers belong to the category of square law detectors, giving an output voltage (for the semi-
conducting bolometers) or output current (for superconducting bolometers), that is proportional to the
square of the signal (field) amplitude, equivalent to the signal power. They can have wide bandwidths
and large throughputs. The bolometer biasing scheme determines the output of the bolometer. Usually,
semiconducting bolometers are current biased, hence the output is a varying voltage. Superconducting
bolometers, on the other hand, are voltage biased, hence the output is a varying current.

2.2 Responsivity of a semiconducting bolometer

The incident radiation contains the steady part of power, P, and a time varying part of the amplitude of
the power, 6 P, and the frequency, w, which is absorbed by the bolometer. Thus, the incident power of
P + §Pe™[W] causes variations in the bolometer temperature, Ts = T, + 6Te**[K]. The bias current,
I, produces time varying heat that can be written as I?R(T) = I?[R(T,) + (dR/dT)5Te*!][W]. The

bolometer loses power G(Ts — T) to the heat sink through the thermal conductance, G. The thermal
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Figure 2.1: A schematic electrical and thermal circuit diagram for a semiconducting bolometer. The bolometer
with heat capacity C' and resistance R is connected to a thermal bath maintained at constant temperature 75
through a weak link of thermal conductance G. The incident power absorbed, P, changes the temperature and
thus the resistance of the bolometer. The change of the bolometer resistance is detected by measuring the change
in the applied bias voltage across the bolometer. In current bias condition, Ry > R(T).

conductivity, k(T), depends on temperature, T', and the average thermal conductance as, (Richards 1994),

— A/l TH
G = )/TO (T)dT [W/K], (2.1)

(T -1,

where, [ is the path length of the heat flow, T" is the heat sink temperature, A is the cross sectional area.
Thus, the power flow model is (Richards 1994)

P+ 6Pt + IR+ I*(dR/dT)6Te™" = G(T, — T) + G6Te™"! + iwCTie™", (2.2)

where G is dynamic thermal conductance at dP/dT at the temperature T, and R is the bolometer
resistance. Equating the time independent terms gives the steady state heat flow equation that determines
the average operating temperature T, of the bolometer.

P+ I*’R(T,) = G(T, - T). (2.3)
Equating the time varying terms

SP/6T = G + iwC — I*(dR/dT). (2.4)
The voltage responsivity of a bolometer is (Richards 1994)

I(dR/dT)
Sy = V/W]. 2.5
V" [G = I2(dR/dT) + iwC] [V/W] (25)
The effective thermal conductance, Ggyy is defined as
Grsp =G — I*(dR/dT). (2.6)

The responsivity of a bolometer is influenced by the thermal feedback. To characterize the steepness of
transition curve, it is useful to introduce the parameter, «, defined as
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a= R YdR/dT)[K™]. (2.7)

For semiconducting bolometers « is negative (Ggsy > G) while for superconducting bolometer « is
positive (Ggsy < G). The effective time constant is defined as

TEff:O/GEff. (2.8)
Using these definitions, the absorbed power is (Richards 1994),

IR«

Sy = -
V' Gppr(1+ iwtpsy)

[V/W]. (2.9)

The bias current is applied using a voltage source and a load resistor with Ry > R. In practice,
the response of the bolometer can be measured using the changes in electrical power dissipated in the
thermometer. The thermal conductance, GG, generally increases with temperature so that « decreases,
and the responsivity of the bolometer decreases rapidly as it is heated.

2.3 Performance parameters of bolometer

The most important parameters concerning bolometer performance are Noise Equivalent Power (NEP)
and time constant (7). The NEP is a measure of the sensitivity of a bolometer, and is defined as the
absorbed power that produces a signal-to-noise ratio of unity at the output. In the presence of a constant
background, the NEP can be written as

NEP2 = NEPietector + NEPgackground' (210)

The noise is measured as a post-detection average, using a filter with a 1 Hz equivalent noise bandwidth
so that the unit of NEP is W/\/E The total power detected by the bolometer is the sum of the power
supplied by the bias voltage and the background power. Hence, the contribution from the background is
considered in the calculations of the total NEP.

For an ideal bolometer the detector noise arises from contributions of photon noise, Johnson noise
and phonon noise. Johnson noise is due to the random motion of electrons in the thermometer and is
given by (Mather 1982),

NEP? = 4kpTR/S?, (2.11)

ohnson

where kp is the Boltzmann constant and S is the responsivity of the bolometer, i.e. the output voltage
per unit power dissipated (V/W).

Phonon noise is due to the quantization of the heat transport (phonons) between the absorber and
the heat sink along the thermal conductance G (Mather 1982).

NEP? = 4kpT*G. (2.12)

Phonon

2.3.1 Photon noise

A photon background contribution to the overall NEP arises from the thermal radiation environment.
Photon noise arises from the random fluctuations in the rate of absorption from the source quanta.

1. Absorbed power:
Following van Vliet (1967) (Eq. 68), the spectral density in the absorbed power is:
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SD(P) = 2/P,,h1/ dv + 2/P,,hun(u) dv, (2.13)

where P is the absorbed power, P, is the absorbed power per unit optical bandwidth and 7 is the
effective photon mode occupation number. 7 is given by 7 = aer. « is the bolometer absorptivity, e
is the emissivity of the source, 7 is the transmissivity of the cold filters and @ = hv/kpTs, where T}
is the source temperature. In the case of an optical system, the spectral density is the mean square
noise power per unit post-detection bandwidth B referred to the absorber power, SD(P) = P% /B,
where Py is the noise power. 1, = aer/(e” — 1).

The power transmitted through a system from a blackbody source with a Planck spectral brightness
P,(v,T) is (van Vliet 1967),

P 0/ P, dy - 0/ AQr () B, T) dv W], (2.14)

where, P is the transmitted power, A is the area of radiation source, €2 is a solid angle, 7(v) is the
filter transmission, v is the optical frequency. A€} is the throughput of the optical system. For a
blackbody source the power per mode is (Richards 1994),

hv dv

Py dV = e(hUikBT) — 1.

(2.15)
As shown in Kittel & Kroemer (1980), the power P(v,T)dv in a multi mode source is the number

of modes times the power per mode. Thus, the Planck function as the spectral brightness of a
blackbody is (Richards 1994),

2hv? dv

PV dV — —CQ(ehl//kBT — 1)

[W/m? sr]. (2.16)
For a system with optical properties of n and a throughput of A Q, the total absorber power is

w1 o1
P, =2aetAQ— —— =2n,———— [W]. 2.17

aer 2 er —1 W2 er —1 ug ( )
From Poisson statistics, the mean square fluctuations in the number of photons arriving in one

second is equal to (Richards 1994),

((An)*)y = P, /hv. (2.18)

Multiplying by k2?12 to obtain fluctuations in power and by 2B to convert a 1 second average to a
bandwidth of B Hz gives the first term in Eq. 2.13.

The first term in Eq. 2.13 is the shot noise produced by a Poisson process where the detected
photons are not correlated. This term dominates at short wavelengths (optical and near-infrared).
The second term in Eq. 2.13 dominates at radio wavelengths and is proportional to the square of P,.
This means that it is not possible to consider the different sources contributing to P, as statistically
independent and add the power of the noise sources quadratically. As discussed by Lamarre (1986),
the underlying physical phenomenon is that within a given radiation mode, photons come by groups
and produce noise that is larger than for a Poisson process (excess noise). If several photons occupy
the same mode and have the same volume coherence, they will produce interference phenomena. In
this approach the first term in Eq. 2.13 is quantum noise and the second term is due to interference
of waves taking into account diffraction phenomena.
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Poisson statistics has a discrete probability distribution function. If the fluctuations from enough
modes combined are considered, the resulting distribution will be Gaussian. Thus, as shown by
Lamarre (1986), the second term in the Eq. 2.13 should have a factor, ¢, in the denominator. This
term is the number of modes of one polarization detected in the frequency band Avr during the time
t, and is given by

q = 2AQAVt/ N2 (2.19)

The most generalized figure of merit is the noise equivalent power (NEP), which is defined as
the incident signal power required to obtain the signal equal to the noise in one Hz bandwidth
(Powergignai=Poweryoise). The NEP is a measure of the signal to noise ratio (SNR) and not just
noise. If the NEP is referred to inside the detector, then the signal power absorbed in the detector
is given by Eq. 2.13. It is more useful to refer the NEP at the detector input. The signal power
incident on the detector required to produce SNR=1 is

P2 2 2
2 _ 1IN _
(NEP)Z pgoriea = 5oz = =3 /p,,hu dv + " /Pyhyn(y) du. (2.20)

From Eq. 2.17, 2.19, and 2.20 the absorbed NEP is

AQ (KpTy)® et

A da aer rtdx
NEP)2 A\ et e
(NEP)apsorbed = 45— 5 — (/ (er — 1) + = /

o 1)2> [W2/Hz). (2.21)

. Reflected power:

Considering that absorbers are imperfect, it is advisable to consider the power that is reflected by
and emitted from them. From van Vliet (1967) (Eq. 71), the spectral density of the reflected power
is

SD(Pyrest) =2 /(1 —0)Py—resihv dv + 2 /(1 —0)2Py_yepihv dv B, (2.22)

where P,y is the radiant power absorbed, P, _,.y; is the absorbed power per unit optical bandwidth
and B is the boson factor given by

B =1/(ehv/keTs _ 1), (2.23)

Following the same argument as above, the NEP of the reflected radiation is
2 2 2 2
(NEP)7 ¢ fiected = 7 (1 —=n)P,_repihv dv + e (L =n)*P,_pesihv dv B, (2.24)

where [ is the reflection coefficient of the imperfect absorber.
Solving the equation, the NEP is given by

9 1 — aer)(aer) AQ (KT;)° ztdx 1— aer xtdx 9
(NEP)reflected = 4( 62)( )0_2( ?L3 ) (/ (em — 1) + ( q ) / (em — 1)2) [W /HZ]
(2.25)

. Emitted power:

From van Vliet (1967)(Eq. 72), the spectral density of the emitted power is,

SD(Pepmit) = 2/17P,,_€,m»thu dv + 2/(2 — NPy _emithv dv B. (2.26)
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Following the same argument as above the obtained NEP of the emitted radiation is,

2 2
ﬁ /nPy,emithV dv + W /(2 — MNPy —emithv dv B, (2.27)

where ¢ is the emission coefficient of imperfect absorber.

(NEP)gmitted =

Solving the equation, the NEP is

aer)? e ridr — aer ridx
(NEP)Z j1teq = 4( ¢2) % (Kig) (/ (o i 0 + 2 . ) / (e _dl)2> [W2/Hz]. (2.28)

For real systems, it is possible to assume that the bolometer is cold and absorptive enough for fluctuations
in emitted power to be neglected. The empirical solutions for reflected and emitted power give very low
values, hence they can be neglected. Hence the photon noise in the bolometer is equivalent to the absorbed
NEP (Eq. 2.20),

(NEP)3,,,,, = (NEP)2 [W? /Hz). (2.29)

absorbed

Each of the terms above is an uncorrelated noise source and can hence be added together in quadrature.
Hence the overall NEP of an ideal bolometer is,

NEPZ.,., = NEP

From this expression, it follows that the optimum NEP is obtained by minimizing R, T, G and the
background power (@) and maximizing S. Since the NEP is directly proportional to the operating
temperature; lowering the operating temperature decreases the NEP, and therefore increasing sensitivity.
However, R, T' and G are based on the application requirements which limit the total NEP. Bolometers
can be saturated due to the power from a high background, hence, the background power is a dominating
factor for the selection of G. The resistance of the bolometer is calculated by matching the impedance
with that of the pre-amplifier. This, impedance matching determines the selection of an appropriate
R. The base temperature of the cryostat is determined by the available technology, and the transition
temperature T is fixed.

The thermal time constant, 7, is a measure of the response time of the bolometer to incoming radiation
and is given by

+ NEP? + NEP%,,,10n- (2.30)

2
Johnson Phonon

T =C/G. (2.31)

Thus, the larger the value of G, the faster the detector response. Hence there is a trade-off to be made
between the NEP and 7 in the selection of G.

2.4 Superconducting transition edge sensors

Superconducting transition edge sensors (TES) are operated on the very sharp transition from the normal
to the super conducting state, hence they are very sensitive thermistors. The superconducting material
is chosen according to the application requirements. In our case the optimum transition temperature
is at 450 mK and it is achieved using an Au-Pd/Mo thermistor. Advantages of the superconducting
bolometers over the conventional semiconducting bolometers are:

e In many cases the bolometer performance is limited by a trade-off between sensitivity and speed.
The voltage biased superconducting bolometer (VSB) has a much better combination of speed
and sensitivity. The strong negative electrothermal feedback decreases the time constant of the
bolometer. In the transition range, the resistance of the TES is a sensitive function of temperature
hence a small change in the temperature can detected by the TES.



15

CHAPTER 2. BOLOMETER THEORY

*

bias

Ibias,

E To other bolometer circuit

Ishunt Ibolo
SQUID
Amplifier
"_\
= P

| R |

Rbolometer
(

Figure 2.2: The schematic diagram for a superconducting TES bolometer. The TES, maintained at transition
temperature T with heat capacity C' and resistance Rpoiometer, 18 connected to a thermal bath maintained at a
constant temperature, 7o, through a weak link of thermal conductance G. 15, is 300 mK. The absorbed incident
power P changes the temperature and effectively changes the resistance of the bolometer. The bolometer is
voltage biased so changes in resistance are measured by applying a constant bias voltage. Vioio = Vhias. The
output current, Ipo, is detected by SQUID amplifiers. A shunt resistor with very low resistance is mounted in
parallel to the bolometer. In the testing setup, Rioiometer is 1 — 5 Q and Rspunt is 10 — 33 m€2. The bias voltage
can be varied in the range between 1 and 6 V. The normal state resistance of the bolometer is 1 to 5 €2 in different
experiments. Rpiqs is 1045 Q. In voltage biased condition, Rpias > Rbotometer > Rshunt-

e For astronomical applications, it is desirable to manufacture large pixel bolometer cameras. Super-

conducting bolometers are fabricated by a completely micro-lithographic procedure. The Super-
conducting Quantum Interference Device (SQUID) amplifiers can also be deposited on the silicon
nitride membrane during bolometer fabrication which operates the possibility for the fabrication
of several hundred pixel bolometer arrays. The size of the array is decided by the application of
interest.

The SQUID amplifiers can be designed to have very low power dissipation. They work at low
temperature making it possible to be install them in close proximity to the bolometer array. In ad-
dition, both TESs and SQUIDs are low impedance devices, so they are less sensitive to microphonic
pickup than semiconductor bolometers.

The wires connecting the bolometer and SQUID electronics present thermal links between different
temperature stages inside the cryostat. Multiplexing of electronics reduces the numbers of wires,
hence the thermal load on the 3He stage is also reduced.

2.4.1 Strong negative electrothermal feedback

Early superconducting TESs were operated with a constant-current bias, which resulted in positive elec-
trothermal feedback (ETF) (Clarke et al. 1977). This resulted in the temperature to increase with
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increasing signal leading to instability. This instability can be avoided by negative feedback using a con-
stant voltage bias and measuring the bolometer current (Irwin 1995). The change in the sensor current
can be measured by a SQUID. The schematic diagram for a TES is as shown in Fig. 2.2. The power
measured by the bolometer is the sum of power due to bias current and input radiation.

Protar = PSignal + PBias; (232)

where Ppias = V3;,./R. Thus from Eq. 2.32 it can be concluded that,

T' 1= R1= Ppias |= Prota |= T | . (2.33)

As will be shown in § 2.5, the temperature T" essentially remains constant. This is called strong negative
electrothermal feedback. It is caused by the sharpness of the transition. The advantages of strong negative
ETF are:

e It speeds up the detector. Theory and experiment show that in this mode the detector time constant
can be more then two orders of magnitude smaller than the intrinsic thermal time constant (7).

e The detector is linear over a wide range of incoming signal power.

e No external feedback circuit is necessary since, once the correct bias voltage is applied, the ther-
mometer stays at its transition temperature.

2.5 Responsivity of voltage biased superconducting bolometer

Consider a bolometer with heat capacity C' that is connected to a heat sink at temperature T, with
an average thermal conductance G. The incoming signal power P and the bias power 1/})2 /R heats the
bolometer to its transition temperature 7', where V} is the bias voltage and R is the resistance of the
bolometer. When the time varying signal §Pe? is incident, the temperature changes by §Te™*. The
power flow model for superconducting bolometer is (Lee et al. 1996, 1998),

2 2
P+ 6Pt 4 W V_bd_Re(wt) _

ral twt . twt
>~ BT G (T —T,) + GoTe™Y 4 jwCsTe™h), (2.34)

where C' is the heat capacity, T, is the bath temperature, T is the operating temperature, G is the
average thermal conductance, G is the differential thermal conductance of the weak link at temperature
T and R is the TES resistance. Eq. 2.34 can be separated into time independent and dependent terms
respectively, as

P+V2/R=CG(T —T,), (2.35)
SPelt) = (%a + G+ iwC) 8T e, (2.36)

where « is describes the sharpness of the transition. As explained in § 2.4.1, the negative ETF reduces the
temperature response 07, since the bias power compensates the change of signal power in the bolometer.
Thus the effective thermal conductance of the TES, which controls the VSB temperature response, is
(Lee et al. 1996)

P
Grrp = ?boH—G—i-iwC’. (2.37)
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The effective thermal feedback is increased by the effect of negative ETF. Here the defined loop gain is
defined by L, (6P + 6Py) = L,dProta; = —0 Py, which is analogous to an electronic feedback circuit. The
gain is the frequency-dependent term and is given by
Pba L
L., = : = : , 2.38
GT(1 +iwty) (1 +iwTo) (2:38)
where L is the DC gain. The gain rolls off at w > 1/7, = G/C. The VSB output is the change of bias
current and its current responsivity is defined as S; = ¢ I/0 P. Hence

-1 L 1
i = T - , 2.
5 Vo (B+1)(1+iwT) (2.39)

where 7 = 75 /L + 1 is an effective time constant (Lee et al. 1998). In case of L. > 1 with w < 1/7, the
responsivity S; ~ —1/V; is given by the bias voltage. The frequency response of the VSB rolls off at
higher frequency 1/7, rather than 1/7.

2.5.1 Noise in Voltage biased Superconducting Bolometers

The overall NEP of the bolometer is governed by Eq. 2.30. In the case of the VSB, the Johnson noise
generates a fluctuating current in the closed circuit with a spectral density i2 = 4kT/R. The contribution
from Johnson noise is reduced by 1/(L + 1) for w < 1/7, and gradually increases with frequency until
it reaches its normal value for w > 1/7. The SQUID amplifier adds a noise term of quuid' The various
excess noise sources like fluctuations in T,, microphonics, contact shot noise, resistivity fluctuations,
superconducting flux noise, may cause additional noise contributions in VSBs.

The noise equivalent power of the VSB can be given as (Lee et al. 1998)

+ NEP?

€T CeSSs

(W /Hz],

(2.40)
where photon noise, phonon noise and Johnson noise are explained in § 2.3. Phonon noise contains the
term v, which is a factor less than unity representing an adjustment in the thermal fluctuation noise for
the gradient in temperature along the thermal link. This factor is approximately 1 — (1 + n/2)t + (2 +
n)(2 + 3n)t?/12, where t = 1 — T,,/T (Mather 1982) and n is 1, 2 ... n. Like the photon noise, NEP
is referred at the bolometer input and is independent of the measurement frequency. In both cases, the
voltage noise and the current noise of the bolometer output decrease rapidly after wr > 1 because of the
frequency dependence of the responsivity. Excess low frequency noise, called 1/ f noise is a problematic
issue in bolometers. The 1/f noise has become less significant due to the improvements in material and
electrical contacts, electrical sources and shielding technology in the bolometer.

Low frequency noise due to changes in the temperature of the heat sink can also be important. Slow
drifts in the temperature can be reduced by active temperature regulation. Fast fluctuations such as
noise due to boiling of cryogens can be reduced by a passive low pass filter of low heat capacity and a
weak thermal link with a speed of response G/C' that is small compared with wg.

) ) ) 5 T\’ [(1+ w272 i%‘QUID
NEP = NEPphOtOn + ’YNEPphonon + NEPJohnson T_

14+ w272 |SZ-|2






Chapter 3

Overview of Transition Edge Sensors
and SQUIDs

The fabrication of TES and SQUID is done by our collaborators at the Institute for
Photonic Technology (IPHT), Jena, Germany.

The general philosophy behind the fabrication process is that the thermal conductance of the bolome-
ter is adjusted by structuring the silicon nitride membrane. This can also be achieved by changing the
thickness of silicon nitride membrane. All bolometers were designed to operate under a 300 K back-
ground, but they can also be used under lower background levels. The former requirement was chosen
because working under room temperature makes it much easier to test the bolometers. For very low
background and to make the cross-section to cosmic rays negligible, the silicon nitride membrane can be
structured in a spider-web design and such a fabrication experiment has been successfully performed at
IPHT. The fabrication (Chapter 4) of and experiments (Chapter 6) on a bolometer system with a band
center wavelength of 1.2 mm is described here. A bolometer system with a band center wavelength of
870 pm was also fabricated and tested simultaneously at the IPHT.

The thermistor is fabricated using a bilayer of molybdenum/gold-palladium (Mo/Au-Pd). The gold-
palladium (Au-pd) alloy allows tuning of the molybdenum’s critical temperature over one order of magni-
tude. Au-Pd can further be used for shunt resistances, absorber patterns and bond pads. The thermistor
is deposited on a silicon nitride membrane. The radiation is coupled via a conical feed horn to an absorber.
Alternatively, a continuous titanium (Ti) film absorber is used or a grid of dipole-like Au-Pd absorbers.
The fabrication of VSBs is compatible with the SQUID manufacture. In the future, the SQUID layers
may be merged with the bolometer layers and the fabrication of TESs and SQUIDs on a single silicon
wafer might be possible.

3.1 The Silicon nitride membrane

A crucial part of the bolometer is a free-standing silicon nitride (SizN4) membrane. It is deposited on a
standard 4 inch <100> silicon wafer, coated with about 1 micron thick silicon nitride film, using chemical
vapor deposition (CVD) or plasma enhanced chemical vapor deposition (PECVD). On the backside of the
wafer, windows are etched in the silicon nitride film using reactive ion etching (RIE). Once all patterns
on the front side are finished, this side is protected with a low melting wax, and the silicon is etched with
sodium hydroxide (NaOH) through the openings in the backside silicon nitride film until the membranes
on the front side are released. NaOH is an anisotropic etchant and so the walls, representing the <111>
crystal plane, are inclined by 54.7°. The wax fulfills two tasks: it protects the metal patterns on the front

19
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Silicon wafer  SisN, membrane
Au ring
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Figure 3.1: Schematic diagram of a single pixel bolometer on a silicon nitride (Si3sN4) membrane. The thermistor
is connected with niobium (Nb) wires.

gold-palladium (8 nm)

proximity-effect

molybdenum (86 nm)

Figure 3.2: The bilayer structure of Au-Pd/Mo thermistor.

side from the alkali etchant and it mechanically supports the released membrane at the end of the process.
Then the wax is removed and a final lithography step may be performed on the released membrane. This
is challenging because of the fragility of the thin silicon nitride film. Finally the membrane is patterned
using RIE to lower its thermal conductance. From transition temperature (7.) measurements at different
bias currents, the derived thermal conductance G of the non-patterned membrane is about 4 nW/K at
400 mK. Theoretically, this results in a photon noise limited performance NEP of 1 x 1016 W/v/Hz,
which was confirmed experimentally (§ 6.8; 6.9; 6.10; 6.11). By structuring the membrane in the shape
of an 8-legged spider geometry, the thermal conductance can be decreased, thereby, improving the NEP.

3.2 Thermistor layout

The thermistor is a superconducting thin film with a target transition temperature T.. A sputtered
molybdenum (Mo) thin film was chosen which has a transition temperature of 800 mK. By in situ
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Figure 3.3: Dependence of critical temperature 7. on the thickness ratio of a bilayer of molybdenum and an
alloy gold-palladium. These measurements were performed at the IPHT.

sputtering of a normal metal on top of the molybdenum film it is possible to tune the T, via the proximity
effect. Instead of using a standard material like gold or copper, an alloy of gold and palladium (Au-Pd)
is used (Boucher et al. 2006). Palladium is a strong Pauli paramagnetic material so the lowering of T, is
stronger in comparison to a nonmagnetic normal metal. If the film thickness is small in comparison to
the coherence length N, the value of T, depends on the thickness ratio between the normal conductor and
that of the superconductor. In this case the T, can be tuned between 800 mK and 100 mK. The Fig. 3.3
shows the relation between the variation in critical temperature and the thickness ratio of a bilayer of
Au-Pd and Mo. Fig. 3.2 shows the bilayer structure of the thermistor.

The target T, can be reproduced from run to run within a 50 mK error margin, and has been shown
to be stable over a period of about one year. Fig. 3.4 shows two different samples with transitions at 100
and 300 mK, respectively. The transition width (AT.) becomes larger with higher temperature, which is
expected due to increased thermal fluctuations.

In addition, it was found that a broadening of AT, depends on the polycrystalline structure of the
bilayer film, and, thus, on the actual physical conditions of the surface of the substrate. A huge difference
was seen when using different substrates like sapphire or silicon oxide, but even for silicon nitride sub-
strates, significant variation in the AT, broadening values was observed from batch to batch. In the case
of a combined bolometer and SQUID fabrication process this means that it would be highly preferable to
start the manufacturing from a bare wafer with the deposition of the thermistor film. However, the fragile
bilayer film can be easily damaged by the subsequent fabrication steps. Therefore, particular care should
be taken with the protection of this film. An obvious way for such protection would be a covering layer,
ideally made from a dielectric insulator, since other materials would influence the electrical properties
of the bilayer. So far a suitable material has not been found, since standard dielectric films like SiO or
SiO2 have been shown to have a dramatic impact on the transition. The shape of the transition curve is
distorted probably due to a substantial mechanical stress and sometimes additional steps appear within
the original transition, as can be seen in Fig. 3.5. The data presented in this section is obtained from
measurements performed at the IPHT.
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(a)

(b)

Figure 3.4: (a) Transition of thermistor film at 100 mK when the Mo/Au-Pd thickness ratio is 0.5. Due to
the proximity effect, the transition temperature is shifted to 300 mK when the Mo/Au-Pd thickness ratio is 0.1,
shown in figure (b). These measurements were performed at the IPHT.
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Figure 3.5: Distorted transition curve, possibly due to mechanical stress. In some manufacturing runs, a
distorted transition curve of thermistor film was observed. These measurements were performed at the IPHT.

3.3 The Absorber

Separation of the absorption properties from the thermometric sensing properties allows an additional
degree of freedom in the design of the bolometers. The common approach is to use a thin metallic film
evaporated onto a lossless dielectric substrate. The dielectric material is aimed to have a much lower
heat capacity than the sensing element, the Au-Pd/Mo thermistor in our case.

If the dielectric is lossless and if multiple internal reflections are ignored, the absorptance for the
radiation incident normally from the dielectric side is (Nishioka et al. 1978)

4Z-nR

R+ n) + 2] &

- ‘ (1 inny

where Z, is the impedance of free space (377 2/0), R is the surface resistance and n is the refractive
index of the substrate. For common dielectrics, the surface resistance is in the range of 200 /0 to 400
/0. Continuous high resistance metal films are difficult to deposit and and have poor reproducibility.
In the initial design (§ 6.1) and the High-G design of the new layout (§ 6.4) a continuous thin titanium
(Ti) film was deposited as an absorbing layer. The capacitive grid dipole Au-Pd absorbers are used in
spider geometries (§ 6.6).

Au-Pd dipole absorbers

The radiation band of interest for the experiment has a center wavelength of 1.2 millimeter. The radiation
is coupled to the silicon nitride membrane in front of a quarter-wavelength back-short via conical feed
horns. The energy is absorbed by a small grid of dipole-like antennas whose impedances are designed to
match the impedance of free space. The absorber dipoles are made out of a gold-palladium alloy, which is
also used in the bilayer film. The sputtered films are patterned using a lift-off technique. Electromagnetic
simulations and calculations show that the surface resistance of the absorber should be 10 /0 for the
actual dipole geometry. Simulations are performed by Theoretische Elektrotechnik group, University of
Wuppertal (Hansen & Wu 2006). In array 4SN 1762, the cross absorbers have a surface impedance of
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Figure 3.6: Schematics of cross absorbers. The cross absorbers are derived from an area weighted mean
conductance of the equivalent continuous thin film absorbing layer. Cross represent the metal.

10 /0. The efficiency of the cross absorber was found equivalent to that of a continuous Ti film absorber
or 377 Q/0 (§ 6.10, 6.11).
The advantages of cross absorbers are:

1. They are frequency selective. The absorption efficiency is highest when the length of the dipole
antenna (length 'd’ in Fig. 3.6) is half of the wavelength of interest (A/2). Thus the absorption
works coherently with the filters defining the transmission band. Since the absorption works only
for the radiation band of interest, signals at any other frequency are not coupled to the absorber.

2. It is possible to make the absorption polarization sensitive by depositing only a grid of dipole
absorbers instead of a cross absorber.

3.4 Spider geometry

Silicon nitride membranes are used for bolometer manufacturing for the following reasons:

1. The responsivity of the bolometer is inversely proportional to the thermal conductance. Since silicon
nitride is an amorphous material, the thermal conductivity x is low and decreases at cryogenic
temperatures, thereby increasing the sensitivity of the bolometer.

2. For silicon nitride, it is possible to tune the thermal expansion coefficient. Using non-stoichiometric
silicon nitride, the thermal expansion coefficient is matched with that of the silicon to decrease the
stress on the bolometer assembly.

3. The durability of a silicon nitride is high because it is a hard material.

4. The technology of a silicon nitride membrane on a Si wafer has been used for similar applications
(Kreysa et al. 1996; Mauskopf et al. 1997; Osterman et al. 1997).

As shown in Eq. 2.39, current responsivity and time constant of the bolometer are inversely pro-
portional to the thermal conductance of the membrane. To gain control over these parameters, a 8-leg
spider structured membrane with different leg widths was fabricated. The membranes were categorized
in Low-G, Medium-G and High-G depending on their thermal conductance. The size of the silicon nitride
membrane is 3300 pm x 3300 pm and the membrane is structured into a spider structure to reduce the
thermal conductance. The leg width for the Low-G is 100 pum, the leg width for Medium-G membrane is
300 pum and the High-G one is a continuous silicon nitride membrane.
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Figure 3.7: CAD layouts of different bolometer geometries. (a) A single pixel of Low-G design which has a leg
width of 100 um . (b) A single pixel of Medium-G design which has a leg width of 300 um. (¢) A single pixel of
High-G design which has a continuous membrane. (d) A single pixel High-G layout without cross absorber. The
crosses are the dipole Au-Pd absorbers. A single silicon nitride membrane is 3.3 mm x 3.3 mm in dimension and
the absorbing center patch is of 1.6 mm x 1.6 mm in dimension. The thermistors are connected with niobium
wires.
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Figure 3.8: Circuit diagram for a dc SQUID equipped with a coupling loop that electrically induces a magnetic
flux ®. The double junction quantum interferometer is formed by two Josephson junctions connected by a
superconducting ring.

p=(n+1/2)
v o 1 2
(a) (b)

Figure 3.9: (a) SQUID I —V curves for applied flux ® = n® and (n + 1/2)®, where ® is time a flux quantum.
If the supercurrent is less than the critical current, no voltage develops across the insulating barrier. (b) Voltage
across current-biased SQUID as a function of applied flux.

4

3.5 The Superconducting Quantum Interference Device (SQUID)

Generally SQUID amplifiers are used for low impedance superconducting bolometers. Direct coupled
(de) SQUIDs are preferred over radio frequency (rf) SQUIDS for applications of bolometer readout
due to their simplicity. The dc SQUID is based on the properties of a resistively shunted Josephson
junction. Josephson devices operate at liquid-helium temperatures (1-4 K) and exploit the macroscopic
scale quantum properties of superconducting junctions.

e Josephson effect: Josephson (1962) proposed that Cooper pairs would be able to tunnel through
two superconductors separated by a thin insulating barrier without developing a voltage across the
barrier. Such a flow of pairs constitutes a supercurrent. The supercurrent is generates a phase
difference A® between the phases of the order parameters in the two superconductors according to
the relation iy = i15in(A®), where i1 is the critical current (Clarke 1971). The Josephson effect
occurs when ¢4 < i1; when ¢, > i1 a finite voltage develops across the barrier.

The energy difference between two sides of a junction is known as the coupling energy of the junction
and is given by E. = —®.i1/27. If i is of the order of one milliampere, E. is about two electron
volts which is less than the binding energy of a single hydrogen atom. For this reason, the Josephson
junction may be used for sensitive detection.
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Figure 3.10: (a) Picture of SQUIDs with their magnetic shield. The SQUID amplifiers are mounted at ‘He
temperature. (b) Photograph of a single SQUID current sensor chip.

A Josephson junction can carry a lossless supercurrent up to a critical value I,, above which it enters
into a resistive state. The I — V curve of the junction has V = 0 for junction current less than I, and
develops a finite voltage for the junction current > I,.

Fig. 3.8 shows the superconducting loop of a dc SQUID. It contains two tunnel junctions that are
shunted by resistors Ry and capacitors C. When an external current is applied across the SQUID, it
divides between the two branches subject to the condition that the total magnetic flux ® through the
loop is quantized in units of the flux quantum ®,. When the applied flux is an integral multiple of ®,,
then there is no circulating current. In this case, both junctions carry the same current and the critical
current of the SQUID is given by, I = 2I,. When the external flux is not an integral multiple of ®, then
to meet the quantization condition, a circulating current has to be present, i.e. one of the junctions will
exceed its critical current I < 21,. Fig. 3.9 (a) shows the I —V curve of the SQUID in the two cases. The
dashed line is the load line for a constant current bias. With an increase in the external flux, the SQUID
voltage oscillates between the two I — V' curves shown in Fig. 3.9 giving the response shown in Fig. 3.9
(b). The SQUID is generally operated in a flux-locked mode with a feedback circuit to keep ® constant.
A detailed explanation of SQUID is given in Clarke (1974). Fig. 3.10 (b) photograph of the SQUID.
SQUIDs used as amplifiers must be magnetically shielded to protect them from external magnetic noise.

3.5.1 Noise in the SQUID amplifier

The SQUIDs used during the experiments are of the CCblue (Supracon 2003) low-T.. dc variety, designed
as current sensors with low input inductance (350 nH) and low current noise. The SQUID has an
integrated input coil and a heater. For mechanical protection and easy handling, the SQUID is bonded
to a circuit board and magnetically shielded by a niobium screen. It has three pairs of solder terminals
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Figure 3.11: Current noise of the dc SQUID as a function of frequency.

with normal metal wire bond connections: one is for the SQUID output, one for the feedback coil and
one for the heater resistor. This resistor in integrated on the SQUID chip and allows easy expelling of
frozen flux in the SQUID loop. Two terminals with screws are available with superconducting wire bond
connections to the input coil of the SQUID. The advanced SQUID package may be used immersed in
liquid helium or in the vacuum. The noise current of the SQUID amplifier, igquid is (6.5 x 10713)2/f

A/vHz at f > 0.1 Hz. Fig. 3.11 shows the current noise of the SQUID as a function of frequency.

In the lower frequency range (< 1 Hz), the spectral density of flux noise or of magnetic field noise scales
as 1/f (Martinis & Clarke 1986). The fluctuations of the critical current, I, in the Josephson junctions
can create the 1/f noise. Such a 1/f noise (or ‘flicker noise’) can significantly limit the performance of
practical devices at low frequencies. 1/ f noise has been observed in low T, SQUIDs, but is generally not a
serious issue, while, in high 7. SQUIDs 1/ f noise is a severe problem. The 1/ f noise from I, fluctuations
is orders of magnitude higher in high 7., SQUIDs than in low 7. SQUIDs (Martinis & Clarke 1986).

3.6 Multiplexing of electronics

VSBs can be arranged in arrays. The multiplexing of the SQUID electronics reduces the number of
electrical wires and SQUID readout sensors, which allows the fabrication of arrays with several hundred
pixels.

3.6.1 Time division SQUID multiplexing

A SQUID amplifier can be switched rapidly between an operational state and a non-operational super-
conducting state by biasing the SQUID with a current of roughly 100 pA. If n SQUIDs are stacked
in series with n + 1 electrical address leads the driving current between an adjacent pair of leads will
result in only one SQUID being operational. With the other SQUIDs in the superconducting state, the
output voltage across the entire array is exactly equal to the voltage across the one active SQUID. In this
manner, only one amplifier is necessary for n detectors, although the data rate is n times faster. Adding
in the connections for a common TES bias and feedback signal, a total of n + 7 wires are needed.

In time division multiplexing (TDM), each TES is instrumented by a separate first-stage SQUID. An
M boxcar modulation function is applied sequentially by turning on the first-stage SQUIDs in a column.
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Figure 3.12: The time division multiplexing scheme for the SQUIDs.
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The bandwidth of the TES is limited by a one-pole low-pass L/R filter formed by the inductance of the
SQUID’s input coil and the resistance of the TES (Irwin 2002). The signal is filtered before it is multiplied
by the modulation function, since the low-pass filter rolls off at frequencies below the bandwidth of the
sinc function. Thus, the TES cannot be used as the modulating element without a degradation of the
SNR. Digital bias controls address a row M first-stage SQUIDs sequentially. The current through the
address resistor is inductively coupled to a second-stage SQUID shared by all the first-stage SQUIDs in
a column. The coupling to the second stage can occur either through a transformer coil that is common
to all of the first-stage SQUIDs (Fig. 3.12) or through separately wound input coils from each channel to
the second-stage.

A feedback flux is provided to the switched first-stage SQUIDs to linearize them. Since only one
SQUID in a column is on at a time, one feedback coil can be common to all SQUIDs in the column. At
high switching rates, inductive coupling from the common feedback coil to the input coil can be a source
of crosstalk between the ‘on’ channel and all of the ‘off’ channels in the column. The inductive coupling
is canceled by connecting each TES to the input coils of two SQUIDs with oppositely wound feedback
coils. Only one SQUID of the pair is turned on. This ‘balanced pair’ configuration geometrically nulls
the coupling between the feedback coil and the input coil. The feedback is applied by room-temperature
electronics that have an analog-to-digital converter (ADC), a field-programmable gate array (FPGA),
and a digital-to-analog converter (DAC) for each multiplexed column. When the SQUID associated with
a pixel is on, its output is measured by the ADC. The appropriate feedback signal to null the flux of the
‘on’ SQUID is applied by the DAC to the common feedback coil. When the SQUID is turned off, the
value of the DAC voltage required to null the SQUID flux is stored in the FPGA; the next time the pixel
is turned on, the feedback algorithm is continued using the previous flux value.

3.6.2 Integrated design

A technology which allows the manufacturing of detector and readout on one chip would substantially
simplify the task of integrating multiple pixel bolometer arrays.
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Figure 3.13: (a) The layout of the 288 channels LABOCA camera with superconducting bolometers with
integrated electronics. (b) A single pixel element with integrated electronics. (c¢) The produced 288 channels
bolometer wafer. The wafer was manufactured as a fabrication exercise.
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The integration of SQUIDs and TESs is based on the two boundary conditions:

e The size and the spacing between bolometer pixels is defined by the aperture of the coupling feed
horn. For 1.2 mm wavelength, the pixel size is 3.3 mm and the grid spacing is 4.5 mm. This means
that there is a space of 1.2 mm between two pixels, which is sufficient for SQUID switches and
corresponding wiring. In the case of 870 micron wavelength, the size of a pixel is 3 mm and the
grid spacing is 4 mm resulting in a space between two pixels of 1 mm. In the case of a 350 micron
wavelength setup, the pixel size is 1.5 mm and the grid spacing is 2 mm, so the available space is
500 pm, which is sufficient.

e The wiring scheme corresponds to a multiplexed readout in the time domain. The fixed number
of bolometers (in this case 10) are fed with a common bias and the associated readout SQUIDs
are connected in a superconducting loop with a common feedback, as shown in the Fig 3.12. This
simplifies the wiring and reduces the number of required bond pads for electrical connections to the
second stage amplifier.

Of particular importance is the consideration of adequate cooling of dissipative elements, such as
the biasing, damping and shunt resistances. The entire array is mounted in a vacuum chamber,
which means that cooling can only result from thermal transport through the single crystal silicon
wafer via the gold bond wires. The thermal boundary resistance (Kapitza resistance : Swartz &
Pohl 1989) can affect the heat removal at low temperatures. To minimize this, the area of all
resistors was chosen to be as large as possible, and some cooling fins where added in sites with
space restrictions.

3.6.3 Multiplexing scheme and technical trade-offs

There are various technical trade-offs like bandwidth usage efficiency, complexity of 300 K electronics,
SQUID connections, power dissipation, SQUID noise, and filters to be considered to chose for the ideal
multiplexing scheme. Some of the issues are discussed here.

In TDM, the dead time due to switching transients reduces the number of channels that can be
multiplexed in the available bandwidth. In TDM, the one-pole L/R filter used to limit the pixel bandwidth
must have a knee frequency that is 3 + 2v/2 ~ 5.8 times higher than the thermal response bandwidth
in order for the detector’s operation to be stable. Similarly, in a Frequency Domain Multiplexing (FDM),
the passband must be ~ 5.8 times wider than the thermal response bandwidth.

TDM requires complex electronics due to the switched digital feedback needed to linearize the SQUIDs.
Custom electronics are required, although components with sufficient performance are commercially avail-
able. FDM requires complex electronics to simultaneously demodulate the signals over the whole pass-
band. A dedicated analog circuit for each pixel could be used for the demodulation, but this approach
would be difficult for very large arrays. A column of detectors can also be instrumented with an ADC
and a digital-signal processor to digitally demodulate all the signals simultaneously. Demodulation with
sinusoids is computationally intensive. It will be challenging both to develop fast room-temperature elec-
tronics and to fit them into the power specifications of a satellite mission, especially for higher frequency
systems. Considering all these aspects and the available technology at the disposal it was decided to use
TDM for our application.






Chapter 4

Test arrays and experimental setup

The important bolometer properties like time constant, responsivity, noise, NEP are highly dependent on
the geometrical and physical properties of the thermistor and the silicon nitride membrane. The physical
thermistor properties like resistance, shape, transition temperature and transition curve sharpness, have
a strong impact on the bolometer performance. To investigate the different geometries of thermistor and
bolometer, and to determine the suitable geometry for our application, test arrays with seven bolometers
were fabricated. See § 6.4 for a description of thermistors of different geometries and properties. Depend-
ing on the layout, a test array serves the purpose of testing different thermistors simultaneously which
speeds up the experiments and allows monitoring the uniformity of the fabrication.

4.1 Test array

In a test array, seven thermistors are placed on the silicon nitride membrane (SisN4) and one on the
silicon (Si) wafer. The thermistor on the wafer is thermally so well connected that it was not possible to
measure a load curve. However, thermistors on the silicon wafer are useful to measure the intrinsic critical
temperature (7T,), since they are not affected by radiation. Fig. 4.1 shows the test array layout. The
SQUID is connected to the thermistor using niobium-titanium wires. A gold (Au) ring is placed around
the absorbing center patch of the silicon nitride membrane. The absorbing center patch is defined by the
illumination pattern of the horn antenna. Gold has high thermal conductivity hence the deposition of a
gold ring increases the thermalization of the absorbing center patch. The incoming radiation increases
the temperature of the silicon nitride membrane. Since thermalization of the absorbing center patch
is quite uniform, the change in temperature is efficiently sensed by the thermistor. See § 6.12 for the
detailed analysis of behavior of the bolometer due to addition of the gold ring. A continuous titanium
(Ti) film, which acts as a radiation absorber, is deposited at the back of the silicon nitride membrane.
During the fabrication process, the shunt resistor is also deposited on the silicon wafer. Fig. 4.1 (c),
shows the connection diagram of the thermistor. Niobium has a critical temperature of 9 K. At 0.3 K,
only the lattice contribution to the thermal conductivity is left so the contribution of niobium to thermal
conductance and heat capacity is very small.

4.2 Electrical circuit diagram
Fig. 2.2, shows the electrical circuit diagram of the bolometer. The resistor Rp;qs provides the constant
current source, Ip;.s, which is divided into two branches, Ispun: and Ipo,. The shunt resistor (with

resistance Rgpunt) affects the VSB load curve. To understand this effect, a similar experiment is repeated
with different Rgpun: values, 10 and 33 m (§ 6.1.1). The normal state resistance of the bolometer, R0

33
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Figure 4.1: (a) Photograph of test array. The heat is dissipated through thermal shunts to the bath temperature.
The wafer is connected to the thermal shunt using 50 pm thick gold wires. The bolometers are bonded with
aluminum wires. The Nb wires are 250 pm thick and the Au ring is 150 nm thick. The width of the A ring is 0.2
mm. (b) Schematic diagram of single pixel bolometer and wiring diagram. The silicon wafer is of dimension 16.21
mm X 16.21 mm. Each silicon nitride membrane is 3.3 mm X 3.3 mm in dimension. Each bolometer has also
shunt resistor which can be used optionally. The thermistor is connected to the SQUID using niobium-titanium
wires. The whole assembly is mounted on the *He stage.
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Figure 4.2: The left panel of the figure shows the opened cryostat showing the aluminum horn antenna array,
SQUIDs and sorption pump mounted on the *He work surface. The *He bath is pumped to 1.5 K. The SQUIDs
are designed to work at 1.5 K. The photograph shows the early stage with 4 SQUIDs mounted on *He surface.
As shown in the right panel, the assembly is enclosed by copper radiation shield carrying the 1.5 K filter.

is 1 Q. From Fig. 2.2, it is possible to derive the equation for current (Eq. 4.1) and voltage (Eq. 4.2).
The detector current is measured by SQUID amplifiers.

IshuntRshunt
Tyt = —SuntTshunt, 4.1
bol Rbolo ( )
‘/bolo = (Ibias - Ibolo)Rshunt- (42)

Tyo10 is the output current measured by the SQUID amplifier. It is amplified by SQUID FLL electron-
ics. Two gain settings of the FLL electronics are used during the experiments. The low gain corresponds
to the gain of 150000 and high gain corresponds to the gain of 2550000.

4.3 Thermal layout

Figs. 4.2 and 4.3 show a photograph and the schematic diagram of the horn antenna and SQUID
assembly. After the cryostat window, the radiation passes through the two filters which provides the high
frequency (thermal) radiation rejection and the definition of the pass band. The seven element array is
placed behind the aluminum horn antenna. The bolometer is connected to the SQUID using niobium-
titanium wires running through the niobium-zirconium (Nb-Zr) tube. The SQUIDs are placed inside
the Cryoperm shield. The assembly of superconducting aluminum horn array/cavity, niobium-zirconium
tube and Cryoperm shield provides excellent magnetic shielding which is very essential for the SQUID
amplifier to operate.

The seven element array is bonded on the gold coated copper ring. The incoming radiation is coupled
to the each bolometer via a horn antenna. The whole assembly is placed at a base temperature of 300 mK
and the bolometers are maintained at the transition temperature of 450 mK. The zero background gives
an intrinsic NEP of the detector which is proportional to the product of temperature and square root of
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Figure 4.3: Schematic diagram of the cryostat. A Teflon window with inductive mesh is installed at 300 K. A
c-cut crystal quartz filter is mounted at 77 K which blocks the high frequency background. A Multi-layer Mesh
filter at 1.5 K temperature defines the transmission band. The radiation is coupled to the bolometer absorber via
an aluminum horn antenna. The bolometer is connected to the SQUID using niobium-titanium wires.
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Figure 4.4: ¢ plotted as a function of T'/T,. The factor & is used to minimize the NEP as the function of T'/T,
at different conditions. For n = 2 and Pyoto/Q = 3, a shallow minimum leaves additional freedom in the choice
of T/T,. For the silicon nitride membrane, n is 2 (Holmes et al. 1999).

heat capacity (T'C'/?), so for a fixed response time the NEP is proportional to TC/2. The heat capacity
C of the bolometer material is proportional to T for metals or T2 for dielectrics. The intrinsic NEP
is therefore o< T3/2 and T®/2? for metals and dielectrics, respectively. Hence, minimizing the detector
operating temperature will result in the lowest achievable NEP.

An optimization scheme based on the variation of two parameters (Hoevers et al. 2000) is considered
to minimize the noise and improve the performance of the VSB. The first is the power law exponent n of
the thermal transport between the bolometer and the heat bath, yielding a thermal conductance G o< T'
and the ratio of the Joule power dissipated in the bolometer P, and the second is the incoming sky
power Q. n = 2 is the case of heat transport by electrons in a normal metal and n = 5 is valid for
electron-phonon dominated transport. Ppyo0/Q should allow for uncertainties in the actual power levels
from the sky. The NEP as a function of temperature is

NEP = ¢[4k5T,Q]"?, (4.3)

where, & = [yn(1 4 Pyoto/Q)(T/T5)(1 — T, /T)™]*/?, v accounts for a temperature gradient in the thermal
link to the heat bath temperature and T'/T, is the ratio of working temperature to the bath temperature
(Lee et al. 1996). A minimum NEP is found for T/T, = 1.6 in case of n = 2 (see Fig. 4.4). Thus, the
optimum bolometer performance is achieved when the transition temperature T, is ~ 1.5 times the base
temperature (75). The base temperature for the cryostat is 300 mK, so the transition temperature of
450 mK is optimum.

The 3He stage has an internal Cryopump and a sealed *He charge forming a self contained refrigerator
to be integrated in the “He apparatus. This technique is explained in detail by White (1979). The
incoming radiation is coupled to the bolometer absorber via an aluminum horn antenna. Aluminum has
a transition temperature of 1.4 K (Matsuo et al. 1973), hence it is in the superconducting stage when in
operation which gives perfect magnetic shielding to the array.
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Figure 4.5: The schematic diagram of radiation pattern inside the aluminum horn cavity.

4.3.1 Aluminum horn cavity

Fig. 4.5 shows the schematic diagram of aluminum horn cavity. In a free standing metallic film of 377 /0,
50 % of the radiation gets absorbed, 25 % gets reflected and 25 % gets transmitted. The electromagnatic
simulations done by Theoretische Elektrotechnik group, University of Wuppertal (Hansen & Wu 2006),
show that 100 % of radiation can be coupled by the same film on a silicon nitride membrane if a reflector
is placed at a distance of quarter wavelength. The membrane is placed at a distance of A\/4 = 0.3 mm
from a reflector part of the aluminum cavity.

4.4 Filters

Bolometers are intrinsically wide band incoherent detectors, hence it is very important to have bandpass
filters to restrict the response to selected wavelength ranges. The requirements for these filters are high
passband transmission and high stopband rejection. Combinations of filters are installed at the different
temperature stages. The monolithic multilayer mesh (MMM) (Gemiind et al. 1994) filter is mounted
at the 1.5 K temperature stage. The band of interest is approached sequentially by the combination of
several optical elements, starting from the lowest wavenumber. Each element is chosen in such a way that
a mismatch or negative interference with other elements does not occur and the specific spectral property
can be reached. The superposition of spectra of individual elements result in the desired bandpass filter
spectrum. Free-standing meshes are made of the metal foils with a periodic pattern of specific apertures.
The mesh or its spectrum defines the passband but its high wavenumber properties are poor for blocking
because the mesh soon becomes transparent according to its visual transmittance, typically of the order
of 10 %. Thus high wavenumber blocking in the neighboring passband is achieved by the MMM filter.
The filter has a low-wavenumber passband characteristics and offers a stopband of 7' < 1072 ecm™1!.
The MMM filter is sandwiched between two borosilicate glass (Pyrex) plates. This filter has a cut at a
wavenumber of ~ 10 cm™! at room temperature. The fabrication details are explained in Gemiind et al.
(1994). Fig. 4.6 shows a photograph of the filters for 1.5 K and 77 K stage.

The filter in the 77 K temperature stage is a c—cut crystal quartz multilayer interference filter. This
crystal offers good blocking in for wavenumber 1500 cm™! < v < 6000 cm~! because of absorption. At
300 K there is a Teflon window followed by a inductive mesh as a radio frequency interference (RFI)
filter.
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1.5 K filter 77 K filter

Figure 4.6: Photographs of 1.5 K stage filter and 77 K stage filter. Both filters have structured surfaces acting
as a anti-reflection coating.

Table 4.1: Black coating composition for cavities

Ingredient Mass composition
Stycast 2850 FT 68 %
Catalyst 9 5%
Carbon Lampblack 7%
150-250 pm Diameter Glass Beads 20 %

4.5 Black coating

The reflective metal parts inside the copper shield (Fig. 4.3) can cause interference by scattered radiation.
In order to avoid such interference, the metallic parts are coated with Black coating. It is practically very
difficult to produce a perfect shield, but in order to reduce the level of scattered radiation, a black coating
is applied on the reflective surfaces like the top surface of aluminum horn antenna, “He shield, the top
surface of the 1.5 K stage filter and small metallic parts. The ingredients to create the mixture of Black
coating are shown in Table. 4.1 (Colin 2006). The filters are used to keep unwanted radiation from falling
on the receiver but they are also essential to avoid high frequency noise. A small high frequency leak at
4He or He stage could cause a big noise power to saturate the bolometer. The blackbody has a steep
spectrum in the submm regime, which means that the high frequency leakage can cause enormous input
power which can heat up the whole array. Hence, the filters are chosen accordingly and superinsulation
is applied around the 77 K shield.

4.6 SQUID electronics

A low temperature dc SQUID is designed as a current sensor with low input inductance (350 nH) which
provides a very low current noise referred to the input of the SQUID. The SQUIDs made by the IPHT
have following features:
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Figure 4.7: Block diagram of the SQUID system. The SQUID electronics is connected to the SQUID sensor.
The power supply is connected to RS232 socket of the host computer with cable and to the SQUID electronics.
The power supply should provide 220—110 V/50—60 Hz in AC socket or 10—18 V in DC socket.

Table 4.2: Parameters for current sensor SQUID at 4.2 K
SQUID parameters at 4.2 K (open input coil) Value Unit

SQUID critical current I 33 wA
SQUID resistance Ry 1.74 Q
Voltage swing A V 43 uwV
Input coil coupling 1/M;np 0.6 wA/bo
Feedback coil coupling 1/Myy, 15.2 A/ o
Equivalent flux noise <25 up./vVHz
Resistance at room temperature Value Unit
Input coil 50.6 kQ
SQUID 74 Q
Feedback coil 1.9 kQ
Heater 133 Q

Fabricated using all-refractory Nb/Al-AlOx /Nb technology.

Small chip size of 2.5 mm x 2.5 mm.

Low input inductance of the SQUID of 350 nH.

Input coil and feedback coil integrated on chip and inductively coupled to the SQUID.
e Low current noise of the SQUID (better than 2.5 pA/v/Hz).
e Integrated on chip heater to expel frozen flux.

Fig. 4.7 shows the block diagram of the SQUID system. The output of the SQUID amplifier is
connected to the SQUID electronics. The easy SQUID software tool is use to access the SQUID hardware
and to tune the SQUID amplifier (Supracon 2003). The functional diagram for the SQUID electronics
is shown in Fig. 4.8. The FLL unit is directly coupled to a SQUID via three twisted copper (Cu) wires.
The FLL electronics amplifies the SQUID voltage deviations, integrates it and in FLL mode couples
the output current to the feedback coil through the feedback resistors Rpcedback—1,2, compensating the
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Figure 4.8: The functional block diagram of the read-out electronics with SQUID.

external flux change in the SQUID (Oukhanski et al. 2006). Thus the voltage at the output of the FLL
unit is proportional to the magnetic flux in the SQUID. The FLL unit can be connected to a grounded
as well as to a ground free SQUID sensor. For this reason all signal sources necessary for the SQUID
operations are made as differential current sources. The current noise for each differential current source
does not exceed 1.5 pA/v/Hz.

The output from the SQUID is dc coupled to the SQUID read-out electronics. Such electronics have
the advantages of high sensitivity due to high slew rate of the system, wide bandwidth and high dynamic
range. Drung et al. (1990) has described the working principles of directly coupled read-out electronics in
more detail. Low-drift directly coupled read-out electronics, capable to operate over a wide temperature
range was developed by IPHT, Jena (Oukhanski et al. 2003). The thermal drift is lower than 30 nV/K in a
temperature range from 15 °C up to 80 °C. The electronics is tested with two low-transition temperature
SQUID sensors. In the flux-locked-loop (FLL) mode, the SQUID readout electronics allows to work with
a maximum small-signal bandwidth of about 6 MHz. It is necessary to ensure stable operation of the
SQUID system at large distances between the SQUID sensor and the readout electronics. The electronics
has an output white noise level of about 0.33 nV/Hz~'/2 and 6.5 pA/Hz!/? with a corner frequency for
the 1/f noise is as low as 0.1 Hz and 10 Hz, respectively.

4.7 Experimental setup

Fig. 4.9 shows the experimental setup. The horn array can be replaced by a metal plate to measure
the load curve (I — V) at 0.3 K background. The I — V curves are also measured at 77 K and 300 K
background (Chapter 6). The noise is acquired by the National Instrument’s peripheral component
interconnect (PCI) 8-channel dynamic signal data acquisition card and the data is analyzed by the
timeseries programs developed in LabVIEW. The signal is measured by a lock-in amplifier at different
chopping frequencies in order to calculate the time constant (7). The time constant curve is fitted to
determine the 7. The signal is created from a blackbody (Electro Optical Inc. 1995) maintained at
the temperature of 1273 K. A chopper wheel is installed in front of the blackbody radiation window to
create an approximately sinusoidal signal for each frequency. According to VSB theory the time constant
of the bolometer is very small (e.g. § 6.10; 6.11) so to characterize the time constant accurately, the
frequency range of the signal should be high. Since the mechanical chopper has a maximum frequency of
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Figure 4.9: (a) Schematic diagram of the experimental setup. The signal comes from the blackbody or the
Gunn diode. The cryostat is shown in Fig. 4.3 (b) Photograph of the experimental setup in the laboratory.
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350 Hz, a high frequency signal is derived from a Gunn diode. The latter can be modulated electronically
up to several KHz. The incoming radiation is reflected by a mirror installed at 45° to fall onto the
bottom looking cryostat window and eventually onto the bolometer. The SQUID electronics is mounted
on the top of cryostat. After phase sensitive detection, the amplitude and relative phase of the output
signal is recorded. The time constant is derived by fitting the amplitude to time constant (7) equation
(Ao[l + wQTQ]_1/2), where A, is the dc amplitude of the signal in the experimental setup.

4.7.1 Temperature readout

A Germanium resistive temperature detector (RTD) sensor is used in the 3He stage to measure the
temperature below 1 K. Germanium RTDs are negative temperature coefficient sensors and have highest
accuracy, reproducibility, and sensitivity from 0.05 K to 30 K. They are resistant to ionizing radiation,
but are not recommended for use in magnetic fields.

The 4-wire temperature sensor is read via a bridge circuit which returns conductance values. The
resistance and the corresponding temperature are taken from the calibration data. The current value
measured at the each bolometer channel is converted into resistance in order to define the R — T charac-
teristics for each bolometer, Ryoiometer = Vbolometer/Ibolometer-

4.7.2 Martin-Puplett Interferometer

A Martin-Puplett interferometer (Martin & Puplett 1969) is a version of the Michelson interferometer
which uses a wire grid polarizer as a beam splitter and roof mirrors for reflectors. The beam splitter has
high efficiency from below 2 to above 100 cm™'. Such a spectrometer contains two roof mirrors located
at right angle to each other and oriented perpendicular to each other. A beamsplitter is placed at the
vertex of the right angle and oriented at a 45° angle relative to two mirrors. The radiation is incident
on the beam splitter and then divided into two parts, each of which propagates down one of the two
arms and is reflected off one of the mirrors. The two beams are then combined and transmitted out of
the other port because the plane of polarization has been turned by 90° by the roof mirrors. When the
position of one mirror is continuously varied along the axis of the corresponding arm, an interferogram
is observed.

The Martin-Puplett interferometer (MPI) is used to measure the optical response of the system
(Gromke 1996). Two radiation sources are maintained at 77 K and 300 K. The difference between the
77 K and 300 K blackbody radiation provides the signal to the bolometer. The rotating wire mesh grid is
placed in between the 77 K and 300 K source to modulate the polarization of the incoming radiation to
bolometer. Fig. 4.10 shows the block diagram of the interferometer used to measure the spectral response.
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Figure 4.10: Block diagram of Martin-Puplett interferometer.



Chapter 5

Modeling of the Bolometer

5.1 Introduction

Eq. 2.39 gives the responsivity of a TES which is independent of power loading so the detector is linear
and the bias power P, stays constant. The responsivity is inversely proportional to the loop gain (L)
and L is dependent on value of G. Hence, in order to calculate the current responsivity, the thermal
conductance should be known. Fig. 5.1 shows the I —V curve of a TES (see Chapter 6 for experimental
results in detail.).

Bolometer in normal
region

Normal resistance fit to bolometer

Bolometer in transition
region

Figure 5.1: The data from one of the experiments (see Chapter 6 for more details). The top panel shows the
I — V measurements. The bottom panel shows the power plotted against the bolometer voltage. When the bias
voltage is applied the resistance changes so in the transition region I < 1/V;, P, is constant and in the normal
state the bolometer acts like a ohmic resistor.
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Figure 5.2: Steady state distribution from finite element analysis for the High-G design. The thermistor is placed
in the middle and maintained at transition temperature. The edge of the low stress silicon nitride membrane is
maintained at 300 mK. The temperature distribution can be read off the scale on the right hand side.

5.2 Thermal modeling of the bolometer

The COSMOS finite element analysis (FEA) package was used to perform the thermal modeling of the
TES and determine its thermal conductance.

5.2.1 Finite element analysis

FEA uses a a computer model of a physical structure to analyze the behavior of that structure under
load or stress. In FEA, the material and the stress parameters are assigned to a grid over the surface
(the mesh) defining how the structure will behave under certain loading conditions. FEA can be used for
mechanical, thermal, and electromagnetic modeling under boundary conditions set by the user.

In our case of thermal modeling of bolometers, the thermal conductivity of the material is defined
over the temperature range 0.1 — 1 K.

The FEA is divided into three steps:

e Pre-processing = During pre-processing material properties required by the thermal analysis and
the specified material model are defined. A material model describes the behavior of the material
with changing values of its physical parameters. The material properties are obtained from the
COSMOS materials library or user-defined material libraries. The thermal conductivity (k) of
silicon nitride is assumed equivalent to the ‘C;’ geometry determined experimentally Holmes et al.
(1999). Fig. 3.1 shows a schematic diagram for the High-G configuration. The silicon nitride
membrane has dimensions of 3.3 x 3.3 mm and a thickness of around 1 um. The silicon nitride
membrane is thermally connected to the silicon wafer at 0.3 K so in FEA the membrane temperature
at the edge is 0.3 K. The expected transition temperature of the Au-Pd/Mo thermistor is 0.45 K.
The temperature is changed from 0.1 — 1 K in steps of 0.1 K and the corresponding values of thermal
conductivity (Holmes et al. 1999) are used is obtain the thermal conductance in that temperature
range.

e Meshing = The process starts with the creation of a geometric model. Then, the program subdivides
the model into small pieces of simple shapes called elements connected at common points called



47 CHAPTER 5. MODELING OF THE BOLOMETER

nodes. This is called meshing. FEA programs look at the model as a network of interconnected
elements. It is possible to create a mixed mesh of solid and shell elements. The solid mesh is
appropriate for bulky or complex 3D models while shell elements are suitable for thin parts. The
mesh parameters are element size (e) for the specified entities, element growth ratio (r) and number
of layers of elements (n). Assuming a certain e for meshing then the average element size in layers
radiating from the entity will be: e, exr, exr?, exr3, ... exr™. The mesh radiates from vertices
to edges, from edges to faces, from faces to components, and from a component to connected
components. Since the membrane thickness is 1 um, parabolic triangular shell elements are used
for shell meshing. A parabolic triangular element is defined by three corner nodes, three mid-side
nodes, and three parabolic edges. This meshing allows selecting the faces to be meshed and allows
assigning the desired thicknesses of materials. It is possible to repeat this process as many times
as desired. The adjacent shells are bonded automatically and the mid-surface of a generated shell
element coincides with the associated face or surface. It is possible to define the parameters. A
parameter is defined by name, type, unit, and a value or expression.

e Post-processing = Post-processing involves understanding the results after running the analysis.
The COSMOS thermal analysis gives estimates of the nodal temperature, temperature gradient in
the X-, Y- and Z-directions of the selected reference geometry. The resultant heat flux vectors are
in units of W/K. In order to obtain the thermal conductance, the resultant heat flux is multiplied
by the length of the membrane and divided by its cross-sectional area. The unit for the thermal
conductance is W/mK. The temperature gradient of the membrane obtained from simulations in
shown in Fig. 5.2 (b).

5.3 Model of voltage—current characteristics

Eq. 2.34 gives the power flow model for VSB. Using steady state energy balance equation for the bolome-
ter,
W:Gs(T_TQ)- (5.1)

Assuming that the variation of the thermal conductance with temperature can be expressed as a power
law, G4(T,To) = Gso(T/T,), where Gy, is the thermal conductance at the temperature T = T,. The
temperature variation of the thermal conductivity of the thermal link, (k), is expressed as a power law
(Mather 1982).

K(T) = ko (TE)B (5.2)

where kg = k(T,). Taking the variation of thermal conductivity with temperature across the thermal
link into account

B S, w(t)dt

W =
L
fO A(ml)dm

: (5.3)

where A(x) is the cross-sectional area of the thermal link at position 2 but without loss of generality, the
cross section is assumed to be the constant. Hence, A(z) = A. Integration of Eq. 5.3 yields

_é HQTQ
LB+

where ¢ = T'/T,. Hence from the Eqns. 5.1 and 5.4

(71 —1), (5.4)
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where G50 = k(A/L). A is the cross sectional area of the thermal link at position z, which is assumed to
be constant. This leads to following equation

GSOTQ
P(¢) = B+l

where @ is the incident power, 3 is a constant, which is 1 for a metallic thermal link and 3 for a crystalline
dielectric link (Pobell 1992). /3 is 1, in our case. The curves with zero background are calculated (Q =
0). Eqns. 5.7 and 5.8 allow modeling the I — V' characteristics of a bolometer if the variation of resistance
(R) as a function of the thermistor temperature, R — T is known. The experimental values of resistance
and temperature are obtained at 0 K background, when the bolometer voltage is 1.5 ©V. During the
experiments, there is no radiation falling on the membrane and the bias voltage is low so it is assumed
that the R —T measurements are not affected by the strong negative electrothermal feedback. The I —V
characteristics of an ideal bolometer can be generated by incrementing 7" from 75, to Tinaq-

(@ —1) - Q=G T, (6—1) - Q, (5.6)

V = [PR(T)]"?. (5.7)
I =[P/R(T)]"?. (5.8)

In Eq. 5.6, the value of G is obtained from thermal analysis using FEA (§ 5.2) and the I —V behavior can
be estimated from Eq. 5.7 and Eq. 5.8. The relation between resistance and temperature is obtained from
the R — T measurements for each experiments. Using this method, the various geometries of bolometer
can be modeled.



Chapter 6

Experimental results and modeling

In this chapter, the experimental results for different bolometer geometries are presented. Only results
which are considered to be important and contributing to the understanding of TESs are shown. The
detailed models of High-G, Medium-G and Low-G layouts are selected.

Bonding pads
Thermistor Si X
\ wafer

Au ring

Nb wires

\Si3N4
membrane

Figure 6.1: The seven element array from the initial design. The low stress silicon nitride membrane is deposited
on a silicon wafer of dimension 16.3 mm x 16.3 mm. A single silicon nitride membrane is 3.3 mm X 3.3 mm
in dimension. The Au ring creates the thermalized patch of 1.6 mm x 1.6 mm around the center of the silicon
nitride membrane. The thermistor of size 260 ym X 70 pm is placed on the Au ring. The width of the Au ring
is 100 pm and the thickness is 150 nm.

49
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Table 6.1: Time constant (7) measurements at different bias voltages for 45N 1459 array with 33 m€2 and 10 m<2
shunt resistor

33 mf) shunt resistor

Voltage 6.02 uV 31.1 uV  56.6 uV
CH5—1 5.90 ms 2.64 ms 2.52 ms
10 mf2 shunt resistor

Voltage 2.18 uVvV 5.98 uV

CH1—-71 5.7 ms 2.97 ms

Voltage 3.04 pV 6.04 uV

CH5—1 3.53 ms 2.81 ms

Voltage 2.18 uv

CH6—1 3.84 ms

6.1 Initial design

The development effort started by importing the semiconducting bolometer design. The development of
semiconducting bolometers at the MPIfR is explained by Kreysa et al. (1998, 2002). Fig. 3.1 shows the
photograph of single bolometer. The CAD drawing for the initial design is shown in Fig. 6.1. The silicon
nitride membrane is not structured hence the gold ring is used to define the constant thermalized area. A
homogeneous titanium (Ti) layer is applied on the back acting as a radiation absorber. The Au-Pd/Mo
thermistor is placed on the gold ring. The thermistor is connected via niobium (Nb) wires. The behavior
of the gold ring on the silicon nitride membrane is modeled using finite element software (§ 5.2). The
seven channels connected to the bolometer are referred as CH1, CH2, ... ,CHT.

6.1.1 4SN 1459

The fabrication of this bolometer array is similar to the standard fabrication; the only difference is the
normal state resistance of the thermistor, which is 5.8 ). The geometrical structure is identical to the
initial layout and the measured voltage—current (I — V') and resistance-temperature (R — T') curves are
smooth. This experiment was repeated with different shunt resistances and with/without background.
The series resistor of 1045 2 is used and the applied bias voltage is in the range 1 and 6 V.

33 mf) — shunt resistor

In the beginning, a 33 mf2 shunt resistor was used. The results from CH2, CH5, CH6 and CH7 are shown
in Fig. 6.2 (a) and (b). The signal to noise ratio (SNR) and 7 values for CH5 are measured at different
bias voltages. The measured SNR varies from 1200 to 1500 and the 7 varies from 2 to 6 ms, depending
on the applied bias voltage (Table 6.1). When the bolometers are in the transition region near to the
superconducting range, they are more sensitive to radiation. Such behavior is modeled for High-G model
(§ 6.8). The measurements are performed on CHG, the results are shown in Table 6.1.

In the experiment with closed input, the R — T values are measured at different bias voltage. It was
found that the transition width increases with increase in the bias voltage. The applied bias voltage
should be as small as possible to determine the correct R — T' characteristics e.g. in the experiments,
1 mV to 3 mV of bias voltage was used which corresponds to ~ 15 nV of voltage across the bolometer. At
such a low voltages the negative ETF do not influence the thermistor, hence the intrinsic R —T transition
can be measured.
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(@ (b)

() (d)

Figure 6.2: (a)l — V curve with 33 mQ shunt resistor. (b) R — T curve with 33 m shunt resistor. (c) I —V
curves from the experiment with 10 m{2 shunt resistor. The R — T curves are similar to those obtained from
experiment with 33 m{2 shunt resistor. (d) Differential resistance plotted as a function of bolometer voltage for
an experiment with 3 m{2 of shunt resistor. The measurements are performed at 300 K background. Comparison
of subplots (a) and (c) reveals that the operating range increases with the decrease in shunt resistor value.
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The standard sets of measurements, like I —V and R — T are performed with different background
temperatures. There are still jumps in the I —V and R—T curve. The Au-Pd/Mo thermistor is mounted
on the gold ring. It was suspected that the thermistor connection to the gold ring may introduce the
jumps in the I — V or R — T measurements. The new array was fabricated without Au ring and the
experiments are performed to understand the thermistor behavior (§ 6.5).

e Hysteresis effect: During the measurement of the I — V curve, a hysteresis effect was observed.
When high bias voltage is applied, the current exceeds the critical value so the thermistor goes
into the normal range and by reducing the bias voltage the transition range is achieved. Hence
all the I — V measurements are performed in reverse direction, i.e., first applying the high bias
voltage which overcomes the hysteresis effect and then reducing the bias voltage, which moves the
thermistor from normal to superconducting state.

10 m()? — shunt resistor

The change in the shunt resistor resistance affects the transition width and the steepness of the transition
curves. Comparison of Figs. 6.2 (a) and (c) shows that the operating range increases with a decrease in
the shunt resistor resistance. During this experimental run, I — V' and R — T measurements could only
be measured for CH1, CH5 and CH6. The SNR is in the range 1200 and 1500 and 7 is in the range 3
and 6 ms.

The measured values of the time constant for CH1, CH5 and CHG6 are shown in Table 6.1. It was
tried to correlate the measured R — T values with the applied bias voltage, unprocessed current and
conductance data. When the bolometers are in the superconducting or the transition state near to the
superconducting level, the current flows through the bolometer rather than the low value shunt resistor.
In the near-superconducting transition region the current passing through the bolometer and the shunt
resistor is not known since it depends on the particular resistance value at that point. Hence, it is difficult
to correlate the applied bias voltage and R — T characteristics. The (¢) and (d) panels of Fig. 6.2 show
the I —V and R — T curve. As explained above, in the transition region, the current flowing through
the bolometer is not known so the resistance value have to be fixed to a predefined value to obtained
the R — T curves. The normal state resistance value of each bolometer is obtained from the differential
resistance in I — V' measurements (Fig. 6.2 (d)). The normal state resistance value is fixed to 5.8 §.

In Fig. 6.4, the signal and the noise are plotted together. It is seen that both the, noise and the signal
decreases with increasing the frequency. The average SNR is from 1000 to 1500 and the estimated optical
NEP is 5.1 x 107¢ W/+/Hz.

During the experiments, a run away heating effect was observed. This is the increase in temperature
of the bolometer assembly due to a high bias voltage applied across the bolometer. This effect was
predominantly seen at lower shunt resistor resistances. The bias current applied to the bolometer flows
through thin superconducting wires. These are niobium-titanium wires which become superconducting
below 10.8 K and have very high resistance at room temperature (Goldsmid 1966). If there is any weak
spot in the wire, the high bias voltage increases the heat dissipation, so the temperature increases and
it goes into the normal state. In normal state, the heat dissipation in the wire is high, hence more
wire segments get heated which increases the heating effect. To solve the problem of run away heating,
the bolometers were rewired and the connections are rechecked but the effect was observed in all the
experiments with low resistance shunt resistors. As shown in Fig. 6.3, the two parts of wire carrying
the total bias current are replaced with thick tinned copper wires. The run away heating effect was not
observed any more after replacement with the tinned copper wires.
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Figure 6.3: Electrical circuit diagram for the seven element bolometer array. The two patches of Niobium-
Titanium wires carry the total bias current hence to avoid the run away heating effect, they were replaced by
Tinned copper wires. Figure is not to scale.

(a) (b)
Figure 6.4: (a) Signal and noise measurements of 4SN 1459 with 33 m< of shunt resistor. (b) Signal and noise
measurements with a 10 m€2 shunt resistor. The measurements are performed for CH1 and CH5. A curve is fitted
to the noise using an 88 Hz low pass filter function. An 88 Hz low-pass filter is installed in the data acquisition
electronics to avoid anti-aliasing. The noise spectra are not integrated for long enough for frequencies below
0.3 Hz
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Figure 6.5: R — T measurements of 4SN 1546 array with molybdenum wiring. The transition temperature of
the molybdenum is too low to have stable operating conditions, hence the I — V' curves were not measured. The
measurements are performed at 300 K background.

6.2 4S8N 1546

In the experiments with the initial layout there were always some jumps detected in the I —V and R—T
curves. The thermistor contact to the gold ring may produce the jumps as might the use niobium used for
wiring. In order to test these ideas, in this fabrication run, bolometers with molybdenum and aluminum
wires were manufactured.

6.2.1 Molybdenum wiring scheme

The thermistor is a bilayer of Au-Pd/Mo. Molybdenum serves as a base layer. The transition temper-
atures for niobium and molybdenum are 9 K and 0.6 K, respectively. It is easy to do the wiring with
molybdenum which then creates a homogeneous connection. Fig. 6.5 shows the R — T" measurement of
the array. The transition temperature for molybdenum is too low for stable operation. The high bias
voltage applied across the bolometer can be sufficient to break the superconducting state of molybdenum
hence no stable I —V curves were measured. The R—T curves were not smooth and jumps were observed
during the measurements, hence it was decided against the molybdenum wiring scheme.

6.2.2 Aluminum wiring scheme

Fig. 6.6 shows the experimentally determined I —V and R — T curves. Some channels did not show any
output, and jumps were observed in the I —V measurements. The R—T transitions were also not smooth
and overall the results were not satisfactory. Hence, it was decided to fabricate all the future bolometers
with the niobium wires.

6.3 4SN 1568—Inverted layout and silicon oxide coating

In the manufacturing process, the thermistor is first deposited on the clean wafer and the further processes
are performed subsequently, i.e. niobium wiring, adding SQUID and SQUID electronics. Thermistors
are very fragile so they have to be protected while these further processes are performed. In the inverted
layout all the processes were done initially and then the thermistor layer was deposited on the wafer as
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(a) (b)
Figure 6.6: [ —V and R—T measurements of 4SN 1546 array with Al wiring. The measurements are performed
at 300 K background.

a last step. In this experiment, it was not possible to measure any I —V or R — T curves. Hence the
conclusion is, the thermistor has to be deposited directly on the silicon nitride first.

Another way to protect the thermistor layer is by depositing the silicon oxide (SiO) on top of the
thermistor. This is also explained in § 3.2. But, the SiO coating caused a very broad transition along
with occasional jumps within the transition. In addition, since niobium wires are thicker than the Au-
Pd/Mo thermistor, the results were often irreproducible; some pixels were not working, some showed high
resistances or broadened transitions and some were disconnected completely. Another possible solution
is to start with the bilayer in the first place, and coat it during all subsequent fabrication steps with a
helping resist mask, which will be removed in the end. That way the properties of the bilayer will be
unchanged.

6.4 Basic layout

With the initial bolometer design, different experiments were performed by changing the bolometer
properties, e.g., normal state resistance and fabrication process, but with unsatisfactory results. In I — V
and R—T measurements some jumps were observed, and in the I —V measurements the transition region
was not smooth. The thermistors were connected to the gold ring for all the bolometers with the initial
design. It was suspected that the transition from Au-Pd/Mo thermistor to the gold ring could introduce
jumps in the measurements. Hence, to understand the thermistor properties, it was decided to mount
thermistors with different geometrical and physical properties on the bare silicon nitride membrane and
the silicon wafer. An array is fabricated with seven different thermistors, mounted on the silicon nitride
(SigN4) membrane and on the silicon (Si) wafer, without any absorber layer. Fig. 6.7 shows the CAD
layout of the array.
The thermistors are as follows:

e CH1 / CH8 = Square 20 um x 20 um — on SigN4 membrane / Si wafer.

e CH2 / CH9 = Square 20 um X 20 ym — 1 § resistance, with gold strips in series between wiring
and thermometer — on SizN4 membrane / Si wafer.
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Figure 6.7: The test array in basic layout. Seven different thermistors are placed on the silicon nitride membrane
and on the silicon wafer to understand the behavior of the Au-Pd/Mo thermistor. The thermistors are connected
with niobium wires. The thermistor geometries and properties are explained in § 6.4.

CH3 / CH10 = Strip 20 um x 100 um — 5 € resistance — on SizN, membrane / Si wafer.

CH4 / CH11 = Square 100 pm x 100 pm — on SizN4 membrane / Si wafer.

CH5 / CH12 = Square 4 pm x 4 pym — on Si3N4 membrane / Si wafer.

CH6 / CH13 = 5 paralleled Strips 20 gm x 100 gm — on SizN4 membrane / Si wafer.

CH7 / CH14 = Rectangle 60 pm x 20 pm with gold banks on the sides — on SizNy membrane /
Si wafer.

6.5 K0078-5.2 bolometer array — Experiment and Model

The seven channels connected are CH1, CH2, CH4, CH5, CH9, CH11 and CH12.

As shown in Fig. 6.8 (b), the R — T curves for all the thermistors are measured but the I — V' curves
are measured only for the thermistors mounted on the silicon nitride membrane. This was an experiment
with a 33 m{) shunt resistor without radiation, i.e., with 0.3 K background. Given that there is no
background radiation, the intrinsic R — T transition of the bolometer can be measured. Also, in the Basic
layout, there is no provision of radiation coupling, hence an experiment at 300 K background would not
reveal additional information.

Analysis of loadcurve

e CHI1 = is the central pixel of the 7-element array with 20 pum square thermistor. This channel
showed a smooth transition curve.
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(a) (b)

Figure 6.8: [ — V and R — T measurement of the K0078-5.2 array. The normal state resistance is 1 2 . The
I—V and R —T plots are shown in (a) and (b) respectively. Measurements are performed at 0.3 K background.

CH2 = is a 20 pm square thermistor with gold strips. In the R — T measurements, an extra series
resistance of 100 m{2 was measured, which is due to the gold strips on the thermistors.

CH3 = is a 20 um x 100 pm size thermistor with normal state resistance on 5 €). Since the normal
state resistance is higher, the slope of the I — V curve is different for this channel (Fig. 6.12 (a)).

CH4 = is the biggest thermistor of 100 pm square. This showed smooth I —V and R — T curves.
It is observed that the operating region is wider than that of the thermistor of different geometries.
The transition curve is steeper near to superconducting range so the 7 of the bolometer should be
small.

CHb) = is a 4 um square thermistor. Since the thermistor is small, it is not thermally well connected
to the silicon nitride membrane. Thus, small bias voltage is sufficient for the transition from a
superconducting to a normal state. This was observed during I —V measurements so the transition
region is smaller compared to different thermistor geometries.

CH6 = has parallel strips of 20 ym x 100 gm in order to create the total area of 100 pm x 100
pm. In the integrated fabrication of TES and SQUID, it is important to protect the thermistor
before further processing. A striped thermistor would provide better adhesion for a SiO or SiOs
layer. The I —V and R — T curves are as shown in Fig. 6.12.

CH7 = is the 60 um x 20 pum size thermistor with gold banks on the side. The I — V' curve for
this channel was not measurable because of fabrication defects.

The thermistors mounted on the silicon wafer did not show any I —V curve. These thermistors are
thermally well connected to the silicon wafer and the applied bias voltage is not sufficient enough to
drive them out of the superconducting state. During the R — T" measurements, the whole array is
heated using an external bias voltage, hence it is possible to measure R — T for thermistors placed
on the silicon wafer.

Several experiments are performed with the same array in order to characterize the thermistors of

other geometry. Only thermistors on the silicon nitride membranes showed both I —V and R—T curves.
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Figure 6.9: Thermal conductance for High-G layout. The plotted value of x is obtained from Holmes et al.
(1999). Using the FEA model, G of sample ‘C1’ from Holmes et al. (1999) is calculated and plotted.

Hence in all the future experiments, only the thermistor deposited on the silicon nitride membranes (CHI,
CH2, ..., CH7) are connected to seven channels.

The comparison between thermistor of various geometries shows that the thermistor with bigger
geometry e.g. 100um X 100 pm has higher dynamic range and has steeper transition curve (§ 6.4) close
to the superconducting regime. The thermistors with smaller geometries like 4 pm square have less
contact area with the membrane so they are not thermally well connected to the membrane. While the
thermistors with bigger geometry like 100 pm square have more contact area so they are thermally well
connected to the membrane. For the small thermistors, the bias voltage required to go into transition
range is smaller than that of the big thermistors e.g. the thermistor of 100 pm x 100 pum goes into
transition at 120 pV and thermistor of 4 pm x 4 pm goes into transition at 60 pV.

Thermistors with larger area than 100 ym x 100 pm would occupy a significant fraction of absorbing
area so there is a need to compromise between the thermistor size and the absorbing area. Since the
thermistor with area of 100 um square showed better performance than other thermistors, it was decided
to use 100 um square as the standard geometry for the thermistor. The seven element array with 100 yum
square thermistor in spider geometries was fabricated (§ 6.7).

6.5.1 Model for thermistors of different geometries

In this section, the simulations of thermistors of different geometries are presented for basic layout array
(§ 6.4). Fig. 6.9 shows the calculated thermal conductance for High-G layout. The thermal conductance
for the Holmes et al. (1999) experiment is simulated to verify the model. The values of k are obtained
from the literature (Holmes et al. 1999) which are plotted as the second Y-axis in Fig. 6.9. From the
estimation of the thermal conductance, as explained in § 5.3, the I — V' behavior for different geometries
of thermistor are simulated; the required resistance—temperature dependence is obtained from the R —T
measurements. Fig. 6.10 shows the comparison between measured and simulated I — V' curves. The
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(a) (b)

()
Figure 6.10: IV model for different geometries of thermistor. The comparison of modeled I — V' and measured

experimental I — V for 4 um square thermistor Fig. (a), 20 um square thermistor Fig. (b), and 100 um square
thermistor Fig. (c).



6.5. K0078-5.2 BOLOMETER ARRAY — EXPERIMENT AND MODEL 60

(a) (b)

Figure 6.11: (a) Modeled G and extracted values of G from experiments for thermistor of different geometries.
The curve for extracted value of G is not smooth because of unevenness and jumps in R — 7" measurements. (b)
Estimated Kapitza resistance for 4 um square thermistors.

variations in the R — T measurements can cause discrepancies in the measured and modeled I —V . Such
discrepancies may also arise from the Kapitza (thermal boundary) resistance (Swartz & Pohl 1989). The
100 pm x 100 pm thermistor has larger contact area with the silicon nitride membrane so it is thermally
better connected to the membrane. It was found that the Kapitza resistance is not a major contributor
(see § 6.5.2 for estimation of Kapitza resistance). The operating point on the R — T transition moves to
higher resistance with increase in the bias power. In the transition region the bolometer current decreases
with increase in the bias voltage (V) and the curve is proportional to —1/V;. As explained in § 6.4, for
several experiments it was observed that the 100 pm square thermistor shows better performance over
other thermistor geometries. Hence it was decided to fabricate the seven element in spider geometry
with 100 um square thermistors. The experimental and modeled results for 100 pm square thermistor is
explained in § 6.8.1.

6.5.2 Estimation of Kapitza resistance

Using I — V and R — T measurements, the relation between voltage across the bolometer and the tem-
perature of the bolometer can be determined. Thus, the power across the bolometer in transition range
is determined. Using Eq. 2.37, the value of the thermal conductance in the transition range is extracted.
Fig. 6.11 compares the thermal conductance obtained from the finite element analysis and the extracted
from the experiments for High-G layout. The R—T curves are measured only during the transition range
hence the thermal conductance is estimated only for the transition region. Even as all the thermistors
are placed in the High-G layout, the thermal conductance is different for thermistors. This is because the
thermal conductance varies as logarithmic ratio of thermistor area to the silicon nitride membrane area.
Hypothetically, if a circular silicon nitride membrane and geometry of thermistor is assumed, then the
thermal conductance is proportional to the logarithm of the ratio of thermistor diameter to the silicon
nitride membrane diameter. Same principle can be applied for the square size thermistor and silicon
nitride membrane.

The thermistor size affects the heat capacity of the bolometer. Since the contribution of thermistor
to heat capacity is very small, the change in geometry of the thermistor does not affect the total heat
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capacity significantly. Fig. 6.11 (a) compares the thermal conductance obtained from FEA and extracted
from the experiments. It was observed that, the extracted thermal conductance follows closely to the
modeled thermal conductance for 100 um square and 20 pm square thermistors. The discrepancy between
extracted and modeled thermal conductance for 4 pm square thermistor is higher. Due to discrepancy
in the thermal conductance of 4 pym square thermistor, the modeled I — V' do not have good fit to the
measured I —V (Fig. 6.10 (a)).

The larger thermistor, e.g. 100 um square, 20 um square, has larger contact area with the silicon
nitride membrane hence the Kapitza (thermal boundary) resistance between thermistor and the silicon
nitride membrane is not significant. The smaller size thermistor, e.g. 4 yum square, has less contact area
with the silicon nitride membrane hence a possible boundary resistance between the surfaces can affect
the bolometer performance. The discrepancies between measured and modeled thermal conductance for 4
pm square thermistor could be due to the thermal boundary resistance. Here, an estimate of the Kapitza
resistance obtained from the comparison between modeled and experimental thermal conductance is
presented.

The Kapitza conductance, H, for bolometer is (Baker & Wyatt 1987; Swartz & Pohl 1989)

Hi = (igotoBn) /(A X [T3o1o — Traun)), (6.1)

where igolo is the bolometer current, A is the contact area, 7}!, is bolometer temperature and 717",
is the bath temperature. The value of n is 4. For 4 um square thermistor, the Kapitza conductance is
calculated in the transition range. The values for Kapitza resistance estimated from the model calculations
are plotted in Fig. 6.11 (b). The value of Kapitza resistance is fed into the bolometer model and the
thermal conductance of 4 pm thermistor is calculated. An estimation of the thermal conductance for 4
pm thermistor with Kapitza resistance is shown in Fig. 6.11 (a). The comparison between the modeled
thermal conductance with Kapitza resistance and the extracted thermal conductance shows discrepancies.
4 pm area, is near to the limit of the lithography, hence there can be difference in the deposited surface
area. The niobium bonding pads of the thermistor have bigger surface area than the 4 pm square
thermistor, which can thermally affect the bolometer properties.

6.6 4SN 1601 — Spider geometry

Reduction of the thermal conductance increases the sensitivity of the bolometer. Efforts were made to
structure the silicon nitride membrane so it is possible to tune the thermal conductance (G) according
to the requirements. As explained in § 3.4, the membrane is structured into Low-G , Medium-G and
High-G configurations. Fig. 3.7 shows the spider geometry of Low-G ; Medium-G and High-G .

6.6.1 4SN 1601 — High-G layout

For this experiment, the seven channels are connected to all the thermistors on the silicon nitride mem-
branes. The properties of each thermistors are explained in § 6.5. Fig. 6.12 shows the I —V and R — T
measurements of array when the experiment was performed at 300 K background. Due to fabrication
defects, it was not possible to measure the I —V and R — T curves for 60 pm x 20 pm size with gold
banks on the side of the thermistor. The transition width of the bolometer in the R — T" measurements
is directly proportional to the applied bias voltage. It was observed that the transition range of a TES is
directly proportional to the thermistor size. The transition range of the 100 um square thermistor is the
biggest, and the transition range of 4 the ym thermistor is the smallest. CH2, a 20 um square thermistor
with gold strips, showed an extra 200 m(2 of resistance is series. This resistance is due to the deposition
of the gold strips on the thermistor. The normal state resistance of CH3 is 5 2. CH6 has parallel strips of
20 pm x 100 pm so the total area is 100 pm x 100 pm. During several experiments, it was not possible
to obtain the stable operating conditions for CH6. Sometimes, the applied bias voltage was insufficient to
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(a) (b)

Figure 6.12: I — V and R — T curve for 4SN 1601 array in High-G layout. The normal state resistance is 1 Q.
33 m€ of resistor is used as a standard shunt resistor. The I —V and R — T plots are shown in (a) and (b)
respectively. The measurements are performed at 300 K background.

(a) (b)

Figure 6.13: [ — V and R — T measurements of 4SN 1601; spider Medium-G layout. The design has 8 legs of
300 pm width. The measurements are performed at 300 K background.

overcome the Hysteresis effect, so an extra heat input was required to break the superconducting state.
An extra heat input increases the base temperature of the cryostat, so the sensitivity of the bolometer
is affected. The 100 pm square thermistor showed better performance in comparison with thermistors
of other geometries. The bottom panel of Fig. 6.10 shows a comparison of I — V' curves of the 100 um
square thermistor. The R — T measurements are inputs to bolometer modeling.
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(a) (b)
Figure 6.14: I —V and R —7T measurements of 4SN 1601; spider Low-G layout. The design has 8 legs of 100 pm
width. The measurements are performed at 0.3 K background.

6.6.2 4SN 1601 — Medium-G layout

The I —V and R—T measurements of the Medium-G layout are shown in Fig. 6.13. All the thermistors on
the silicon nitride membrane are connected to bolometer channels. During the experiment, some jumps
were seen in the R—T curves. In the I —V measurements, some jumps are seen near the superconducting
stage which correlate with jumps from R — T" curves. Although R — T transitions were observed for all
the channels, the I — V' curves for CH6 and CH7 were not measurable. Upon investigation it was learned
that the wires carrying bias voltage to CH6 and CH7 were open. This fault was repaired in all the
subsequent experiments. The thermistor properties are similar and 100 um square thermistor showed
better performance in terms of steepness of I —V curve and transition region. The detailed experimental
results and modeling for different Medium-G layouts are presented in § 6.10 and § 6.11.

The silicon nitride membrane was structured (4SN 1601) to tune the thermal conductance of the
bolometer. There were jumps in I —V and R — T measurements but the overall behavior of the array
was as expected. The thermal conductance decreases from High-G to Low-G configuration. Hence the
bias voltage required to go from the superconducting state to normal state also decrease from High-G to
Low-G design. This was confirmed from the experiments.

6.6.3 4SN 1601 — Low-G layout

The I —V and R — T curves from the experiment with no background radiation are shown in Fig. 6.14.
All the seven thermistors on silicon nitride membranes are connected to the SQUID channels. The
temperature transitions for different thermistors are in the range + 20 mK. All the channels show similar
characteristics. Since the thermal conductance is smaller than other layouts, less bias voltage is required
to go into tramsition region. Similar to previous experiments, the 100 pum square thermistor showed
better performance. Here, the transition range was higher and I — V' curves were steeper near to the
superconducting stage. Fig. 6.15 shows a comparison of I — V' data for High-G, Medium-G and Low-G
layouts.

Similar experiment was performed at 300 K background radiation but the I —V or R—T curves could
not be measured. This is because the thermal conductance of the Low-G layout is too low to work with
300 K background. The incident power from 300 K background heats the bolometer above its transition
temperature and the bolometers stay in the normal range.
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Figure 6.15: [ — V comparison for 100 pm x 100 pm thermistor measured in High-G, Medium-G and Low-
G configuration of 1601 design. For High-G and Medium-G layouts the measurement is performed at 300 K
background and the measurements of Low-G layout are performed at 0.3 K background.

6.7 4SN 1610 — Spider geometry

In the previous experiments, the performance of the 100 pm x 100 pum thermistor was better in that
the I —V curves were steeper and there was a bigger operating range. In the next fabrication run, the
silicon nitride membranes were structured into High-G, Medium-G and Low-G configuration and all the
thermistors were of 100 um square geometry. In this layout cross absorbers were used for the first time
(§ 3.3).

In array 4SN 1610, due to fabrication problems, a large fraction of the legs in the 8-leg Medium-G
layout were broken so no stable experimental results could be obtained. Too high stress during the
deposition of the silicon nitride on the silicon wafer could be the cause. In order to solve this problem
for Medium-G layout, in the next array design, the leg width is decreased and the number of legs are
increased, resulting into same value of the thermal conductance. The new Medium-G with 16 legs and
32 legs, 4SN 1762 is fabricated, (§ 6.10, 6.11).

6.8 4SN 1610 — High-G — with Ti absorber- Experiment and
model

The High-G layout was fabricated with, both, continuous titanium absorbers and gold-palladium cross
absorbers. Thus, it is possible to compare the efficiency of the new cross absorbers with the old continuous
titanium film absorbers.

6.8.1 [ —V and R — T measurements

Both, modeled I —V and experimental I —V curves are similar to those shown in Fig. 6.10 (c¢). Fig. 6.17
(a) and (b), respectively, compares the experimental behavior of power-voltage (P — V') and resistance-
voltage (R — V) curves with a bolometer model. In the transition region any change in V; leads to a
change in the the bolometer resistance, R, so that I o 1/V},, with P, constant. In the transition region,
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(a) (b)

Figure 6.16: I —V and R — T measurements of 4SN 1610 High-G layout with continuous titanium absorbers.
All the thermistors are 100 pm square size and mounted on the continuous silicon nitride membrane. The
measurements are performed under 300 K background.

(a) (b)

Figure 6.17: Measured power (P) and resistance (R) for bolometer with 100 pm square thermistor, compared
with modeled parameters. The Y axis is power and resistance of bolometer plotted against voltage across the
bolometer, respectively in (a) and (b).
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Figure 6.18: The signal and noise for 100 pm square thermistor of 4SN 1610 array in High-G layout with Ti
absorber. The noise curve is fitted with a low pass filter function.

when the optical load is negligible, the bias power (P,) is at its maximum value. As P is increased, P
decreases (P + P, is held constant in feedback circuit) and the responsivity is kept constant. When the
applied bias voltage crosses the threshold value, due to the heat generated by bias power the bolometer
goes into normal range (Fig. 6.17 (b)). The bolometer is in the transition range from 5 uV to 16 puV of
bolometer voltage. These measurements were performed with 300 K background hence the background
contributes to the total power. The TES is operated at high background so that Py, is significantly less
than Piyq, effectively suppressing some of the ETF effect and reducing the overall loop gain.

6.8.2 Signal measurements

A thin titanium absorber film is deposited on the back of the silicon nitride membrane. Fig. 6.18
shows the signal measured for a 100 um square thermistor with a lock-in amplifier. The signal and
noise is plotted against the frequency of incoming radiation in the same plot. The frequency of incoming
blackbody radiation is varied by a chopper wheel.

Time constant measurements

Experiments were performed on the same array with 300 K background. The measured values of the time
constant are shown in Fig. 6.20. When the bolometers are near to the normal range, their intrinsic time
constants are not affected by the strong negative electrothermal feedback, hence, they have high values.
In the middle of the transition range (~ 8 1V bolometer voltage) the transition curves are steepest, hence
the time constant of the bolometer is at minimum.

The heat capacity calculations for the High-G layout bolometer with a 100 pm square thermistor
are shown in Table 6.2. The gold ring is a main contributor to the heat capacity. The strong negative
ETF decreases the time constant of the bolometer significantly but in our case the addition of gold ring
decreases this effect. The incident beam has a gaussian pattern and causes heating of the membrane.
Due to high thermal conductivity of the gold, the area inside the gold ring acts as constant thermalized
patch so all the heat generated due to the incoming radiation is coupled to the thermistor. Simulations
were performed to verify the effects of gold ring (§ 6.12).
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Figure 6.19: Relation between calculated time constant 7 as a function of gain L for High-G layout.
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Figure 6.20: Time constant of the bolometer from the 4SN 1610 array with Ti absorber. Near to the normal
range, the steepness of the transition curve decreases, hence 7 increases. The transition curve is steepest in the
middle of the transition range, hence 7 is at a minimum.
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Table 6.2: Thermal heat capacity budget for High-G layout with Ti film absorber at 450 mK.

Material C, Electron (), Lattice Volume C
(J/em® K2)  (J/em?® K%) (cm?) (J/K)
Thermistor:
Au-Pd 2.5 x 1074 42x107* 86 x 1011 1.3x 107
Mo 1.1 x 1073 9.3x107* 8.6x 10710 5.0 x 10713
Electrical Leads:
Nb 86x107% 38x107°? 2.9 x 10718
Au ring 6.8 x 1075 4.5 % 1075 2.1 %1077 6.3 x 10712
Absorber:
Ti 3.2x 1074 2.5x107° 1.4 x 1078 2.1x 10712
SigNy 82x107% 82x10°° 6.1 x 1014
Total 8.9 x 10712 J/K

The total heat capacity of the bolometer for High-G layout is calculated to be 8.9 x 10712 J/K. The
modeled thermal conductance near to the normal range is 4.5 x 10~? W/K. Therefore, the calculated
intrinsic time constant (7o) is 2 ms. This time constant is attained when the bolometers are near to the
normal range so there is no strong negative ETF. The measured 7 is 2.9 ms when the bolometers are
near to the normal range. Using the experimental time constant and the modeled thermal conductance,
the calculated heat capacity of the bolometer is 1.3 x 10~1* J/K. The measured heat capacity is higher
than the calculated one (Table 6.2). For the calculations, pure materials were considered but impurities
can increase the heat capacity. The discrepancy can also be explained, if the thermal conductance of
the bolometer is lower than calculated from the FEA model. For the heat capacity calculations, the
thickness of titanium film absorber is assumed to be 5 nm but there can be uncertainties in thickness
measurements. During the fabrication, the titanium film is deposited such that the surface resistance is
377 Q/0. Thus, the surface resistance is a determining factor for the process of film deposition.

Power dissipated in the thermistor causes a temperature rise, AT hermistor = AP/Gihermistor- Lhe
base temperature will be higher than in the case in which the same power would be dissipated uniformly
throughout the absorber, ATqpt = AP/Gopt. Thus, the thermal efficiency will be degraded only when the
thermal conductance of the absorber becomes comparable to the thermal conductance of the supports. As
shown in Table 6.2, the thermal conductance of the niobium wires is smaller than the thermal conductance
of an absorber. Therefore, the thermal inefficiencies due to the niobium wires can be neglected. The C'
of the thin film scales as T hence the thermalization time is temperature independent.

Fig. 6.19 shows the comparison between calculated time constant and loop gain. The curves show the
predicted time constant dependence of 7 = 7, /L + 1, where 7, is 2.9 ms. In the transition range the L
is &~ 68. It is difficult to determine L precisely for each measured 7 since dR/dT is current dependent,
especially at the lower end of the transition and it is not correct to derive L from the values of a determined
from R—T measurements. Also, since the change of total power is very insensitive to the operation point
in the strong ETF regime, errors in determining L are as large as factor of 2 (Lee et al. 1998).

Spectral response of the system

The spectral response of the different channels was measured using a Martin-Puplett Spectrometer
(§ 4.7.2). Fig. 6.21 shows the spectral response of CH6. It is very important to understand the spectral
behavior of the system. The transmission band is defined by filter characteristics but in practice it is
altered by standing waves between filters, reflections from the metallic parts inside the cryostat and in-
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Figure 6.21: Typical spectral response. The measurements were performed with a Martin-Puplett Interferome-
ter.

terference. The spectral response of the system contains all such interfering factors which determine the
overall spectral characteristics. The ripples in the spectrum are due to the lack of anti-reflection coatings
on the filters.

6.8.3 Noise measurements

The noise is measured as a timeseries and analyzed using the LabVIEW program. The different noise
current contributions obtained from the model are plotted in Fig. 6.22. The parameters are calculated
at 10 pV bolometer voltage. The total noise current is obtained by adding Johnson, phonon (thermal
fluctuation) noise and SQUID noise quadratically. It is possible to derive the noise voltage from the noise
current. The measured noise voltage is 2.6 x 10~° V/4/Hz and the noise calculated from the model is
1.9 x 10~° V/v/Hz. The noise measurements with a lock-in amplifier are consistent with those obtained
using a time-series analyzer. The measured noise is compared with the signal in Fig. 6.18.

A fundamental limit for the noise in a bolometer is set by thermal fluctuations in a simple thermal
circuit consisting of a single heat capacity and a single thermal link to a temperature reservoir. When
referred to the bolometer the thermal fluctuation noise power spectrum is at low frequencies and rolls off
at the maximum response frequency of the bolometer. Fig. 6.23 compares the noise from the experiments
with that obtained from the model. In subplot Fig. 6.23 (a), the measured noise seems to show the 1/ f
noise below 2 Hz, but the length of measured time series was not long enough to measure the noise at low
frequencies with high accuracy. The contribution from photon noise, as in § 2.3.1, is also considered. The
noise is measured with and without 300 K background in order to study the effect of photon noise. As
shown in Fig. 6.23 (b), the estimated value of the noise voltage from various noise current contributions
closely follows the measured noise voltage. Bolometers are often operated at switching frequencies of
a few Hz so the behavior of the bolometer should be characterized in the low frequency regime. The
experimental measured noise is slightly higher than noise predicted from the model. This excess noise
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Figure 6.22: Predicted noise current of the 4SN 1610 High-G array for a 100 um square thermistor with a
Ti absorber film. The values are obtained from the bolometer model. The Thermal fluctuation noise (phonon
noise) is the main source of noise so the total noise follows it. A bolometer voltage of 10 1V is considered for the
calculations.
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Figure 6.23: Comparison of noise voltage from experiments with modeled values for the High-G layout with Ti
absorber. Measured Noise in plot (a) refers to noise measured during experiment with 300 K background and in
plot (b), it refers to the noise measured during the experiment with 0.3 K background. The modeled value of
noise is also compared with experimentally measured values. The measured noise was fitted to a low pass filter
function.
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Figure 6.24: NEP plotted as a function of frequency. The NEP obtained from the bolometer model, with and
without photon noise contribution is compared with the measured optical NEP.

may arise from microphonics from the suspension and electrical wiring, the resistive fluctuations of
superconducting film, superconducting flux motions; the reason for the observed excess noise is not
known.

The difference between the measured and the calculated total noise voltage without photon noise is
1.1 x 107> V/v/Hz. The noise voltage obtained from the model with photon noise is 4.3 x 10~° V/v/Hz
and the measured value of the total noise voltage is 5.6 x 10~° V/v/Hz. The excess noise measured during
an experiment with 300 K background is 1.3 x 107° V/ vHz. Thus, the excess noise level for experiment
with 300 K background is similar to that of the experiment without 300 K background. The noise due
to base temperature fluctuations is defined by Hooge parameter (ygy) which is a function of operating
temperature. Since the transition temperature is 0.45 K, the contributions from 7 (7') can be neglected
(de Korte et al. 1995; de Nivelle et al. 1997). According to the discussions of de Nivelle et al. (1997),
the Hooge parameter is directly proportional to the total heat capacity and the operating temperature of
the bolometer. The total heat capacity decreases significantly at the operating temperature of 450 mK.
Estimates of the Hooge parameter for bolometers mounted on silicon nitride membranes were performed
by de Korte et al. (1995). The base temperature of the cryostat in 0.3 K and the extra noise due to
the temperature fluctuations at sub-kelvin temperatures is negligible. Maul et al. (1969) have tried to
calculate the excess noise due to the boiling of cryogenic liquids, e.g, 3He , “He and Ny, but no correlation
was found.

The responsivity of the VSB does not depend on the small variations in the base temperature and
power loading hence the calibration of the receiver is more accurate. When the thermal conductance of
the bolometer is limited by the background power, the VSB should yield ideal NEP without constraints
of C' but in the applications where the speed requirements defines the thermal conductance, a reduction
of the NEP is possible from the ideal value.
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(a) (b)

Figure 6.25: [ —V and R — T measurements of 4SN 1610; High-G layout with gold-palladium cross absorbers.
All the thermistors are 100 pm square. The measurements are performed under 300 K background.

6.8.4 NEP calculations

The NEP of TES (§ 2.3) and overall noise in TES (§ 2.5.1) is explained in Chapter 2. Using TES theory
(Eq. 2.30), considering the contribution from different noise sources, it is possible to deduce the electrical
NEP of the bolometer. Fig. 6.24 shows the comparison between the calculated electrical NEP from
model and optical NEP obtained from the experiments. The electrical NEP is calculated from the model
with and without contribution of photon noise from 300 K background radiation. The estimated value
of NEP without photon noise is 1.1 x 10716 W/\/E and with photon noise from the 300 K background
is 2.7 x 10716 W/+/Hz.

The optical NEP is the absorber power divided by the signal to noise ratio. From signal and noise
measurements the optical NEP is derived at different signal frequency. The optical NEP obtained is
4.5 x 10~ W/y/Hz at 20 Hz chopper frequency. The noise measured in the experiment is higher than
calculated noise hence the optical NEP is higher than the calculated NEP.

The theoretical NEP is calculated by dividing the measured noise current referred to the SQUID input
by the value of the responsivity. The contribution from Johnson noise is suppressed by a factor of 7, /7
(Mather 1982) because the of sharp transition (large «) and strong negative ETF. The NEP calculated
from Johnson noise alone can be low in any sensor with high « and P, > GT'/a with or without ETF.
However, stable low noise operation of a high « sensor with P, > GT/« requires strong ETF. The
degree to which the detectors achieve background-limited performance can be described by the ratio of
the measured sensitivity under optical load NEP,,4cq1 to the estimated photon noise level NEP,4ot0n-
The estimated NEP opticai/NEP photon is 1.36 £ 0.06; the NEP,,icq; is obtained from the experiments
at 300 K background and the NEP 010, is obtained from the bolometer model. The dynamic range of
the bolometer is approximately 67'G/NEP, where 07" is the half-width of the transition and NEP/G is
the fluctuation per vHz (Clarke et al. 1977). Considering 67 ~ 2 mK and NEP/G ~ 10~7 KHz !, the
dynamic range is about 10% in a 1 Hz bandwidth.

6.8.5 4SN 1610 — High-G — with Au-Pd cross absorbers

In order to test the efficiency of new cross absorbers, an experiment with the 4SN 1610 design in the
High-G configuration was performed. Fig. 6.25 shows the I —V and R — T data for this array. Fig. 6.26



73 CHAPTER 6. EXPERIMENTAL RESULTS AND MODELING

Time constant vs Voltage-Square 100 um-1610-Au-Pd absorber
3 T T T T

2.8F 1

N
(2]
T
i

—— CH2
—=— CH5
—— CH6 1

N
N
T

Time constant (ms)
N
N N

-
o]
T
i

-
[<2)
T
i

1-4 Il Il Il Il Il Il
4 6 8 10 12 14 16 18

Voltage (1V)

Figure 6.26: Time constant measurements of the High-G layout with Au-Pd absorbers in 4SN 1610.

Table 6.3: Thermal heat capacity budget for High-G layout with Au-Pd cross absorbers at 450 mK.

Material C, Electron (), Lattice Volume C
(J/em3 K2)  (J/cm? K*) (cm?) (J/K)
Thermistor:
Au-Pd 2.5 x 1074 42x107% 8.6 x 10711 1.3 x 10~ ™
Mo 1.1x1073%  93x107* 8.6x10710 5.0 x 10713
Electrical Leads:
Nb 8.6 x 1076 3.8 x107° 2.9 x1071°
Au ring 6.8 x107° 45x107°% 21x1077 6.3 x 10712
Absorber:
Au-Pd 2.5 x 1074 4.2 x 1074 1.1 x 1079 1.6 x 10713
SizNy 8.2 x 1078 82x 1076 6.1 x 10714
Total 7.3x 10712 J/K

shows the 7 values from the this experiment. The I — V curves of CH1, CH5 and CH6 (Fig. 6.25 (a))
show jumps. It may be suspected that these jumps are not related to the bolometers but to the SQUID
amplifiers. The seven SQUIDs are placed in two magnetically shielded mounts next to the aluminum
horn antenna. CH2, CH3, CH7 are connected in one mount and CH1, CH5, CH7 in the other mount.
The total heat capacity of the High-G layout with gold-palladium cross absorbers is 7.3 x10712 J/K.
Considering its thermal conductance of 4.5 x 10~2 W/K, the intrinsic time constant of the bolometer is
1.7 ms. The optically measured time constant near to the normal range is 2.5 ms which corresponds to a
heat capacity of 1.3 x107*! J/K. The estimated heat capacity is less that the measured heat capacity. In
case of the High-G layout with titanium absorber film, the measured heat capacity was ~ 1.5 times more
than the estimated heat capacity. For the High-G layout with gold-palladium absorber, the measured
heat capacity is ~ 1.7 times more than the estimated heat capacity. Thus, the difference between the
measured and the estimated heat capacity is approximately similar for both the High-G layouts.
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Figure 6.27: Steady state temperature distribution from finite element analysis for Low-G layout. The thermistor
is maintained at a transition temperature of 450 mK while the silicon nitride membrane legs are maintained at
the bath temperature of 300 mK.

For the High-G layout with titanium film absorber, the SNR is in the range 1000 and 1500 and the 7
is ~ 3 ms. Comparison between Figs. 6.20 and 6.26 shows that the bolometers with cross absorber are
faster than the bolometers with titanium film absorber. The gold-palladium cross absorbers have less
heat capacity than the continuous titanium film absorber hence the total heat capacity of the High-G
layout is reduced. Hence, the time constant of the High-G layout is reduced. The SNR is in range of
400 to 750 depending on applied bias voltage. The SNR ratio of the cross absorber bolometer is smaller
than that of the titanium film absorber bolometer. In this array, the cross absorbers were fabricated with
a surface resistance of 20 /0. Since the coupling to radiation was not perfect, the effective SNR was
lower than expected. The NEP of High-G layout with the cross absorbers is 6.5 x 1016 W//Hz.

6.9 4SN 1610 — Low-G layout — Experiment and Model

In order to understand the behavior of the bolometers with spider geometries e.g. Medium-G and Low-
G design, a finite element analysis was performed to estimate the value of the thermal conductance.
Fig. 6.28 shows the calculated thermal conductance for different silicon nitride membranes. In Fig. 6.27,
the results from finite element analysis are plotted. The meshing of the silicon nitride membrane and
thermistor is structured as explained in § 5.2. For the FEA modeling, the heat input was applied to
the thermistor and the thermal conductance is calculated from the heat flow rate. In the model it was
assumed that the thermistor is placed in the middle of the silicon nitride membrane but in practice, the
thermistor was mounted at one corner of the absorbing center patch. When the modeling is performed
with the thermistor mounted on this spot the derived thermal conductance turned out to be equivalent
to that derived from FEA modeling with the thermistor in the center of the silicon nitride membrane.
For the experiment with 300 K background, the incident radiation on the absorbing area generates
heat over the absorber surface. If one wants to simulate the situation in which this heat is uniformly
distributed then the boundary conditions in FEA should be modified. With these boundary conditions,
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Figure 6.28: Calculated conductance for the different SizN4 geometries. The simulations are performed as
explained in § 5.2.

the thermal conductance increases by ~ 10 %. The NEP and noise can depend on the radiation load,
hence it is correct to use the changed thermal conductance for calculating these values.

6.9.1 [ -V and R — T measurements

The Low-G model shown here is compared with experimental results obtained from the 4SN 1610 array.
Fig. 6.30 compares the I — V curve obtained from the model with the I — V' curve measured during
the experiment. The bolometer goes into the transition range at voltages of 6 uV and 12 uV for the
Low-G and High-G layouts, respectively. The shunt resistor’s resistance is 33 m{) and the bias resistor’s
is 1045 . Comparisons of P —V and R — V curves are plotted in Fig. 6.31. The expected normal state
resistance is 1 € but the measured resistance during the experiment is 0.8 €. In transition range the
power dissipated in the thermistor is 50 to 60 pW, while for High-G layout, it is 150 to 200 pW. This is
expected from the difference in the thermal conductance.

Fig. 6.29 shows the I — V and R — T measurements of the Low-G array in 4SN 1610 design. All
the thermistors are of 100 pm square. As shown in Fig. 6.29 (a), all the thermistors show similar I — V
properties. In the R — T (Fig. 6.29 (b)) measurements, small variations in the critical temperature are
observed. In an experiment with 300 K background, it was not possible to obtain the I —V or R — T
measurements. The bolometers stayed in the normal range because the 300 K background was sufficient
to drive them into it. This was even true for a 77 K background. In the R — T measurements, during
several experiments a second transition near to the superconducting stage was observed. The shunt
resistor used for this and all the later experiment has 33 m{2 and the second transition was observed at
approximately the same resistance. When the bolometer resistance is less than the shunt resistance, the
system is no longer voltage biased and the second transition is an artifact.
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(a) (b)

Figure 6.29: I —V and R —T measurements of 4SN 1610 Low-G spider layout. The design has 8 legs of 100 pm
width. All the thermistors are 100 pm square size. The measurements are performed under 0.3 K background.
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Figure 6.30: Comparison of modeled I — V' with that of experimentally measured I — V' using 33 mS2 of shunt
resistor. (b) Relation between 7 and loop gain, L for the Low-G layout.
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Figure 6.31: Comparison between measured power, resistance and that of modeled parameters for the Low-G
layout.
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Figure 6.32: Relation between 7 and loop gain L for the Low-G layout.

6.9.2 Time constant measurements

The heat capacity calculations for Low-G layout are shown in Table 6.4. The overall heat capacity is
considerably lower than for the High-G layout because:

e The silicon nitride membrane is structured so that the deposition of a continuous titanium film is
difficult. Hence, instead of a continuous titanium film absorber, Au-Pd cross absorbers are used.
The overall heat capacity of an Au-Pd absorber is ~ 25 % lower than that of continuous titanium
film absorber (Tables 6.2 and 6.4).
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Table 6.4: Thermal heat capacity budget for Low-G layout at 450 mK.

Material C, Electron (), Lattice Volume C
(J/em® K2)  (J/em?® K%) (cm?) (J/K)
Thermistor:
Au-Pd 2.5 x 1074 42x107* 86 x 1011 1.3x 107
Mo 1.1 x 1073 9.3x107* 8.6x 10710 5.0 x 10713
Electrical Leads:
Nb 86x107% 38x107°? 2.9 x 10718
Absorber:
Au-Pd 2.5 x 1074 4.2 x 1074 1.1 x 1079 1.6 x 10713
SizNy 8.2 x 1078 2.5x 1076 1.9 x 10~ ™
Total 6.9 x 10712 J/K

e The SizN, membrane is structured so there is no need of a gold (Au) ring around the absorbing
center patch. The gold ring is the main contributor of the heat capacity hence removing the gold
ring will reduce the time constant significantly (Tables 6.2 and 6.4).

e The area of the silicon nitride membrane in the Low-G layout is reduced by ~ 70 % compared to
that of the High-G layout.

Gold has higher thermal conductivity than the silicon nitride membrane, hence the deposition a gold
ring around the absorbing center patch on the silicon nitride membrane creates an uniform thermalized
area. The High-G layout does not have a structured membrane hence the gold ring is required to define
the heat flow. Thus, the temperature change caused by radiation is detected by the Au-Pd/Mo thermistor
with little loss. The Low-G layout has a structured membrane hence heat flow is well defined, making
the gold ring superfluous. The modeling of a gold ring for a structured silicon nitride membrane is shown
in § 6.12.

The estimated heat capacity of the bolometer for Low-G layout is 6.9 x 10713 J/K. Using FEA, the
thermal conductance estimated in the transition range near to the normal range is 3.1 x 1072 W/K.
The intrinsic time constant of the bolometer near to the normal resistance range (7,) is 0.22 ms. In the
transition region, when the bolometer is near to the normal range the negative ETF is lowest hence it is
possible to determine the intrinsic time constant accurately. It was not possible to measure the optical
time constant so it is not compared with modeled 7 values. As shown in the Fig. 6.25, the I — V' curves
are steeper near to the superconducting range hence the loop gain is higher. The calculated loop gain
is ~ 61 which reduces the time constant to 3.6 us. Fig. 6.32 compares 7 and L. These calculations are
valid for 5 'V bolometer voltage.

6.9.3 Noise measurements

Since the thermal conductance for the Low-G layout is inadequate to work at a 300 K background,
the measurements are not performed. An analysis similar to that explained in § 6.8.4 is performed.
Fig. 6.33 (a) shows the noise current distribution from different sources of noise. The total noise is
calculated by adding all the sources of noise quadratically. These noise contributions are calculated at
5 pV bolometer voltage. The experimentally measured noise at 0.3 K background is 1.6 times higher
than the modeled noise. The noise voltage is simulated considering the contribution from photon noise
at different background temperature. The simulated noise voltage is 1.5x 107° V/ VHz at 0.3 K and
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() (b)

Figure 6.33: (a) Predicted noise current of the Low-G layout. The values are obtained from the bolometer

model. Thermal noise (phonon noise) is the main source of noise so it follows the total noise. (b) Relation
between the measured and calculated noise at different voltages.
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Figure 6.34: Comparison between the measured noise voltage with that of the model for Low-G layout. The

measured noise is fitted with a low pass filter function. An 88 Hz low pass filter function is fitted to the measured
noise.
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Figure 6.35: NEP plotted as a function of background temperature. The photon noise is calculated at different
background temperatures from the bolometer model. Due to inadequate thermal conductance it was not possible
to experimentally measure the optical NEP.

3.6x 107° V/v/Hz at 300 K. The experimentally measured spectra are obtained by integrating over ~
200 seconds.

The noise dependence on the bolometer bias was measured. As shown in Fig. 6.33 (b), the noise volt-
age increases with decreasing bolometer voltage. According to the VSB theory, the detector responsivity
(S;) is proportional to the bias voltage and to the loop gain (L). L is dependent on the steepness of the
transition curve («) hence when the bias voltage decreases the steepness of the curve increases. The cal-
culated noise voltage from the model at different bolometer voltages is compared with the experimentally
measured noise. Fig. 6.33 (b) compares the measured and simulated noise voltage at different bolometer
voltages. The slope of the noise voltage curve changes at lower bolometer voltages because of strong
negative ETF. The I — V curves are steeper near to the superconducting range hence o and .S; increase,
which causes the increase in noise voltage. The low pass filter, is obtained by the R-C circuit. The
resistor of 18 K and the capacitor of 0.1 uF was used in shunt circuit to create an 88 Hz anti-aliasing
filter. The measured noise values are fitted with a low pass filter function.

6.9.4 NEP calculations

Since it was not possible to measure the the optical NEP, theoretical values of electrical NEP were
estimated for different background temperatures. The calculated NEP value without photon noise (0 K
background) is 8.9x10~7 W/v/Hz.

The NEP of the High-G layout is higher than that of the Low-G by a factor of ~ 5. The reduced
value of the thermal conductance decreases the contribution from the thermal fluctuation (phonon) noise,
hence the overall noise voltage decreases. Since the responsivity is inversely proportional to the thermal
conductance, the optical NEP of Low-G should be lower by a factor of ~ 3 or more. Since the thermal
conductance for the Low-G configuration is too low for 300 K operation, experiments and simulations
were performed on a design with higher thermal conductance, i.e. the Medium-G layout. It is possible
to design bolometers for lower background, which will reduce the NEP significantly.
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Figure 6.36: CAD layout for single pixel Medium-G layout with 16 legs and 32 legs.

6.10 43N 1762—16-leg Medium-G —without Au ring—Experiment
and Model

Due to fabrication problems, a large fraction of the legs in the 8-leg Medium-G layout were broken
whereas the thinner legs of the Low-G layout on the same wafer survived. It was suspected that the
stress on the thick legs of the silicon nitride membrane for the Medium-G layout is high. New Medium-G
bolometers with 16 and 32 legs were fabricated (4SN 1762). This experiment is performed with 16-leg
Medium-G layout without the gold ring. The silicon nitride membrane is 3.3 mm x 3.3 mm square
and the absorbing center patch is 1.6 mm x 1.6 mm. The legs are 850 um long. Fig. 6.36 shows the
CAD layout for Medium-G with 16 and 32 legs. The leg width for the 16-leg design is 114 pum and for
32-leg design, it is 68 pm. Radiation is coupled to the dipole cross absorbers, placed on the center patch.
The thermistor is placed in one corner of the absorbing center patch in order not to disturb coupling of
radiation to the absorber. Since the silicon nitride membrane is structured there is no necessity of gold
ring.

Fig. 6.37 shows the steady state temperature distribution from the finite element analysis of the 16-leg
Medium-G layout without gold ring. The total thermal conductance of the silicon nitride legs is designed
to be same as that of the 8-leg Medium-G design. The meshing and finite element analysis is performed
in the standard way.

6.10.1 [ —V and R — T measurements

Experiments with 16-leg Medium-G layout were done under ~ 0 K and 300 K background. Fig. 6.38
shows the measured I — V, R—T, P—V and R — V curves at ~ 0 K background. As shown in the
plots all the I —V and R — T curves are smooth and there are no jumps in the data. It was possible
to measure data for all the channels. The spread in transition temperature for all the channels is in the
range + 15 mK. In the normal range, the slope of the I — V curves corresponds to the ~ 3 € normal
resistance. The R — T measurements are performed at the very low bolometer voltage of 0.3 uV.
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Figure 6.37: Steady state temperature distribution from finite element analysis for a 16-leg Medium-G layout
without Au ring. The thermistor is maintained at transition temperature of 450 mK while the silicon wafer is
maintained at the bath temperature of 300 mK.

Table 6.5: Transition temperature and Transition width (in bracket) for all the channels of 4SN 1762

CH1 CH2 CH3 CH4 CH5 CH6 CH7
(mK) (mK) (mK) (mK) (mK) (mK) (mK)
471 (2.47) | 478 (2.61) | 481 (2.37) | 477 (2.38) | 475 (2.39) | 467 (3.06) | 469 (2.41)
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(a) (b)

(©) (d)

Figure 6.38: Experimental results of Medium-G - 16 leg-without Au ring layout 4SN 1762. This experiment was
performed at 0 K background. In panel (a), the I — V measurements for all the channels are plotted. Panel (b)
shows the R — T measurements. Panel (c¢) and (d) show the dependence of the bolometer power and resistance
on the bolometer voltage.
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In the previous designs the normal state resistance was 1 2 but a value of 3 Q was found to be more
suitable. This value was chosen by considering the following issues:

1. The thermistor resistance should be selected to match the SQUID readout. The ideal thermistor
resistance value is calculated from the the SQUID inductance and the resistance of the input coil.
The contribution from SQUID noise should be lower than 1x10~'7 W/y/Hz which corresponds to
1 pA/vHz. Ideally the SQUID noise should be negligible i.e. NEPgg,ia=0.1 NEP7,:0;. From the
current noise of 1 pA/\/E and using Eq. 2.40, the ideal V4,5 = 10 ¢V and R = 0.35 2 is calculated.
Thus, in order to obtain the proper bias voltage Rpiqas < R/7 = 70 m{). The shunt resistance used
to obtain the bias voltage across the bolometer is 33 mf2. In order to obtain sufficient dynamic
range the thermistor resistance Rinermistor > TR = 2.5 €. It was therefore, decided to change the
normal state resistance of the thermistor from 1 €2 to 3 €.

2. From the previous experiments, it appeared that when the normal state resistance of the bolometer
decreased the steepness also decreased. Hence in order to obtain higher steepness (higher «) and to
reduce the time constant, the normal state resistance of the thermistor should increase. This has
the disadvantage that the operating range of the bolometer is reduced since the transition curve is
steeper.

3. Care should be taken to keep the normal state resistance of the TES thermistor low so the bolometer
impedance remains at low values in the transition. The value should be selected by optimizing «
and the thermistor impedance.

4. The existing technology and equipment at our disposal.

The transition widths for all the channels are calculated from the R — T measurements. It is defined
as the difference between the transition temperature when the thermistor resistance is 0.85 the normal
state resistance and when it is 0.15 times that value. Table 6.5 shows the transition temperature and the
transition widths for all the seven channels calculated at 0.3 uV of bias voltage. The transition widths
for all the channels is small hence « is high and the 7 of the bolometer decreases significantly in the
operating range.

Further experiments with the same array were done at 300 K. Fig. 6.39 shows the I —V and R — T
curves. As compared to the experiment without background, the bolometers goes into the transition
range at lower bias voltage and the transition range is also shifted to the lower temperature values. This
is mainly due to the contribution from the background power. During the experiment without background
only the bias power heats the bolometers. Hence, a smaller bias voltage is sufficient to drive the bolometer
from superconducting to normal state. The background power also affects the R — T measurements in a
similar way, hence the transition temperature is different during the experiment at 300 K.

As shown in the Fig. 6.39, CH3 did not produce usable R—T and [ —V curves while CH1 showed a very
low temperature. The similar experiment without background (§ 6.10.1) showed similar superconducting
transitions for all the channels. This could mean that there is an extra signal on the two channels.
This might be due to the inhomogeneities in the filter at the 1.5 K stage or inhomogeneities in the horn
antennas. The experiments were repeated by rotating the filter or the horn array in steps of 90°, one at a
time. The I —V and R—T curves did not change. It is concluded that there are no effects from the filter
or the horn antenna. Possible explanations include differences in the thermal conductance, the thermal
boundary resistance or the mechanical stress. In § 6.10.2, the silicon nitride membrane is modeled in an
attempt to understand the non-working channels.

Modeling of the I — V curve

All the seven thermistors are 100 um square. Figs. 6.40 and 6.41 compare the modeled -V, R—T, P—V
and R — V curves with experimentally determined ones. Fig. 6.38 (b) shows the R — T' measurements
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(a) (b)
Figure 6.39: I — V and R — T measurements of 4SN 1762, 16-leg spider Medium-G layout without Au ring.
The measurements are from the experiment at 300 K background.
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Figure 6.40: Comparison of modeled I — V' curve with the experimentally measured one (using a 33 m{2 shunt
resistor for 16-leg Medium-G layout without Au ring). I — V curves are compared for CH4. The measurements
were performed without background.
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(@) (b)

Figure 6.41: Comparison between measured power, (a) and resistance (b) vs. voltage and modeled parameters
for the 16-leg Medium-G layout without Au ring. The comparison is shown for CH4.

(a) (b)

Figure 6.42: (a) Steady state temperature distribution from finite element analysis with broken SizN4 leg. The
leg adjacent to the thermistor is assumed to be broken. (b) Thermal conductance calculated for this case.

for all the channels. The transition temperature for all the channels is within a temperature range of +
15 mK hence the simulation should be valid for all the channels.

The bolometer goes into transition range at a bias voltage of 28 pV without background and at 11 pV
with 300 K background. The power dissipated in the bolometer during the transition is between 275 and
325 pW and the normal state resistance is 2.6 2 . The modeling assumes a shunt resistance of 33 m{)
and bias series resistance of 1045 €.
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Figure 6.43: Comparison of different I — V' curves for CH1 and CH3. Simulated I — V' curves are obtained by
considering a transition temperature of 450 mK and a thermal conductance equivalent to that of the Medium-G
case and the Medium-G case with broken SizNy leg.

6.10.2 Modeling of the broken SizN, membrane

To understand the behavior of CH1 and CH3, a hypothetical case is considered, where a SizN, leg
adjacent to the Au-Pd/Mo thermistor is broken. The finite element analysis model is shown in Fig. 6.42
(a). It is assumed that the heat is applied to the thermistor which causes an increase in temperature
of the thermistor. Due to the broken SizN, leg, the direction of heat flow from the thermistor to the
wafer changes. Thus, in the silicon nitride membrane, the structure of the heat dissipation to the wafer
changes. Fig. 6.42 (b) shows the calculated thermal conductance for the Medium-G layout with broken
SizNy leg. It is compared with the Medium-G and Low-G layout. The change in the thermal conductance
is significant because the leg adjacent to thermistor is broken. If the SizNy leg, farther from the thermistor
were broken, the change in the thermal conductance would be less drastic.

For the R — T measurements, the whole array is heated using the external bias power so it will not be
affected by the broken SigNy legs. The I —V measurements are performed by applying the bias power to
the thermistor and measuring the output current. A broken SisNy leg adjacent to thermistor can affect
the I — V measurements. This discussion can be applied to CH1 and CH3. For the experiment with 0.3
K background, the R — T curve shows the expected transition temperature but the I — V curve does
not correspond to the respective R — T values. If the thermal conductance of CH1 and CH3 is different
from that of the other channels, such behavior can be explained. The thermal conductance for these
channels can be different, if the SizNy legs adjacent to the thermistor have a crack which is difficult to
see by the naked eye or microscope. Thus, the different I — V curves of CH1 and CH3 can be explained
by these simulations. The I — V curves are simulated considering a transition temperature of 450 mK
and the thermal conductance of Medium-G with broken leg layout. Fig. 6.43 shows a comparison of the
simulated I —V curves and the measured I —V curves for CH1 and CH3. For CH3, the simulated I — V'
curve of the broken leg case is close to the measured I — V curve, hence, the thermal conductance of
CHS3 is equivalent to that obtained from the FEA of broken silicon nitride leg (Fig. 6.42). The thermal
conductance of CH1 is less than that of a broken silicon nitride membrane.
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Table 6.6: Thermal heat capacity budget for 16-leg Medium-G layout without Au ring at 450 mK.

Material C, Electron (), Lattice Volume C
(J/em® K2)  (J/em?® K%) (cm?) (J/K)
Thermistor:
Au-Pd 2.5 x 1074 42x107* 86 x 1011 1.3x 107
Mo 1.1 x 1073 9.3x107* 8.6x 10710 5.0 x 10713
Electrical Leads:
Nb 86x107% 38x107°? 2.9 x 10715
Absorber:
Au-Pd 2.5 x 1074 4.2 x 1074 1.1 x 1079 1.6 x 10713
SizNy 82x107% 3.2x10°° 2.4 x 1074
Total 71x 1071 J/K

6.10.3 Signal measurements

The Au-Pd cross absorbers are deposited on the silicon nitride membrane to provide optical coupling.
Fig. 6.44 shows the signal measured with a lock-in amplifier and the noise observed from the timeseries
measurement. Fig. 6.45 shows the signal to noise behavior at different bias voltages.

Time constant measurements

It is possible to measure the time constant for the remaining five channels which showed proper I — V'
and R — T curves. Its variation as a function of bolometer voltage is shown in Fig. 6.46. The time
constant in the TES is reduced by the loop gain which depends on the steepness of the transition curve
(o). When the bolometers are near to the normal range, their time constant is higher since the transition
curve is not so steep there. At this point T,ormai & To, Where 7, is the intrinsic time constant of the
bolometer. In the middle of the transition curve, where it is steeper, the time constant is reduced. The
transition curves are also less steep near the superconducting range hence, as shown in Fig. 6.46, the time
constant increases at low bias voltages. Variations are observed in the time constant for different channels
but the overall pattern is similar. The time constant is ~ 6 times smaller than that of High-G layout
(Fig. 6.20). The absence of the gold ring reduces the total heat capacity significantly, hence the time
constant is reduced. The frequency limit of the mechanical chopper of the blackbody is 320 Hz. At this
frequency the signal had dropped by only ~ 20%, which makes a meaningful fit to the data unreliable.
In order to characterize the time constant more accurately, an electronically modulated Gunn diode in
combination with a frequency doubler was used. The signal from the Gunn diode can be modulated from
1 Hz to 1280 Hz, where the bolometer signal amplitude drops by more than 50%. However, the time
constant measurements obtained from the Gunn diode were similar to those obtained from the blackbody
measurements.

The SNR is highest at a bolometer voltage of ~ 8.8 'V where the time constant of the bolometer is
smallest (Fig. 6.45). This can be explained by VSB theory:

e As shown in Eq. 2.40, the noise of a VSB depends on its current respousivity (S;). S; is a frequency
dependent term which is correlated with the loop gain L and the time constant (Eq. 2.39). In the
transition range when the curves are steeper, 7 decreases and L increases which eventually increases
S; and decreases the contribution from noise current sources. Hence the SNR increases when the
time constant decreases.
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Figure 6.44: Signal and noise as a function of modulating frequencies for the 16-leg Medium-G layout with-
out Au ring. The bolometer voltage is 8.8 V. The data acquisition of the noise is performed with timeseries
measurements. The signal is measured with a lock-in amplifier hence it does not drop off at high frequencies.
Measurements are done at 300 K.
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Figure 6.45: Signal to noise measurements for all the channels at different bias voltages for 16-leg Medium-G
layout without gold ring.
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Figure 6.46: 7 and signal to noise data for 4SN 1762, 16-leg spider Medium-G layout without Au ring. The
measurements are from the experiment at 300 K. (a) The 7 plotted at different bias voltages for all the channels.
(b) The relation between 7 and loop gain L for the same layout.
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Figure 6.47: NEP plotted as a function of frequency. For comparison, plots of the theoretical NEP, with and
without contribution from photon noise of 300 K background are included

The heat capacity (C') calculations for the 16-leg Medium-G layout without the gold ring are shown
in Table 6.6. The calculated total heat capacity, C is 7.1 x 1073 J/K and the thermal conductance from
FEA analysis is 3.6 x 1079W /K. Using these values, we derive an intrinsic time constant of the bolometer
(7o) of 0.2 ms. This is the time constant obtained when the bolometer is near the normal range hence it is
not affected by the loop gain (L). Here, the thermal conductance is highest and obtained from the finite
element analysis model. The heat capacity is less than for the High-G layout because of the reduction
of the silicon nitride membrane area and the absence of the gold ring. The experiment reveals a time
constant of 0.3 ms near to the normal range which corresponds to a heat capacity of 1.1 x 10712 J/K. This
is the heat capacity near to the normal resistance state. The experimentally measured C' is ~ 1.5 times
higher than theoretically calculated heat capacity. The measured C' can be excessive for the following
reasons:

1. For calculations of heat capacity, pure material properties are assumed and small impurities in the
material can increase the heat capacity.

2. Heat capacity is obtained from the optical 7., which is measured at high bias voltage. Although at
these bias voltage levels, the negative ETF effect is small, this can affect the 7, measurements by
a small amount.

Fig. 6.46 (b) shows the relation between 7 and L. As shown in the experimental results, due to the
strong negative ETF the time constant reduces to 0.21 ms. From the model the calculated time constant
is 0.16 ms in the transition range.

Spectral response of the system

The spectral response of the system is measured (Fig. 6.48) with a Martin-Puplett interferometer (MPI:
see § 4.7.2). The spectral response has ~ 110 GHz bandwidth and is centered at a frequency of 250 GHz.
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Figure 6.48: Spectral relative response of the 16-leg Medium-G layout without Au ring.
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The internal reflections between the cryostat window and the interferometer window can create standing
waves between the two surfaces. In order to test this, interferograms were repeatedly measured by
changing the distance between the two surfaces and by successively changing the angle by 1°. The spectral
response measured in all these attempts was identical. It can thus be concluded that the spectral response
is not affected by the standing waves between cryostat and interferometer. Internal reflection between
the filters inside the cryostat or within the interferometer could also cause the standing waves. In order
to reduce the standing waves within the cryostat, the 1.5 K and 77 K stage filters have anti-reflection
coatings. This suggests that the ripples in the transmission band are Fabry-Perot interferences mainly
produced in the Martin-Puplett interferometer.

6.10.4 Noise measurements

Fig. 6.49 shows the noise measurements for five channels at different bias voltages. The noise spectra are
obtained by integrating for ~ 240 seconds. The noise curves are scaled in order to distinguish between
noise at different bias voltages. The scale factor is shown at the right corner of each noise spectrum. 1/ f
noise is observed at frequencies below 0.4 Hz at higher bias voltages. These measurements were done
without background. Since there is no photon noise contribution, the thermal fluctuation (phonon) noise
is the main source of noise.

The noise voltage was measured at different bias voltages. Fig. 6.50 compares the experimentally
measured noise with the modeled noise at different bias voltages. The noise for a particular bias voltage is
obtained by averaging the noise from 1 to 88 Hz. The bolometer responsivity (S;) is inversely proportional
to bias voltage and the loop gain, L. In the transition region, the steepness of the I — V' curve increases
and with it L and 5; increases. The noise sources are dependent on the bolometer responsivity, hence
the total noise current changes according to the applied bias voltage. Hence, the overall noise voltage of
the bolometer also changes in relation with applied bias voltage. The slope of the noise voltage curve is
directly proportional to the slope of transition curve. The model noise in Fig. 6.50 refers to the white
noise calculated from the bolometer model. With increasing bolometer voltage, the responsivity of the
bolometer decreases, and hence the noise voltage also decreases. As shown in the Fig. 6.50, the slope
changes because the « is different at intermediate stages of transition curve.

The thermal fluctuation noise is the main source of noise without radiation background. The sources
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Figure 6.49: Noise measurements for the five channels CH2, CH4, CH5, CH6 and CHT7 at different voltages.
The Y-axis is scaled by a multiplication factor shown next on the right side of each noise curve.
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Figure 6.50: (a) Relation between the noise measured and calculated at different voltages for the 16-leg Medium-
G layout without Au ring. (b) Predicted noise current of the 4SN 1762 array. The values are obtained from the
bolometer model. The thermal noise (phonon noise) is the main source of noise so the total noise follows it. The
noise currents are calculated at 8.8 pV of the bolometer voltage.

of noise current are plotted in Fig. 6.50 (b). This calculations are done for 8.8 uV bolometer voltage
without background radiation. The total noise current is obtained by adding all the sources of noise
current in quadrature. The noise voltage can be derived from the total noise current assuming that the
gain of the SQUID electronics and the bias resistor values are known. The noise measurements are done
in a high gain setting, i.e., FLL electronics gain of 2550000, and the 1045 € of bias resistor is used.
The noise voltage obtained from these calculations can be compared to the noise measured from the
experiment.

Fig. 6.51 compares the noise voltage from experiments with that of obtained from the model. Subplot
(a) is plotted with consideration of the photon noise of a 300 K background and subplot (b) is plotted
without contribution from photon noise. The modeled noise voltage is 2.7 x 10~° V/v/Hz without
background and 7.6 x 10~° V/v/Hz with photon noise of a 300 K background. As in High-G (§ 6.8.4)
and Low-G (§ 6.9.4) layout, the experimentally measured noise voltage is higher than modeled noise
voltage. During some experiments (Fig. 6.49) 1/f noise was observed below 0.4 Hz frequency. The
modeling for 1/f is done in § 6.10.4.

1/f noise characterization

The different sources of noise current plotted in Fig. 6.50 are calculated at 8.8 uV of bolometer voltage.
The calculations shown in the Fig. 6.52 are performed by assuming that there is no contribution from
the photon noise of the 300 K background. As shown in Fig. 6.49, 1/f noise is observed in some
measurements. Fig. 6.52 shows the noise voltage, measured at different bias voltages. White noise, as
predicted at different bias voltages, is also plotted along with measured noise. As already observed in
the experiments with the High-G and Low-G layout, the noise measured from the experiments is higher
than theoretically predicted. Since the 1/f noise contributes at very low frequencies (< 0.4 Hz), it is
difficult to measure its value precisely. 1/f noise is less significant at lower and higher bias voltages but
its contribution also increases in the transition range (Fig. 6.52). Similar behavior was observed for
all the channels. When the bolometers are in the transition range, the sensitivity of the bolometer is
higher, hence they are sensitive to interference pickup. When the bolometers are in the normal range or
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(a) (b)
Figure 6.51: Comparison between noise voltage from experiments and the noise voltage from the model for
16-legs Medium-G layout without Au ring. The Measured Noise in the plot refers to the noise measured at (a)
300 K background and (b) 0.3 K background. An 88 Hz low pass filter function is fitted to the measured noise.
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Figure 6.52: Plot is identical to Fig. 6.49 (a) at low frequencies, and plotted together with the white noise
calculated from the bolometer noise model.
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Figure 6.53: CAD layout of a single pixel of Medium-G layout with Au ring with 16-leg and 32-leg design. The
value of the thermal conductance is maintained at Medium-G level. The Au ring adds extra heat capacity.

in the superconducting range, the white noise from the bolometer is the dominating noise. It was tried
to determine the source of 1/f noise but a clear identification was not possible. Bad contacts in TESs
can also cause the 1/f noise. Fig. 6.49 shows the 1/f noise contribution for all the channels. Since it
is difficult to measure the 1/f noise precisely, it was not possible to systematically correlate it with the
bias voltage.

6.10.5 NEP calculations

The signal and noise in Fig. 6.44 were measured at 8.8 uV bolometer voltage. The SNR is in the
range between 1700 and 1950. The total noise is obtained by adding all the noise sources in quadrature.
These measurements are performed at different bias voltages and the average values of the SNR at 8.8 uV
bolometer voltage, is 1760. The estimated value of the NEP from the model is 9.7 x10~7 W /y/Hz without
photon noise and 1.7 x10~'¢ W/+/Hz with a photon noise contribution from a 300 K background. Using
this SNR value the measured optical NEP is 1.9x10~*6 W/v/Hz. The best SNR obtained is 1941 which
corresponds to the optical NEP of 1.6x107'6 W/\/E but for the comparison with other bolometers,
the NEP obtained from the average SNR is considered (1.9x107'6 W/y/Hz). The measured NEP is ~
3 times lower than that of High-G layout. Thus the sensitivity is increased by structuring the silicon
nitride membrane. The theoretical NEP is calculated by dividing the estimated total noise current at the
SQUID input by the responsivity. As explained in § 6.8.4, the NEPpticai/NEP proton ratio determines
the background limited performance. From the model, the NEP ,,1icai/NEP photon is 1.12 £ 0.03 and from
the experiments the ratio is 1.28 + 0.07.
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Gold ring

Figure 6.54: Steady state temperature distribution from finite element analysis for the 16-leg Medium-G layout
with Au ring. The thermistor is maintained at transition temperature of 450 mK while the silicon wafer is
maintained at 300 mK.

6.11 4SN 1762—16-leg Medium-G —with Au ring—Experiment
and Model

Since the silicon nitride membrane in Medium-G layout is structured there is no necessity for a gold ring.
The area within gold ring in High-G layout acts like a thermalized patch hence any temperature change
due to the incoming radiation is coupled to the Au-Pd/Mo thermistor. In array 4SN 1762, a 150 nm
thick gold ring was deposited on the silicon nitride membrane to study its effects. § 6.12 compares these
specific results with those obtained from finite element analysis.

Fig. 6.53 shows the CAD layout of the 4SN 1762 array with gold ring. As explained in the previous
section, due to technological reasons, instead of the 8-leg design, the Medium-G layout was fabricated in
16-leg and 32-leg designs. The silicon nitride membrane is of dimensions of 3.3 mm x 3.3 mm and the
absorbing center patch is of the dimensions of 1.6 mm x 1.6 mm. The gold ring around the absorbing
center patch has the width of 0.2 mm, hence the effective area of the absorbing center patch becomes
2 mm x 2 mm. The legs of the silicon nitride membrane are 650 pym long. The thermal conductance is
directly proportional to the ratio of cross sectional area of heat flow and heat path length. The addition
of the gold ring reduces the heat path length by 76 % so in order to maintain the thermal conductance
at Medium-G level, the leg width is reduced by the same amount. The leg width for the 16-leg design is
87 pum and for the 32-leg design it is 52 pm. The thickness of the silicon nitride membrane is ~ 1 pm.

Fig. 6.54 shows the finite element analysis (FEA) for the Medium-G layout with Au ring. The
uniformity of meshing improves the FEA analysis hence the parameters could be kept constant for the
gold ring meshing and silicon nitride membrane meshing. The gold ring is thinner (150 nm) than the
silicon nitride membrane (1 pm), hence all the parameters of the gold ring, like thermal conductivity,
specific heat are scaled proportionally. The heat capacity and thermal conductivity values of the gold at
low temperatures are obtained from Du Chatenier & De Nobel (1961).

Both the 16-leg Medium-G layouts with and without gold ring were produced in the same production
run. The thermal conductance is kept the same by scaling the silicon nitride leg geometry. An extensive
analysis with respect to the gold ring is presented in § 6.12.
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Figure 6.55: Experimental results of Medium-G - 16 leg with Au ring layout 4SN 1762. These experiments
are performed without background radiation. (a) I —V measurements for all the working channels. (b) R — T
measurements at 1 mV of bias voltage. (c) and (d) The bolometer power and resistance as a function of the
bolometer voltage, respectively.

6.11.1 [ -V and R — T measurements

Fig. 6.55, shows measurements obtained from the 16-leg Medium-G layout with Au ring without back-
ground radiation. Only six channels were working in all the experiments with this array. Fig. 6.55 (b),
shows the measured R — T curves. The spread in the transition temperature is + 15 mK. Subplots (c)
and (d), show P —V and R —V curves respectively. The normal state resistance of the TES is ~ 2.5 Q.
Table 6.7 shows the transition temperature and transition width for all the channels. The values of
the transition widths are in a similar range as those obtained with the 16-leg Medium-G without Au
design. Fig. 6.56 shows the I — V and R — T measurements with 300 K background radiation. Due
to the background power, the bolometer goes into transition at lower bias voltages and the transition
temperature is reduced.
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Table 6.7: Transition temperature and transition width (in bracket) for all working channels of 4SN 1762.

CH2 CH3 CH4 CHb CH6 CH7
(mK) (mK) (mK) (mK) (mK) (mK)
456 (2.62) | 445 (2.57) | 443 (2.30) | 439 (3.01) | 430 (2.13) | 428 (3.42)

(a)

(b)

Figure 6.56: [ — V and R — T measurements of 4SN 1762, 16-leg spider Medium-G layout with Au ring. The
measurements were done at 300 K.

(a) (b)
Figure 6.57: I —V and R — T measurements of 4SN 1762, 16-leg spider Medium-G layout with Au ring. The
measurements were done at 77 K.
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Figure 6.58: Comparison between the experimentally measured I — V' and the modeled I — V curve for CH5 of
the 16-leg Medium-G layout with gold ring.

CH1 was open and the channels CH3 and CH6 did not show a superconducting transition (Fig. 6.56).
Similarly to the previous experiment, the measurements were performed by rotating the 1.5 K filter
and the horn antenna by 90° to see any effect due to them. No such effect was observed. Fig. 6.57
shows the I — V and R — T measurements at 77 K. With the background radiation at 77 K, it was
possible to measure the I —V and R — T curve for all the channels except CH1, including for CH3 and
CH6. Hence we conclude that for CH3 and CH6, thermal conductance is different from that of the other
channels. Such behavior can be understood, if the Si3gN, leg adjacent to the thermistor is broken or has
a undetected crack. § 6.10.2 shows the FEA simulations for such a case. Fig. 6.62 (a), shows the time
constant measurements for four channels at different bias voltages.

Modeling of the I — V curve

Figs. 6.58 and 6.59 shows the comparison of I —V, P —V and R — V curves obtained experimentally
with model curves. The bolometer goes from the transition range to the normal resistance state at 24 VvV
of bias voltage without 300 K background and at 11 pV bias voltage with 300 K background. The power
dissipated in the bolometer is about 250 pW in the transition range.

6.11.2 Signal measurements

The signal measured with lock-in amplifier is plotted in Fig. 6.60. Since the time constant of the
bolometer is larger, at higher frequencies, the signal drops more than in the previous experiment. The
signal is measured with a lock-in amplifier so it is not affected by the anti-aliasing filter installed in the
data acquisition electronics.

Time constant measurements

The measured value of 7, is ~ 2 ms at bolometer voltages of ~ 30 ¢V when the bolometers are near to the
normal range. The minimum time constant is measured at of ~ 6.4 ©V bolometer voltage. The transition
curves are steepest at a bolometer voltage of ~ 6.4 1V so the steepness factor « is highest and hence the
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Figure 6.59: Comparison between measured and modeled power and resistance for CH5 of 16-leg Medium-G
layout with Au ring.

time constant is lowest. The average value of the measured time constant is 1.5 ms. The measured time
constant is higher by a factor of ~ 2, in comparison to the previous experiment (§ 6.10). The previous
experiment was performed with same layout but without the gold ring hence the heat capacity was much
smaller. Gold has high heat capacity hence the addition of gold ring increases the total heat capacity
significantly and hence the time constant increases. The time constant also depends on the transition
width. Tables 6.5 and 6.7 show that the transition widths for these experiments are similar. It can be
concluded that the increase in the time constant is mainly due to the extra heat capacity of the gold ring.

Fig. 6.61, shows the SNRs for Channels 2, 4, 5 and 6 at different voltages. The SNR is highest at the
voltage where the transition curve is steepest. The time constant is lowest and the SNR is highest at a
bolometer voltage of ~ 6.4 V. Fig. 6.60 shows the measured value of signal and noise for all the channels
at 6.4 'V of bolometer voltage. As shown in the plot, the signal drops more rapidly with frequency than
in the previous experiment (Fig. 6.44). Therefore, the time constant of these TESs is higher than of those
with Medium-G layout without an Au ring. The time constant and SNR measurements are performed
at different bias voltages for all the channels. The SNR values vary in the range 1600 and 2040.

Table 6.8 shows the heat capacity budget calculations for Medium-G layout with Au ring. The
calculated total C'is 7.0 x 10712 J/K. The value of the thermal conductance obtained from the model is
3.6 x1072 W/K. The calculated intrinsic time constant of the bolometer is 1.9 ms. The measurements
with 300 K background give a 7, of 2 ms. From the measured optical time constant, the total heat capacity
from the experiment is 7.2 x 107!? J/K. The addition of Au ring increases the total C significantly, so
the time constant is high.

Fig. 6.62 (b) shows the relation between 7 and L for the 16-leg Medium-G layout with Au ring. The
bolometer voltage of 6.4 £V corresponds to an external bias voltage of 200 mV applied to the bolometer
circuit. At this voltage value, the « is highest and the time constant reduces to minimum value of
1.58 ms. This is the experimentally measured optical time constant and from the model the calculated
time constant is 1.41 ms.
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Figure 6.60: Comparison of signal and noise at a bolometer voltage of 6.4 pV for Medium-G layout with Au
ring. The time constant of this bolometer is large so the signal drops at higher modulation frequencies. An 88
Hz low pass filter function is fitted to the measured noise.
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Figure 6.61: SNR measurements for all channels at different bias voltages.

(a) (b)

Figure 6.62: 7 and loop gain (L) of 4SN 1762, 16-leg spider Medium-G layout with Au ring. The measurements
are from the experiment with 300 K background. (a) 7 plotted at different bias voltages for all the channels. (b)
Relation between 7 and loop gain Lfor the same array.
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Figure 6.63: Noise measurements for six channels (CH2, CH3, CH4, CH5, CH6, and CH7) at different bias
voltages. The Y-axis is scaled by the multiplication factor shown next to each noise curve. Measurements were
done without background.
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Figure 6.64: Noise measurements for all the channels at different bolometer voltages. The experiment was
performed without background.
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Table 6.8: Thermal heat capacity budget for the 16-leg Medium-G layout with Au ring at 450 mK.

Material C, Electron (), Lattice Volume C
(J/em® K2)  (J/em?® K%) (cm?) (J/K)
Thermistor:
Au-Pd 2.5 x 1074 42x107* 86x 10" 1.3 x 10~ ™
Mo 1.1 x 1073 9.3x107* 86x10710 5.0 x 10713
Electrical Leads:
Nb 86x107% 38x107? 2.9 x 10718
Absorber:
Au-Pd 2.5 x 1074 4.2 x 1074 1.1 x 1079 1.6 x 10713
SizNy 82x107% 3.2x10°° 2.4 x 1074
Au ring 6.8x107° 45x107° 1.8x10°" 6.3 x 10~ 12
Total 7.0x 10712 J/K

6.11.3 Noise measurements

The noise measurements for all the channels are shown in Fig. 6.63. The noise spectra were obtained by
integrating for ~ 250 seconds. In order to present the noise at different bias voltages, the noise amplitude
is multiplied by a multiplication factor, mentioned at the right end of each spectra. In a few channels,
e.g., CH2 and CH5, the 50 Hz noise from the power supply and its corresponding harmonic frequencies
are detected. All these measurement are performed without background hence there is no contribution
from photon noise. In some cases, 1/f noise is observed at frequencies below 0.6 Hz.

Fig. 6.64 shows the noise for all the channels plotted at different bolometer voltages. As shown in Figs.
6.63 and 6.64, CH2 and CH5 show line interference in the noise measurements but no such interference
is observed in other channels. During the noise measurements, the data acquisition for all the channels is
simultaneous so that correlation analysis can be used to determine whether there is interference between
the channels. As shown in Fig. 6.64, the noise level for all the channels is similar at a given bias voltage.
The 1/ f noise pattern at a given voltage (e.g, 4.1 'V, 30.1 V) is similar for all the bolometer channels.
This suggests that the 1/f noise is not related to a particular channel and is arising from the external
source.

The white noise level for each channel can be correlated to the superconducting transition temperature.
Bolometers with higher transition temperature shows larger white noise level (e.g. CH2) and bolometers
with lower transition temperature (e.g. CHT) shows smaller white noise levels. The noise of CH2 at 0 V
bolometer voltage is 6.3 x 10~° V/y/Hz and that of CH7 at 0 V bolometer voltage is 3.4 x 107> V/v/Hz.
These measurements are performed without background so the photon noise is negligible and the main
source of noise is phonon noise (Eq. 2.12). Phonon noise is dependent on the transition temperature of
the bolometer.

As in the previous section (Fig. 6.50), noise is computed at different bias voltages. Fig. 6.65 (a) shows
a comparison of the measured noise bandwidth with that of noise calculated at different bias voltage.
The modeled noise refers to the white noise obtained from the bolometer model. Fig. 6.66 compares the
experimentally measured noise with the modeled noise for Channel 5. From the model, the calculated
noise voltage is 3.1 x 10~° V/y/Hz without photon noise and 8.8 x 10~° V/v/Hz with the contribution
from the photon noise of a 300 K background. The experimentally measured noise spectra were obtained
by integrating for ~ 240 seconds. Similar to previous modeling sections excess noise was observed. As
shown in Fig. 6.63, 1/ f noise is observed at frequencies less than 0.4 Hz.

As in § 6.10.4, it was tried to understand the 1/f noise in 16-leg Medium-G layout with Au ring.
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(a) (b)
Figure 6.65: (a) Relation between the measured and calculated noise at different voltages for the 16-leg Medium-
G layout with Au ring. (b) Predicted noise current of the 4SN 1762 array. The values are obtained from the
bolometer model. The Thermal noise (phonon noise) is the main source of noise. The measured noise was fitted
to a low pass filter function. The measurements and calculations are shown for CH5.

(a) (b)
Figure 6.66: Comparison between noise voltage from the experiments and noise voltage from the model for the
16-leg Medium-G layout with Au ring. The measured noise in the plot refers in (a) to the measured noise with
300 K background and in (b) to the measured noise without background. The modeled value of the noise is also
compared with that of obtained from the measurements. Data are shown for CH5 at 6.4 1V of bolometer voltage.
An 88 Hz low pass filter function is fitted to the measured noise.
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Figure 6.67: The plot is identical to Fig. 6.63 (d) at low frequencies with addition of white noise calculated
from the bolometer noise model.

As shown in Fig. 6.63, an additional 1/f noise was observed in some measurements. Fig. 6.67 shows
the noise voltage for CH5, calculated at different bias voltages. Using the noise model the white noise is
predicted at different bias voltages which is also plotted along with the measured noise. As seen from the
plot, the total noise level is very close to the theoretically predicted white noise level but an additional
1/f noise is seen at lower frequencies. Since this additional 1/f noise contributes at very low frequencies
(< 0.3 Hz) it is difficult to measure the value precisely. 1/ f noise is less significant at the lower and higher
bias voltages but the contribution increases in the transition range (Fig. 6.64). As explained in §6.10.4,
the bolometers are more sensitive to interference pickup in the transition range which can contribute to
1/ f noise.

6.11.4 NEP calculations

Fig. 6.68 compares the NEP obtained from the model with the experimentally measured optical NEP.
The mean SNR is 1896, which corresponds to an optical NEP of 1.7x107'6 W/\/E From the model,
the NEP estimated without a background, is 9.2 x10~'7 W/v/Hz and it is 1.6 x10~'6 W/y/Hz with the
photon noise of a 300 K background. From the model the derived NEP ,pticar/NEPphoton is 1.11 £ 0.03
and from the experiment, the measured NEP,pticai/NEP proton is 1.29 £ 0.09. Thus, the performance of
Medium-G layout with Au ring is very close to the 300 K background limit.

6.12 Gold ring modeling

6.12.1 Incident radiation pattern

The gold ring is used to produce the uniformly thermalized patch around the center area on the silicon
nitride membrane. In order to understand the effects of the gold ring, finite element analysis for the
High-G, Medium-G and Low-G layouts were performed. The center patch where the input radiation is
absorbed has a size of 2 x 2 mm. This size is determined by an illumination pattern of the horn antenna.
By dividing the absorbing center patch in 25 equal parts, one can study its thermalization (Fig. 6.69).
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Figure 6.68: NEP plotted as a function of frequency for the 16-leg Medium-G layout with Au ring. NEP
obtained from bolometer model is compared with experimentally measured optical NEP.

(a) (b)

Figure 6.69: Input heat distribution on the center of the silicon nitride membrane. (a) The gaussian input heat
distribution. (b) The uniform input heat distribution on the absorbing center patch.
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(a) (b)
Figure 6.70: Thermistor temperature plotted at the input heat radiation location for High-G layout. The
incident beam has uniform input pattern. Thermistor at position [1,1].
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Figure 6.71: Change in temperature detected by the thermistor as a function of distance.

Two types of distribution for the input radiation are simulated; a gaussian and an uniform radiation
pattern. Fig. 6.69 (a) shows the normalized gaussian input function. In both cases, the Au-Pd/Mo
thermistor is placed on part 1. Subplot (b) shows the normalized amplitude. The incident beam has an
input power of 1 pW. Using the FEA model, a change in the temperature of the silicon nitride membrane

due to the input radiation is calculated. The silicon wafer is maintained at the bath temperature of
300 mK.
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Table 6.9: Quality factor calculations and the thermal properties of the High-G layout.

o Total Mean | Quality factor
(mK) (mK) (mK) Q
Uniform input radiation
High-G 14.01 398.82 15.95 0.12
High-G with Au ring | 5.27 533.16 21.32 0.75

6.12.2 High-G layout

The addition of the gold ring makes the absorbing center patch a more uniformly thermalized area. This
leads to an increase in the total temperature due to the incident radiation. In order to compare the
amount of thermalization between different bolometers, a Quality factor (Q) is defined.

g
Q=1--, (6.2)

where, o is the standard deviation and T is a mean of the temperature distribution. The ratio of /T
determines the amount of thermalization for a particular bolometer geometry. @ is 1 for a perfectly
thermalized area and O for an unthermalized area. The incident radiation changes the temperature of
the silicon nitride membrane, which is detected by the thermistor. The addition of a gold ring increases
the thermalization of the center patch, hence the change in temperature is higher than without the gold
ring structure. Since the incident signal is similar for all the bolometer geometries, () can be compared
between the different bolometer layouts. An increase in ) means an improvement in the thermalization
of the center patch, i.e, when the radiation falls on the absorbing center patch, a larger fraction will be
detected by the thermistor. Due to the gold ring, the change in temperature is uniformly distributed,
hence the peak value of the change in temperature is reduced. The simulations with uniform heat input
shows that the addition of the gold ring increases the thermalization of the absorbing center patch at
the expense of reduction in the peak signal (Fig. 6.71). Table 6.9 show statistical calculations of the
temperature distribution along the absorbing center patch of the High-G layout. The advantages of the
gold ring are:

1. The thermalization of the the silicon nitride membrane increases.

2. The large increase in the total temperature which is coupled to the thermistor. Hence, the sensitivity
of the bolometer increases.

The disadvantage of the gold ring is that it increases the heat capacity so the time constant of bolometer
also increases.

6.12.3 Medium-G layout

A similar analysis is performed for the Medium-G layout. Fig. 6.72 shows the thermistor temperature
plotted at the heat input location for an uniform radiation input source. Since the Medium-G layout has
a structured silicon nitride membrane, the heat flow is defined by the legs hence the absorbing center
patch has higher degree of thermalization than the High-G layout. Similar to High-G layout, the behavior
of the silicon nitride membrane is simulated considering the normalized uniform beam.

The change in the @, in comparison with High-G layout, is smaller because in the Medium-G layout
the silicon nitride membrane is already structured so the effects due to the Au ring reduces. Table 6.10
shows the statistical calculations for Medium-G layout. The change in the total temperature of the
Medium-G layout is smaller than that of High-G layout. Due to the structuring of the silicon nitride
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(a)

(b)

Figure 6.72: Thermistor temperature plotted at the input heat radiation location for Medium-G layout. The
incident beam has uniform input pattern. Thermistor at position [1,1].

Temperature rise vs Distance from the

10°

thermistor

Temperature rise (mK)

MG-Uniform input
—— MG-Gold-Uniform input

—+— MG-Gaussian input

—— MG-Gold-Gaussian input

Figure 6.73: Change in temperature detected by the thermistor as a function of distance.

Table 6.10: Quality factor calculations and the thermal properties of the Medium-G layout

1
Distance (mm)

1.5

o Total Mean | Quality factor
(mK) (mK) (mK) Q
Uniform input radiation
Medium-G 6.67 972.61 38.91 0.83
Medium-G with Au ring | 4.21 1018.39 40.73 0.89




113 CHAPTER 6. EXPERIMENTAL RESULTS AND MODELING

Table 6.11: Quality factor calculations for different geometries layouts.

o Total Mean | Quality factor
(mK) (mK) (mK) Q
Uniform input radiation

High-G with Double

Au ring thickness 4.27 545.67 21.82 0.81
High-G with 20 times
Au ring thickness 3.83 579.71 23.18 0.83
Uniform input radiation
Low-G 3.26 2894.33 115.77 0.97
Low-G with Au ring 2.67 3090.57 123.62 0.98

membrane in Medium-G layout, the effects due to the gold ring are not significant. The change in the
temperature is big because of the same high incident power assumed during the simulations.

The increase in ) improves the current responsivity of the TES so the SNR in the Medium-G layout
with the gold ring should be higher than that of Medium-G layout without the gold ring. The experiments
were performed for Medium-G layout with the Au ring (§ 6.11). By comparison with Fig. 6.45 and
6.61, an increase in the overall SNR is observed. The NEP of Medium-G layout without Au ring is
1.7x107'6 W/v/Hz while that of the Medium-G layout with Au ring is 1.9x10~'® W/v/Hz, thus the
sensitivity of TES increases somewhat due to the addition of the gold ring. The Medium-G layout (4SN
1762) is fabricated with and without the Au ring on one wafer (§ 6.11) hence all the wafers and the silicon
nitride membrane characteristics are similar. The Au ring is the only difference in the two geometries
hence it is possible to measure the changes in bolometer behavior due to the Au ring accurately. As
mentioned, the addition of Au increases the total C' hence the time constant of the bolometer increases.
Comparison of Fig. 6.46 (a) and 6.62 (a) shows the increase in the time constant due to the gold ring.

The increase in time constant can be useful in case of multiplexing of the electronics. During multi-
plexing, each bolometer is sampled with one readout SQUID at a predefined sampling frequency which
is higher than the time constant of the bolometer. The increase of the time constant allows sampling of
the bolometers at a lower frequency or presents the possibility of sampling a larger number of bolometers
with one SQUID amplifier. The scheme of sampling electronics is explained in § 3.6. Thus by varying the
Au ring thickness, it is possible to tune the time constant of the bolometers according to the requirements
of the electronics circuit.

6.12.4 Different geometries

Table 6.11 shows the calculation of @ for different geometries e.g. Low-G, Low-G with Au ring, and with
an increased Au ring thickness. The simulations are performed by increasing the Au ring thickness by
the factor of 2 and 20. The @ increases due to increase in the Au thickness.

The effects of the Au ring in the Low-G layout are shown in Table 6.11. The increase in @) reduces
from High G, Medium-G to the Low-G layout. The Low-G layout has thinner silicon nitride membrane
legs so the thermalization is better in comparison with the Medium-G and High-G layouts. Therefore, in
Low-G layout, the addition of the Au ring does not significantly change the value of Q.






Chapter 7

Summary and Conclusions

In (sub)millimeter astronomy there is a growing demand for new generation large format detectors of
continuum radiation. Realizing the advantages of the superconducting transition edge sensor (TES)
technology in terms of speed, sensitivity, fabrication process and linearity, a development of voltage biased
superconducting bolometers (VSBs) was started by the bolometer research group at the Max Planck
Institute for Radio Astronomy (MPIfR) in collaboration with the Institute for Photonic Technology
(IPHT) in Jena.

The aim of this dissertation was to design, develop and test a seven-element array in different con-
figurations. The bolometers and the SQUID amplifiers were developed and built at the IPHT, while
the testing, modeling and the simulations of the bolometers was performed by me at the MPIfR. For
each array the load curves, temperature transition from a superconducting to a normal state, the time
constant, noise, spectral response, and the NEP of the individual bolometers were measured.

Software for the data acquisition (in LabVIEW), the data analysis and the bolometer modeling (in
MATLAB) was written by me. I also performed the finite element analysis simulations for the different
bolometer geometries.

The results obtained from the experiments were conveyed to IPHT for further modifications to a
bolometer design. The design and material selection for the bolometer fabrication was influenced by the
bolometer modeling and the finite element analysis in an iterative manner.

The development efforts started with the fabrication and testing of 7-element arrays. The base tem-
perature of 300 mK is established in a liquid *He cryostat with an integrated *He stage. The sensitivity
of the bolometer is highest when the transition temperature is ~ 1.5 times the base temperature. Con-
sequently, a transition temperature of 450 mK was chosen.

The superconducting thermistor consists of 8.6 nm of gold-palladium deposited on a 86 nm thick
molybdenum layer and has transition temperature of 450 mK determined by the proximity effect.

Crossed dipoles made of a Au-Pd alloy with a surface resistance of 10 €2/0 are deposited on the silicon
nitride membrane, acting as radiation absorbers.

The bolometer is maintained in the transition range with a constant bias voltage between 1 and 6 V.
A constant bias current [p;,s is provided by a series bias resistor with a resistance of 1045 2. A shunt
resistor of 33 m(), which is much smaller than the bolometer resistance of ~ 3 , provides a constant
bias voltage at the bolometer. The bolometer current is detected by SQUID amplifiers. In the future, for
larger arrays, the readout of the SQUID electronics will be time division multiplexed. The multiplexing
of the electronics will allow a reduction in the number of wires and of warm electronics channels, which
is essential for large format arrays.

The pass band characteristics are defined by filters mounted at the 300 K, 77 K and 1.5 K cooling
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stages. The bolometers were designed for the 1.2 mm atmospheric window. The surfaces of the 77 K
and 1.5 K filters are anti-reflection structured. The incoming signal is coupled to Au-Pd absorbers via
an aluminum horn antenna. The temperature of the 3He stage is monitored by a Germanium sensor.
The time constant of the bolometer is derived by measuring the modulated signal from a blackbody
with a lock-in amplifier. The noise is measured in a timeseries and analyzed using National Instruments’
LabVIEW package. The resistance-temperature and voltage-current characteristics are measured using
LabVIEW. The spectral response of the whole system is measured with a Martin-Puplett interferometer.
The metallic parts inside the optical path, e.g., inside of *He shield and the outer area of horn antenna
are coated with a special sub-millimeter black coating to avoid interference from reflections.

The experiments were started with an Initial layout. In order to understand the behavior of the sili-
con nitride membrane and the Au-Pd/Mo thermistor, the Basic layout array was fabricated, with seven
thermistors of different geometry and material properties. The sensitivity of the bolometer is inversely
proportional to the thermal conductance, hence to improve its sensitivity the thermal conductance was
reduced by structuring the silicon nitride membrane. A first array (4SN 1601) was manufactured with
bolometers in three different layouts, High-G, Medium-G and Low-G, depending on their thermal con-
ductance. The silicon nitride membrane is continuous for the High-G layout and it is structured into
8-leg spider geometry for the Medium-G and Low-G layouts. The thermal conductance for the Low-G
layout is insufficient to work at 300 K background, i.e, the power from the 300 K background drives
the bolometers from the superconducting to the normal state. The Medium-G design is ideal to work
at 300 K background. During the experiments on the Basic layout, it was found that a thermistor of
100 pm square geometry shows the best performance in terms of linearity, transition range width and
the steepness of the transition curve.

In the next array, 4SN 1610, all the seven thermistors were fabricated with a 100 pym square geometry
and the silicon nitride membrane was structured to tune the thermal conductance of the bolometer. To
determine the time constant of the bolometer, the signal from a blackbody or a Gunn diode was modu-
lated at different frequencies.

For the High-G layout, the signal-to-noise ratios (SNRs) are dependent on the bolometer voltage and
are in the range 1000 and 1500. The time constant is ~ 3 ms. The transition temperatures for the
different channels were within 20 mK of 450 mK. The designed normal state resistance of the TES was
1 © and the resistance measured during the experiment was 0.8 €2. For the High-G layout bolometer, the
measured optical NEP is 4.5 x 10716 W/\/Hz.

In another layout (4SN 1762), all the seven bolometers were fabricated in the Medium-G layout. For
technological reasons, the silicon nitride membrane was structured with 16 or 32 legs, instead of 8 legs. In
this design, the normal state resistance was changed to 3 €2. The increase in the normal resistance allows
better impedance matching with the SQUIDs. The transition temperature is 450+ 15 mK. The transition
widths are around 2.5 mK. With a 300 K background, the measured time constant is in the range of 0.2
to 0.38 ms. The SNRs range from 1700 to 1900, depending on the applied bias voltage. The calculated
optical NEP is 1.9 x 10716 W/ VHz. The thermal conductance of the Medium-G layout is smaller than
that of the High-G layout, hence the NEP of the Medium-G layout is reduced. Finite element analysis
showed a small increase in the sensitivity of the bolometer expected from the addition of a gold ring,
hence in this array, a 150 nm thick gold ring is deposited around the center patch on the silicon nitride
membrane. The addition of the gold ring increases the thermalization of the center absorbing patch, hence
the sensitivity of the bolometer increases. Gold has high heat capacity, hence the gold ring significantly
increases the heat capacity of the bolometer. The experiments with the Medium-G layout with gold ring
show a transition temperature of 450 £ 20 mK and a the normal state resistance of ~ 3€). The measured
time constant is between 1.4 and 2 ms. The increase in time constant is due to the extra heat capacity of
the gold. The SNR is between 1750 and 2000 which corresponds to an optical NEP of 1.7 x 10716 W/\/E
The addition of gold ring decreases the NEP by ~ 10% and increases the time constant by a factor of ~ 6.
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A bolometer model was developed to study the physical properties of the bolometer. The thermal
conductance of the bolometers for different geometries is estimated using finite element analysis. Using
VSB theory, simulations are performed to optimize the design. Modeling of High-G, Medium-G and Low-
G bolometers were done and the results from the models are compared with experimental measurements.
The total noise current, calculated by considering the contributions from the different sources of noise, is
compared with the noise measurements. From the model, the electrical NEP is calculated with and with-
out consideration of photon noise from the 300 K background and is compared with the experimentally
measured optical NEP. Heat capacity budget calculations are performed for the bolometers of different
geometries. The total heat capacities are 8.9 x 10712, 6.9 x 10713, 7.1 x 107 and 7.0 x 10712 J/K,
respectively for the High-G, Low-G, and Medium-G without the gold ring and Medium-G with the gold
ring. The continuous titanium film absorbers have higher heat capacity than the Au-Pd cross absorbers.
In the case of the Low-G and Medium-G without gold ring layouts, the heat capacities of the radiation
absorber and the thermistor dominate the total heat capacity of the bolometer. The niobium wires are
very thin hence they have very small heat capacity.

The 7-element superconducting array has been steadily optimized for astronomical observations. Ef-
forts were made to understand the properties of the silicon nitride membrane, the Au-Pd/Mo thermistor
and the SQUIDs. The structuring of the membrane in spider geometry increases the sensitivity of TES.
The experiments show that Medium-G bolometer has very good sensitivity for 300 K background opera-
tion. The measured optical NEP is ~ 2 x 1076 W/\/E The measured NEP opticai/NEP photon is ~ 1.3
which means that the optical performance of our VSB designs is very close to 300 K background limit
in the 1.2 mm atmospheric window. The thickness of the gold ring can be adjusted to tune the time
constant of the bolometer. The Medium-G layout is a good choice for future superconducting bolometer
arrays intended to operate under a relatively high background environment, like that of ground based
telescope.

The sensitivity of the bolometer on the telescope is represented by the Noise Equivalent Flux Density
(NEFD). This is the flux density that produces a signal-to-noise of unity in a second of integration, and
is given by:

2 NEP
NEFD = ———  [W/VHz|, 7.1
Ao A Ay (W/vHe] (7.1)
where, 7. is chopping efficiency, 7, is overall optical efficiency, A, is the effective area of the telescope
primary, e~74 is the sky transmission in which 7 is the zenith optical depth and A is the airmass,
and Av is the filter passband. The factor of 2 has been introduced to account for optical chopping: /2
because the on-source time is half the total time, and V/2 because the result is a differenced measurement.

The seven element TES array presented here was designed for the 1.2 mm transmission band in
which the Max-Planck Millimeter Bolometer (MAMBO) semiconductor arrays installed at the IRAM
30-m Millimeter Radio Telescope (MRT) work. The measured NEP of MAMBO-2, NEPpaMBO -2, is 3 X
10716 W/v/Hz. The NEPyamBo_2 at the IRAM 30-m MRT corresponds to the NEFD of 30 mJy/v/Hz,
without any opacity corrections. The calculations are performed by assuming the 7. and 7; of 40%, an
effective telescope area (corrected for efficiencies) of 250 m?, and a bandwidth, Av, of 50 GHz. The
NEP of the Medium-G layout with gold ring, NEPrgg, is 1.7 x 10~'¢ W/y/Hz. Considering the same
telescope parameters and the NEPtgg, the NEFD of the Medium-G TES with gold ring is expected to
be 17 mJy/v/Hz, without any opacity corrections.

As shown in Eq. 7.1, the NEFD is dependent on the weather and varies with sky transmission, even
in the 1.2 mm band (and much more so in the submm wavebands). In the Rayleigh-Jeans limit of the
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black body spectrum, the sky emission fluctuations in the 350 GHz (870 pm) window are higher by a
factor (350 GHz/250 GHz)? = 2, than in the 250 GHz (1.2 mm) atmospheric window. The NEP of
the bolometer is dependent on the throughput of the system, which is proportional to A?, where \ is a
wavelength of the incoming radiation. The ratio of the throughput in the 1.2 mm and in the 870 pm
band is (1.22/0.87%) = 2. Thus, the fluctuations in the sky emission in the different atmospheric windows
is canceled by the difference in the throughput of the system.

For the 870 pm window, the NEFDrgs 870.m at the APEX telescope would be 30 mJy/ \/E, assuming
ne and 1; of 60%, an effective telescope area of 100 m?, and a Av of 30 GHz.

Similarly, for 350 um window, the NEFDrgs 350,m at APEX telescope would be 65 mJy/v/Hz, as-
suming 7. and 7; of 40%, the telescope’s effective area as 66 m?, and Av as 50 GHaz.

Table 7.1 compares the calculated values for the Seven Element TES Array (SETA) in different
atmospheric windows with existing bolometer cameras at various ground-based astronomical telescopes.
Since their performance is limited mainly due to the background, these instruments are designed for
high background operation. The main advantage of superconducting bolometers over semiconducting
bolometer is that they can be designed for very low background operation, up to an NEP of ~ 10719
W/ VHz and are, thus detectors of choice for future space borne telescopes. The integration time on the
sky to map a given area, A, on the sky to an rms noise level, o is

NEFD\?> 1 A
tint = — ds], 7.2
‘ < g ) Nchannels Q [secon S] ( )

where, Ncpannels 18 the number of channels and € is the beam size of an instrument. A large pixel number
superconducting bolometer camera at 870 um on APEX, e.g., LABOCA-2 (~ 300 channels) will be very
useful for deep large surveys.

The atmosphere opacity at APEX in 350 um window is ~ 0.5, thus, a superconducting bolometer
camera with Medium-G layout bolometers will allow very sensitive galactic observations. A 37 channel,
Small Apex Bolometer Camera (SABOCA), designed for the 350 pum transmission band, with the Medium-
G with gold ring layouts of the superconducting bolometers, will be installed on the APEX telescope in
the near future.
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Table 7.1: Noise Equivalent Flux Density comparison for different bolometer arrays.

Instrument Wavelength NEFD
Name pm mJy/vHz
SHARC-II x 350 500
(CSO)
i SETA « 350 65 1
(APEX)
SCUBA x 450 500
(JCMT) 850 80
SCUBA-2 % 450 100
(JCMT) 850 30
LABOCA 870 125
(APEX)
T SETA * 870 30
(APEX)
MAMBO-2 x 1200 30
(IRAM 30-m)
T SETA « 1200 171
(IRAM 30-m)
BoloCAM * 1400 35
(CSO)
7 Seven Element TES Array (SETA).
T Calculated values.
* Semiconducting bolometers.
* Superconducting bolometers.







Appendix A

Photographs of experimental setup

Horn antenna

Sorption SQUID shield
pump

Figure A.1: The incoming radiation is coupled to the bolometer via multiple feed horn antennas. In order to
avoid reflections from the metal surface, a black coating is applied inside the *He shield. The SQUIDs are placed
next to the array in Cryoperm magnetic shielded containers.

7-element array

Figure A.2: The figure shows the 7-element array bounded in a gold coated copper ring. The assembly is placed
in an aluminum mount. Aluminum is superconducting at the operating temperature of 0.3 K, hence it provides
perfect magnetic shielding.
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Frequency
Gunn diode doubler
I 1 Out
nput voltage Sine waves

Figure A.3: This photograph shows the Gunn diode used in the experiments to determine the time constants
of the bolometers.

Cold blackbody

Interferogram

Hot blackbody

Figure A.4: This photograph shows the experimental setup of the Martin-Puplett interferometer. The mirror
position is read on the optical scale placed next to mirror path. The mirror position reader has accuracy of 0.1
pm. The rotating mirror placed inside the assembly of interferometer generates the signal from a cold or hot
blackbody. The old blackbody is at 77 K, while the hot blackbody is at the room temperature. The interferogram
is recorded with LabVIEW software and the spectral response of the system is calculated.
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